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General introduction

GENERAL INTRODUCTION
In essence, the prevention of injuries can be attempted through two fundamentally
different strategies. One approach is to devise an intervention based on field expertise,
apply it to an entire population of athletes (not just a group at risk), and see if a
reduction of (certain) injuries occurs.25 This method is very pragmatic, but lacks the
comprehensive understanding of the injury and its risk factors. It also subjects all players
to an intervention, but one could argue if this is necessarily a bad thing.
The second approach is to study the injury mechanism, identify intrinsic and extrinsic risk
factors, and select a test and outcome measures that best characterize the underlying
deficit in sensorimotor function. Then, to devise a relevant intervention strategy,
determine which athletes are at risk, and apply an intervention. Improved test
performance should result in a reduced injury rate. Though these methods may sound
relatively simple, accurately following these steps has shown to be immensely
challenging. It might not even be possible.1
Both approaches add information to the expanding body of evidence with regard to
injury occurrence and (attempts at) prevention. The most important addition of this
thesis is that, in order to adequately conduct research on this subject (on any subject for
that matter), one must fully comprehend the selected test(s) and its outcome measures.

On the incidence of lateral ankle sprains
For those participating in sports or recreational physical activities, a lateral ankle sprain
is the most common musculoskeletal injury to the lower extremity.10 In football (soccer
in the U.S.A.) 21.2% of all injuries concerned the ankle (knee 16.3%, thigh 12.2%, lower
leg 9.0%, and hip 4.3%). Of those ankle injuries, the majority (76.8%) was classified as a
sprain.6
Injury incidence at youth academy level is approximately half that of the professional
level. In a prospective epidemiological study, the injuries sustained in English youth
academy football (9‐19 years) were recorded during the 1999‐2000 and 2000‐2001
seasons. For a total of 4773 players, 3805 injuries were reported. Thigh (19%), ankle
(19%), and knee (18%) were the primary injury locations. Mean absence was 21.9 days
per injury, missing out on 2.3 matches. Players in the higher age groups were more likely
to get injured than those in younger age groups.18
When looking into ankle injuries in professional football more specifically, ligamental
sprains accounted for 11% of total injuries, with 77% involving the lateral ligament
complex.29
Lateral ankle sprains have a high reinjury rate, with a twofold increased risk of injury in
the year following injury occurrence, possibly due to inadequate rehabilitation and/or
premature return to sport.10 Furthermore, the interaction between mechanical and
sensorimotor impairments following an acute lateral ankle sprain contributes to the
development of chronic ankle instability (CAI).2
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On clinical anatomy
The main lateral ligamentous stabilizers of the ankle joint are the anterior talofibular
ligament (ATFL), the calcaneofibular ligament (CFL), and the posterior talofibular
ligament (PTFL). Of these ligaments, the ATFL is the most commonly injured.2,21 It
originates at the anterior margin of the lateral malleolus, and runs anteromedially to the
insertion on the talar body immediately anterior to the joint surface. The ligament is
horizontal in neutral position, but inclines upward in dorsiflexion and downward in
plantar flexion.9
In general, ankle ligament injuries are classified intro three grades representing
increasing injury severity: grade I, mild ankle sprain; grade II, moderate
sprain/microligament lesions; and grade III, severe sprain/full ligament lesion (Figure
1.1). A rupture is likely when haematoma, pain around the distal fibula, and/or a positive
anterior drawer test exist. In case of a suspected fracture, the Ottawa Ankle Rules should
be applied.27

Figure 1.1

Relevant anatomy and severity of the lateral ankle sprain.

On injury mechanism
In a recent descriptive study on ankle injuries in world class volleyball players, 20 out of
the 24 occurred because of one player landing on another player.23 Analysis of five
inversion sprains in tennis players captured on television suggested that large, sudden
inversion in combination with internal rotation – but not plantar flexion – had
happened.5 Analysis of two inversion sprains during the Beijing 2008 Olympics (one
while taking off for a high jump during athletics competition, and the other while
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stepping on an opponent’s foot at high speed during a field hockey match) suggested
that the injury resulted from a combination of internal rotation and inversion, instead of
plantar flexion and inversion as traditionally believed. The maximum inversion angle was
reached at 0.08 s, and maximum inversion velocities were 1752 deg/s and 1397 deg/s,
respectively.17
Similarly, two cases of ankle inversion have been described that happened while testing
in the laboratory. In the first case, the subject suffered from an inversion sprain whilst
making a sudden cutting movement at maximum speed, kinematics (using high speed
cameras) and plantar pressure (using insoles) were registered. Compared to normal
trials, in the injury trial the subject started plantar flexing right after landing, shifted the
center of pressure to the forefoot, and lifted the rearfoot. While the forefoot was in
touch with the ground and supported the body, the rearfoot drifted to the lateral side;
this was a pivoting internal rotational motion. This swung the ankle joint center to the
lateral aspect and deviated it from the application point of the ground reaction force
(GRF), as indicated by the center of pressure (COP). This at‐risk orientation of the ankle
was achieved at 0.11 s following impact, after which sudden internal rotation and
inversion were observed, resulting in the sprain.7 In the second case, the subject
suffered the sprain while using a sidestep cutting technique, kinematics (using reflective
markers and eight infrared cameras) and GRF (using a force plate) were registered. The
injury trial involved dorsiflexion, excessive inversion and internal rotation, most likely
causing the damage in the period between 130 and 180 ms after impact. Ankle flexion
patterns were similar between injury and controls trials until about 80 ms, when the
athlete in the injury trial went into dorsiflexion.15 In conclusion, it seems that a lateral
sprain is the result of internal rotation and inversion, instead of plantar flexion and
inversion as traditionally believed.

On risk factors
Risk factors can be intrinsic (patient‐related, e.g., proprioception) or extrinsic
(environment‐related, e.g., type of sports). Furthermore, risk factors can be modifiable
(e.g., weight, strength, sports type) or not (e.g., sex, height). Modifiable risk factors may
be targeted by (preventive) treatment.27 Whether a previous ankle sprain should be
considered a distinct risk factor or merely the result of multifactorial interplay, remains
up for debate. In any case, previous injury is non‐modifiable.
Intrinsic
In a recent update of the evidence‐based clinical guideline regarding ankle sprains, a
number of modifiable intrinsic risk factors are described. These include reduced
proprioception, reduced strength, balance deficiencies, reduced cardiorespiratory
endurance, high body mass index, limited dorsiflexion, high medial plantar pressures
during running, and increased peroneal reaction time. Non‐modifiable risk factors
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include female sex, greater body height, anatomical abnormalities of the ankle, and
abnormal knee alignment.27
When looking at those studies that focused solely on football, asymmetries in eccentric
muscle strength of the dorsal and plantar flexors of the ankle joint, and increased body
mass (>72.6 kg) resulted in a higher susceptibility to noncontact ankle sprains in a group
of 100 professional players (ten month follow‐up, 17 sprains).8 Poorer peak power, as
measured through a single leg countermovement vertical jump, was related to a higher
risk at noncontact ankle sprain in a group of 210 amateur players (one year follow‐up,
14 sprains).12 In the same study, lower performance on a double leg wobble board
balance test was also related to a higher sprain risk, however, the subgroup was rather
small (4 sprains in 67 players).12 Another study showed that a reduced hip muscle
extension force was related to a higher sprain risk in a group of 133 youth players (three
year follow‐up, 12 sprains).20
Extrinsic
The main modifiable extrinsic risk factor is the type of sport practiced. Furthermore,
playing on competitive level and playing position have been shown to be risk factors.27
With regard to football in particular, the risk of ankle sprain was increased in matches on
artificial turf compared with grass (4.83 versus 2.66 injuries per 1000 match hours; rate
ratio 1.81).3 A study among amateur players reported that mostly defenders suffered
from ankle sprains. However, when the number of injuries is divided by the hours of
exposure, no relative difference exists (attackers and midfielders tend to get substituted
more often).14 At professional level, ankle sprains were most often observed during
tackles (54%) and during matches (66%).29
The start of the season showed an increase in ankle sprains; 66% of the ankle injuries
were sustained during the first two months (amateur)14 and 44% during the first three
months (professional)29 of the season. Within a match, 61% (amateur)14 or 48%
(professional)29 of the sprains occurred during the last third of each half.
Previous ankle sprain
The literature is inconclusive with regard to whether or not a history of previous sprain is
related to an increased risk of a new ankle sprain. A limited number of studies has
reported on the risk for lateral ankle ligament injury in footballers after suffering a prior
ankle injury. Some conclude previous injury is a risk factor,4,14 another reports there is no
relation between previous injury and ankle sprains.8 A major problem lies in the
determination of a previous ankle sprain. Some don’t report how previous injury is
determined,8,14 another ‘objectified’ previous injuries by means of a questionnaire,
introducing recall bias.4 It seems reasonable that a player is more likely to remember an
injury that has given (or still gives) him substantial functional limitations, than an injury
from which he recovered without any problems.
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On prevention
Based on the analysis of video captured ankle sprains, the following advice was
formulated:
“Athletes should try to land with neutral ankle orientation, and keep their center of
pressure from shifting to the lateral aspect of the foot. This should prevent the foot
from rolling over the edge, thus preventing an ankle inversion sprain.”5
That is easier said than done. The International Ankle Consortium recently made the
following recommendation:
“To reduce the prevalence of lateral ankle sprains, efforts are needed to promote
the adoption and implementation of effective prevention protocols. […] Sports
governing bodies, clinicians and researchers should strive to implement existing
information that provides viable, proven solutions for lateral ankle sprain
prevention.”11
As mentioned above, one can expose all players to a general prevention protocol or one
can opt for a more tailor‐made approach, by first identifying those at risk for a certain
injury and apply the intervention only to those players. To validate such a screening test
to predict and prevent sports injuries, at least three steps are needed:1
1.
2.
3.

a strong relationship must be demonstrated in prospective studies between a
marker from a screening test and injury risk;
the test properties of the marker must be validated in relevant populations, using
appropriate statistical tools;
a targeted intervention programme (at those players identified to be at risk) must
have benefits over the same programme given to all athletes.

Various studies have reported that proprioceptive training is effective at reducing the
rate of ankle sprains in a general athletic population, however the benefits for primary
prevention of ankle sprains are unclear.22,26
The number of studies focusing in particular on the effect of preventive interventions on
ankle sprains in (male) footballers, is limited. One study that evaluated the effect of a
semi‐rigid ankle orthosis (one year follow‐up), showed a preventive effect only on those
players that had reported a history of ankle sprains. In this group, the intervention
subgroup (brace, 127 players) suffered 16 sprains, versus 42 sprains in the control
subgroup (no brace, 131 players). No such effect was apparent in the group that did not
report any history (intervention 32/117 versus control 33/129).24 Another study
evaluated the effect of proprioception training, strength training, and orthosis,
compared to a control group (4x20 players with a previous ankle sprain, one year follow‐
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up). Recurrence rates were 1, 4, 2, and 8 respectively. It was concluded that
proprioceptive training proved effective in reducing ankle sprains compared with no
intervention.16 It suffices to say that these numbers are quite low.
Bearing the aforementioned in mind, it has been suggested that the overall preventive
effect could be due to a strong effect in previously injured athletes, and that any effect
on first‐time ankle sprains is either non‐existent or very low.26 All the more reason to
strive to identify those players at risk, either following a previous ankle injury or not, in
order to be able to develop a targeted programme aimed at the reduction of ankle
sprain occurrence/recurrence.

On test selection
Testing of single leg postural stability (i.e., standing on one leg as motionless as possible)
has had an important place in the assessment of injuries such as ankle sprains, since it is
considered to reflect total body sensorimotor function.28 Postural stability performance
is usually registered using a force plate (Figure 1.2). This instrument records the ground
reaction force (GRF) along anteroposterior (AP), mediolateral (ML), and vertical (V) axes.
It typically holds strain gauge transducers in each corner; these are electrical conductors
which in‐ or decrease their electrical resistance in response to strain, so that the amount
of stress induced can be inferred. The principle is, perhaps a tad simplified, comparable
to a sophisticated weighing scale.

Figure 1.2

The 40 x 60 cm AMTI force plate (type BP400600HF, Advanced Medical Technologies Inc.,
Watertown, MA, USA).

Given that football (largely) consists of a series of subsequent movements, it has been
argued to use active (e.g., walking or running) or even vigorous (e.g., jump landing or
sideways shuffle) movement for performance testing.13 Even more so, as injuries seldom
occur while standing still, a dynamic test is perhaps more suited to demonstrate a
possible relationship between performance and injury by introducing feedforward
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control (i.e., anticipation), while balance performance is based on feedback driven
corrective motor actions.19 Many studies have combined a dynamic test with force plate
registration. However, the number that has done so with regard to foot and ankle
pathology is limited. Therefore, the first objective of this thesis is to create an overview
of the dynamic tests that used a force plate to measure function in groups with and
without foot and ankle pathology.

On outcome measure selection
A force plate records force over time (depending on the sampling rate), so a
measurement for the duration of 5 s at 1000 Hz results in a set of 5 x 1000 data points
for each direction of force. The GRF reflects the accelerations of the whole body, which
need to be controlled to maintain the body center of mass over the base of support
provided by the foot or by both feet.
A second variable that can be measured by means of a force plate is the center of
pressure (COP). During stance, this COP circles around the mean COP. Since this is a
spatial variable, outcome measures such as sway (maximum displacement over a certain
period of time) and speed (displacement per unit of time) can be calculated.
Both variables (i.e., GRF and COP) form the basis for an abundance of outcome measures
than can be calculated from these ‘signals’ (over time). The calculation of an outcome
measure results in a single ‘value’, such as peak force, mean force over a certain period
of time, time to peak force, etcetera. The possibilities are almost endless. Therefore, the
second objective of this thesis is to identify which outcome measures have been used to
quantify the functional consequences of existing disorders, and discriminate between
groups with and without foot and ankle pathology.
Following identification, it is imperative to gain a clear understanding of these commonly
used outcome measures. What aspect of performance do they reflect? Are they reliable
(i.e., variation within a player is smaller than between players)? Is there a relationship
between outcome measures? Finding answers to those questions is the third objective
of this thesis.
The fourth and final objective is to apply the accumulated knowledge towards a
prospective study. Our hypothesis is that a limited, but carefully selected, set of
outcome measures calculated from a functional dynamic test will show a relationship
with risk of sustaining a lateral ankle sprain in elite level footballers.

15
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AIM AND OUTLINE
The research described in this thesis identified the dynamic tests and outcome measures
that have been used to assess performance. Most of the measurements in this thesis
were carried out in close collaboration with Amsterdamsche Football Club Ajax. All
players (first team, Jong Ajax and youth academy players) are frequently
monitored/tested with regard to their performance. One of these tests is the single leg
drop jump landing from an aerobic step onto a force plate. The aim of this thesis is to
gain a clearer understanding of the commonly used outcome measures (i.e., reliability,
validity, interrelations) and to apply a limited, but carefully selected, set of outcome
measures in a prospective study set‐up assessing the risk of sustaining a lateral ankle
sprain in elite level footballers.
First, we systematically reviewed the literature and performed a meta‐analysis with
regard to dynamic tests using a force plate to evaluate patients with foot and ankle
pathology. We strived to answer the question which dynamic tests, and which force
plate outcome measures are most sensitive to differences between and within groups
with regard to foot and ankle pathology (chapter 2).
In chapter 3, we aimed to establish whether it is possible to assess postural stability
during the static phase after a single leg drop jump landing as a proxy for static postural
stability during a static single leg stance. If so, it would be possible to calculate different
outcome measures such as peak forces, dynamic and static stability from the same test,
increasing measurement efficiency substantially.
Subsequently, in chapter 4, we performed a thorough and systematic evaluation of the
complete COP and GRF time series following a drop jump landing. We aimed to assess if
certain phases of the time series contain distinct information.
In chapter 5, we examined time to stabilization (TTS) outcome measure. The effect of
different calculation methods on the corresponding outcome values is presented, as well
as the effect of differences in sample rate, filter settings, and trial length. Subsequently,
we further examined the TTS construct in chapter 6, in which an analysis of reliability for
a wide range of thresholds (which determines the definition of stabilization in ‘time to
stabilization’) in combination with four commonly used signal processing methods and
three directions of force is presented.
In chapter 7, we assessed to what extent the TTS and postural stability index constructs
reflect the horizontal GRF during the landing, dynamic, and static phases following a
drop jump landing.
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In chapter 8, we applied all of the above and used a selection of outcome measures in a
prospective study on lateral ankle sprains in elite level footballers. By means of a
(univariate and multivariate) linear regression analyses we assessed the relationship
between outcomes of the single leg drop jump landing test and the risk of sustaining a
lateral ankle sprain. We used a cohort of 190 highly talented male footballers and a
3‐year follow‐up period.
Finally, in chapter 9 the most important findings of these studies and their limitations are
discussed. Furthermore, the implications for clinical practice and future research are
described.
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ABSTRACT
Background
Force plates are commonly used to register ground reaction forces in order to assess
neuromusculoskeletal function of the ankle joint. There exists a great variety in dynamic tests on
force plates and in parameters calculated from ground reaction forces in order to evaluate
neuromusculoskeletal function of the ankle. The purpose of this study was to evaluate which
dynamic tests and force plate parameters are most sensitive to differences between and within
groups with regard to foot and ankle pathology.
Methods
A systematic review and meta‐analysis was performed evaluating studies that compared force
plate parameters of dynamic tests between patients with foot and ankle pathology, and healthy
controls. Data were pooled per parameter and test category. Given the clinical heterogeneity, we
constructed comprehensive recommendation criteria to indicate a ‘proven relevant parameter’ or
‘candidate relevant parameter’.
Results
A total of 34 studies were included, and 58 relevant comparisons were identified. Results were
subdivided by test category: walking, running, landing (in anteroposterior direction), sideways
(movement in mediolateral direction), and termination (movement in anteroposterior direction).
The ‘walking’ test showed significant differences in a great variety of pathologies, with the
magnitude and timing of the ‘second peak vertical force’ as proven relevant parameters. The
‘landing’ test detected differences due to ankle instability, with ‘time to stabilization in
anteroposterior direction’ as proven relevant parameter.
Conclusion
This study provides recommendations concerning the potential of various dynamic tests and force
plate parameters as a tool to compare neuromusculoskeletal function between patients with foot
and ankle pathology, and healthy controls.
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INTRODUCTION
The prevalence of foot and/or ankle pathology due to injury and degenerative disorders
is high.22,35 In many cases, these injuries and disorders impair neuromusculoskeletal
function and consequently interfere with or even prevent participation in activities of
daily life or sports.35 The high prevalence and the associated burden to society have led
to great interest among researchers and many studies have attempted to quantify
functional deficits in patients.
To quantify impairments of neuromusculoskeletal function in patients with foot and
ankle disorders, force plates have been used to register ground reaction forces (GRFs) on
the foot while participants perform an activity that challenges neuromusculoskeletal
function. The GRF reflects the movement of the whole body that needs to be controlled
over base of support provided by the foot or by both feet.
A rough distinction can be made into two types of activities: (quasi‐) static and dynamic.
In a (quasi‐) static test, the participant typically has to maintain his or her balance while
standing on either both legs or on one leg, with the eyes open or closed, with or without
perturbations.19 Given that injuries seldom occur while standing still, it has been argued
to test movements that occur during everyday life. This has consequently led to an
increase in the number of studies investigating dynamic tests, which consist of an active
(e.g., walking or running) or even vigorous (e.g., jump landing or sideways shuffle)
movement. In addition to the various dynamic tests, a large number of parameters have
been used to characterize the ground reaction force regarding its magnitude, direction,
timing, and its dynamics.3,10,11,24,29,40
This abundance of tests and parameters poses a real challenge when designing protocols
for research or clinical assessment. Therefore the purposes of this study were to
systematically review the literature and perform a meta‐analysis with regard to dynamic
tests using a force plate to evaluate patients with foot and ankle pathology. Specifically,
this review attempts to answer the question which dynamic tests, and which force plate
parameters are most sensitive to differences between and within groups with regard to
foot and ankle pathology. It should be noted that these tests are not used as diagnostic
tests to determine the presence or absence of pathology, but to quantify the functional
consequences of existing disorders. We make the explicit assumption that foot and ankle
disorders do cause neuromusculoskeletal impairments, hence the test or parameter that
discriminates better between groups with and without pathology is more sensitive to
these neuromusculoskeletal impairments.
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METHODS
Search strategy
We conducted a literature search using the Cochrane Library, PubMed (Medline),
EMBASE, and PEDro databases from inception to January 3rd 2013. The following search
strategy was developed for PubMed (Medline): (1) foot OR ankle, (2) forceplate OR force
plate OR force platform OR ground reaction force OR ground reaction forces OR kinetic
OR kinetics, (3) dynamic OR functional OR gait OR walk OR walking OR run OR running
OR step OR stepping OR jump OR jumping OR hop OR hopping OR cut OR cutting OR
shuffle, and (4) 1 AND 2 AND 3. For PEDro the following modified search strategy was
used: (ankle *force*) OR (foot *force*). Only articles written in English were considered.
The reference lists of all included studies were checked for other relevant articles.

Study selection
Duplicate references were removed from the search results. Two authors (DPF and AH)
independently screened the identified articles based on title and abstract to identify
potentially relevant articles for extensive review. A study was included if it: (1) compared
patients who had a musculoskeletal injury of the foot and/or ankle with healthy controls
(between groups) or with the uninjured limb (within group), (2) conducted dynamic tests
that involved an active component (e.g., walking, running, or jump landing) in contrast to
a static test (e.g., single leg stance), and (3) described performance with parameters that
can be calculated solely based on force plate data.
We excluded studies that recruited participants that were skeletally immature, had
congenital deformities, a neurodegenerative or vascular disease, a history of knee or hip
disorders (e.g., osteoarthritis or ligamental tear), or an amputation of any part of the
lower extremities. Furthermore, we excluded studies with interventions (e.g., orthotic
devices, altered shoes, braces, robotics, crutches, cast) or instigated perturbations (e.g.,
vibration, nerve stimulation, obstacles, damped surface, slippery surface, uneven terrain,
backward gait, added mass, ligament anesthesia) within the study protocol. Finally, we
excluded studies that needed additional data (e.g., 3D kinematics) to calculate the
parameters used (e.g., joint moments), studies that did not present the mean and
standard deviations of the calculated parameters, and studies that had a sample size
smaller than six participants per group.

Data extraction
The extracted data were sample size, participant characteristics, tests used, instructions
given, comparisons made, parameters calculated, and the group outcome and SD (or an
alternative from which SD can be calculated). In addition, the reported significant
differences between or within groups were extracted.
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Data analysis
The extracted data were subdivided by test type conducted and into ‘between groups’
and ‘within group’ comparisons. Group outcome and SD were imported into Review
Manager for a meta‐analysis (RevMan, Computer program. Version 5.2. Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collaboration, 2012). The following settings
were used: data type ‐ continuous; statistical method ‐ inverse variance; analysis model ‐
random effects; effect measure ‐ std. mean difference; totals ‐ totals and subtotals;
study confidence interval ‐ 95%; and total confidence interval ‐ 95%. Consequently,
pooled effect size, 95% confidence interval, p‐value, and heterogeneity (I2) were
calculated per test and per parameter. Pooled effect size was interpreted according to
Cohen's suggestion: small=0.20, medium=0.50, and large=0.80.8 Heterogeneity of
outcomes was determined by means of the I2 test.18
Our inclusion criteria (diverse pathologies and tests) will in some cases lead to a
suboptimal pooling of comparisons and consequently to a high heterogeneity (I2).
Therefore, we constructed comprehensive criteria:
1.

2.

A ‘proven relevant parameter’ showed a significant difference in more than one
study, and in at least 50% of the comparisons, plus the pooled effect size was
‘large’.
A ‘candidate relevant parameter’ showed a significant difference in more than one
study, and the associated pooled effect size was ‘medium’ at least; or showed a
significant difference in more than one study and, while the associated pooled
effect was not significant, the heterogeneity (I2) exceeded 60%; or was used in only
one study, which reported a significant difference.

RESULTS
Included studies
The original search identified 3773 articles. After submitting these studies to the
selection process (see Figure 2.1), we included 34 studies. The characteristics of all
studies are presented in Table 2.1, subdivided by test category (i.e., ‘walking’, ‘running’,
‘landing’ (anteroposterior direction), ‘sideways’ (mediolateral direction), and
‘termination’ (anteroposterior direction)). Table 2.2 provides an overview of the
distribution of the calculations arranged by pathology and test category. We defined a
‘calculation’ as the combination of one comparison and one parameter (within one
comparison, multiple parameters may have been calculated). Table 2.3 presents an
overview of the operational definitions of the parameters, which are further illustrated
in Figure 2.2, showing example time series of ground reaction force during each of the
five test categories. Tables 2.4 to 2.8 present an overview of the parameters that were
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calculated to evaluate patients with foot and ankle pathology, subdivided by test
category.

Figure 2.1

Flowchart of study inclusion. Reasons for elimination based on full text: No GRF data were
presented (n=15); additional data (e.g. 3D kinematics) were needed to calculate the parameters
used (n=11); literature review (n=3); perturbation (n=2); number of participants was less than 6
(n=2); no comparison between or within groups was made (n=1); and two studies reporting on
38
the same data, which led to the exclusion of one study (n=1).

A total of 57 comparisons were identified, of which 9 compared the injured with the
uninjured leg (‘within group’). The studies concerning these comparisons scarcely
presented the SD of the difference. Therefore, it was not possible to include these
comparisons in our meta‐analysis (hence based on 30 studies). However, the ‘within
group’ comparisons are, together with the ‘between groups’ comparisons, taken into
consideration in our comprehensive criteria.
We noted from our analysis that one study25 presented with extremely low standard
error of the mean (SEM) values for the seven parameters concerning the onset of peak
ground reaction forces. Our calculated effect sizes using these SEM values had a range of
[−12, −53], which is extremely high and in contrast to the reported non‐significances.
Although we tried to contact the corresponding author, no elaboration on these
inconsistencies was to be obtained. Therefore, we excluded these results from the meta‐
analysis.
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3a
3b
Daly et al. (1992)
9
Doets et al. (2007)
14
Fuentes‐Sanz et al. (2012) 15
21a
Kitaoka et al. (1994)
21b
Liddle et al. (2000)
23
Nüesch et al. (2012)
27
Saw et al. (1993)
33
Skwara et al. (2009)
34
Valderrabano et al. (2007) 36a
36b
Wikstrom & Hass (2012) 39a
Running
Azevedo et al. (2009)
1
Bischof et al. (2010)
2
Brown et al. (2008)
3c
3d
Dixon et al. (2006)
13
Hreljac et al. (2000)
20
McCrory et al. (1999)
25
Pohl et al. (2009)
28
Landing
Brown et al. (2008)
3e
3f
3g
3h
6
Brown et al. (2004)
Brown et al. (2010)
4a

ID
Walking speed
1.2 ‐ 1.4 m/s
1.2 ‐ 1.4 m/s
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Self selected pace
Running speed
Self selected pace
3.3 m/s
2.5 ‐ 3.5 m/s
2.5 ‐ 3.5 m/s
3.6 m/s
4.0 m/s
Self selected pace
3.7 m/s
Height / AP distance / action
32 cm / unknown / step down to single leg stance
32 cm / unknown / step down to single leg stance
32 cm / unknown / jump to single leg stance
32 cm / unknown / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance

Instructions

Characteristics of included studies

Walking
Brown et al. (2008)

Table 2.1

Mechanical ankle instability vs copers lateral ankle trauma
Functional ankle instability vs copers lateral ankle trauma
Mechanical ankle instability vs copers lateral ankle trauma
Functional ankle instability vs copers lateral ankle trauma
Functional ankle instability vs control
Chronic ankle instability vs control

Achilles tendinopathy (grade I or II) vs control
Second/third metatarsal stress fracture (<5yr) vs control
Mechanical ankle instability vs copers lateral ankle trauma
Functional ankle instability vs copers lateral ankle trauma
Third metatarsal stress fracture vs control
Overuse running injuries (>3mo) vs control
Achilles tendinitis vs control
Plantar fasciitis (2.8yr) vs control

Mechanical ankle instability vs copers lateral ankle trauma
Functional ankle instability vs copers lateral ankle trauma
Postop plantar fasciotomy vs control
Postop total ankle arthroplasty (>3yr) vs control
Postop ankle arthrodesis (3yr) vs uninjured limb
Non‐operatively treated calcaneal fracture vs control
Non‐operatively treated calcaneal fracture vs uninjured limb
Unilateral plantar heel pain vs uninjured limb
Posttraumatic unilateral ankle osteoarthritis vs control
Postop Achilles tendon repair (1yr) vs uninjured limb
Postop tarsal coalition resection vs uninjured limb
Preop total ankle arthroplasty vs control
Postop total ankle arthroplasty (1yr) vs control
Chronic ankle instability vs control

Comparison

Patient
group
n
Age
21 22.4
21 22.1
9 43.9
10 59.8
20 40.0
16
?
16
?
23 44.0
8 53.4
19 37.7
10 25.8
15 53.3
15 53.3
20 20.5
n
Age
21 41.8
9 24.4
21 22.4
21 22.1
10 20.9
12
?
31 38.4
25 31.0
n
Age
21 22.4
21 22.1
21 22.4
21 22.1
10 22.5
24 20.0

Control
group
SD
n
Age
SD
4.3 21
21.7
4.9
3.8 21
21.7
4.9
13.0
Matched
12.6 10
59.0 12.1
?
?
110
?
?
?
?
11.4 15
48.5 10.5
?
9.5
?
15
52.9
?
?
15
52.9
?
1.0 20
20.9
1.6
SD
n
Age
SD
9.7 21
38.9 10.1
6.2 15
22.1
3.4
4.3 21
21.7
4.9
3.8 21
21.7
4.9
2.5 10
23.0
4.6
?
12
?
?
1.8 58
34.5
1.2
10.0 25
31.0 10.0
SD
n
Age
SD
4.3 21
21.7
4.9
3.8 21
21.7
4.9
4.3 21
21.7
4.9
3.8 21
21.7
4.9
2.3 10
21.9
1.0
1.3 24
20.3
1.0
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27

28
(continued)

4c

4b

ID
7
12
17a
17b
16a
16b
24a
26
29
30
31
32
40
41

24b

Liu et al. (2012)
24c

11

Delahunt et al. (2007)

10d

Dayakidis & Boudolos (2006) 10a
10b
10c

Liu et al. (2012)
de Noronha et al. (2008)
Ross & Guskiewicz (2004)
Ross et al. (2008)
Ross et al. (2009)
Ross et al. (2005)
Wikstrom et al. (2007)
Wikstrom et al. (2010b)
Sideways
Brown et al. (2010)

Gribble & Robinson (2009)

Caulfield & Garrett (2004)
Delahunt et al. (2006)
Gribble & Robinson (2010)

Table 2.1
Instructions
40 cm / unknown / jump to single leg stance
35 cm / unknown / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
15 cm / leg length / step, step, hop to single leg stance
16 cm / unknown / hop to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
50% max / 70 cm / jump to single leg stance
Action
Jump landing to single leg stance / 50% max height /
70 cm medial
Jump landing to single leg stance / 50% max height /
70 cm lateral
Run / 5.0 m/s / 45° forward v‐cut on forceplate
Run / 5.0 m/s / 45° forward v‐cut on forceplate
Lateral shuffle / crouched position / between
forceplates
Lateral shuffle / crouched position / between
forceplates
Lateral hop / 30 cm medial / one‐legged lateral on and
medial off
Hop landing to single leg stance / 5 cm / unknown
distance medial
Hop landing to single leg stance / 5 cm / unknown
distance lateral
Functional ankle instability vs control

Functional ankle instability vs control

Functional ankle instability vs control

Functional ankle instability vs uninjured limb

Functional ankle instability vs control
Functional ankle instability vs uninjured limb
Functional ankle instability vs control

Chronic ankle instability vs control

Chronic ankle instability vs control

Comparison
Functional ankle instability vs control
Functional ankle instability vs control
Chronic ankle instability vs control
Chronic ankle instability vs uninjured limb
Chronic ankle instability vs control
Chronic ankle instability vs uninjured limb
Functional ankle instability vs control
Functional ankle instability vs control
Functional ankle instability vs control
Functional ankle instability vs control
Functional ankle instability vs control
Functional ankle instability vs control
Functional ankle instability vs control
Chronic ankle instability vs control

65

65

26

15

15
15
15

24

18.2

18.2

25.6

25.0

25.0
25.0
25.0

20.0

0.7

0.7

6.1

5.0

5.0
5.0
5.0

1.3

65

65

18.5

18.5

22.6

23.9

17

24

23.9

20.3

18.5
30.0
22.0
20.8
21.0
20.8
20.7
21.8
Age
20.3

23.1

22.6
22.0
23.1

17

24

Patient group Control group
14 26.6 6.3 10
24 25.0 1.3 24
19 20.3 2.9 19
19 20.3 2.9
19 20.3 2.9 19
19 20.3 2.9
65 18.2 0.7 65
28 26.6 6.9 31
14 21.7 2.6 14
15 20.8 2.4 15
22 21.0 2.0 22
10 22.0 2.5 10
54 21.4 1.7 54
24 21.7 2.8 24
n
Age
SD
n
24 20.0 1.3 24

1.2

1.2

4.3

3.8

3.8

1.0

1.2
7.3
1.9
1.8
2.0
1.3
1.2
2.6
SD
1.0

3.9

4.6
0.8
3.9
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(continued)
Instructions

Speed / action
Max run / stop jump to max height / one leg on force
plate
3j Max run / stop jump to max height / one leg on force
plate
5a Max run / stop jump to max height / one leg on force
plate
5b Max run / stop jump to max height / one leg on force
plate
39b Self selected walk / planned gait termination
39c Self selected walk / unplanned gait termination on
audio cue
3i

ID

20
20

21

Functional ankle instability vs copers lateral ankle trauma
Chronic ankle instability vs control
Chronic ankle instability vs control

21

Functional ankle instability vs copers lateral ankle trauma
Mechanical ankle instability vs copers lateral ankle trauma

21

Mechanical ankle instability vs copers lateral ankle trauma

20.5
20.5

22.1

22.4

22.1

Patient
group
n
Age
21 22.4

Comparison

1.0
1.0

3.8

4.3

3.8

20
20

21

21

21

Control
group
SD
n
4.3 21

SD
4.9
4.9
4.2
4.2
1.6
1.6

Age
21.7
21.7
21.7
21.7
20.9
20.9

Characteristics are subdivided into walking, running, landing (in anteroposterior direction), sideways (movement in mediolateral direction), and termination (of movement in anteroposterior
direction). The specific ID per comparison is intended as a reference with regard to Tables 2, and 4 to 8; n is the number of subjects; Age is mean age; SD is the standard deviation of the age; yr
is year; mo is month; AP distance is the distance in anteroposterior direction.

Wikstrom & Hass (2012)

Brown et al. (2009)

Termination
Brown et al. (2008)

Table 2.1
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Pathologies and tests
When the foot and ankle pathologies presented in Table 2.2 were examined, we
observed that the majority of the included studies focused on ankle instability (66% of
the calculations). Moreover, the tests ‘landing’, ‘sideways movements’, and ‘termination’
were solely used for ankle instability. In contrast, the ‘walking’ test was conducted in
eight different pathologies, and the ‘running’ test in five different pathologies. It should
be noted that the overall low percentage of significant calculations; the ‘walking’ test
yielded the highest (29%) and the ‘running’ test the lowest percentage (6%) (see
Table 2.2).
Table 2.2

Distribution of calculations, arranged by pathology and test category.

Achilles tendinopathy
Ankle arthrodesis
Ankle arthroplasty
Ankle instability
Ankle osteoarthritis
Calcaneal fracture
Metatarsal stress fracture
Overuse running injuries
Plantar fasciopathy
Tarsal coalition resection
n
% sign

ID
1, 25, 33
15
14, 36
#
27
21
2, 13
20
9, 23, 28
34

Walking Running Landing Sideways Termination
ns s ns s ns s
ns
s
ns
s
n % sign
6
27
33
0
5
5
0
8
6
14
43
21
1 20
68 23 53
7 28
6
227
16
3
3
6
50
14 14
28
50
8
1
9
11
2
2
4
50
7 4
1
1
13
38
3
3
0
95
62
91
60
34
342
29
6
25
12
18

A calculation is the combination of one comparison and one parameter (within one comparison, multiple
parameters may have been calculated). The specific ID per comparison is intended as a reference with regard
to Tables 2.1, and 2.4 to 2.8; ns is the number of nonsignificant calculations; s is the number of significant
calculations; n is the total number of calculations per pathology or per test; % sign is the percentage of
significant calculations per pathology or per test. # = 3, 4, 5, 6, 7, 10, 11, 12, 16, 17, 24, 26, 39, 30, 31, 32, 39,
40, and 41

Walking
All parameters that were calculated to evaluate patients with foot and ankle pathology
using a walking test are presented in Table 2.4.3,9,14,15,21,23,27,33,34,36,39 The operational
definitions of these parameters are described in Table 2.3, Figure 2.2A shows an
example of a ground reaction force time series.
Among the parameters that reflect the magnitude of the ground reaction force (GRF) in
the vertical direction, three parameters showed significant differences in two or more
studies and yielded a significant pooled effect. The ‘second vertical peak GRF (Fv.2nd)’
showed a significant difference in 60% of the comparisons and had a large pooled effect
size of −1.12. The ‘first ver cal peak GRF (Fv.1st)’ and ‘midstance ver cal valley GRF
(Fv.valley)’ both showed a significant difference in two studies, but in a minority of
comparisons (18% and 33%), and yielded pooled effect sizes of −0.43 (small) and
0.72 (medium), respectively.
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Table 2.3

Operational definitions of the parameters used in the literature.

Parameter
Magnitude GRF (%BW; N/kg)
Peak
Heelstrike peak

Direction(s)

Description

Test(s)

V, A, P, M, L, ML Maximum GRF value for associated direction
W, R, L, S, T
V
GRF value at impact peak (at approx. 50 ms for V in W
Figure 2.2A)
First peak
V, ML
GRF value at first peak (at approx. 150 ms for V in
W, R, S
Figure 2.2A)
Midstance valley
V
GRF value at valley (at approx. 350 ms for V in Figure W, R
2.2A)
Second peak
V, ML
GRF value at second peak (at approx. 520 ms for V in W, R, S
Figure 2.2A)
ML
Maximum GRF value for either direction
W
Resultant peak
Mean
A, P
Mean GRF value for associated direction
R
Resultant mean
AP, APML
Mean GRF value for associated directions
R, L
Resultant standard deviation AP, ML, APML SD of the mean resultant vector for associated
L
(SD)
directions
Standard deviation (SD) ln
V, AP, ML
SD of the GRF across trials, averaged over individual T
point‐by‐point SD values
Coefficient of variation (CV) ln V, AP, ML
SD normalized to the mean of the score distribution T
Timing GRF (ms; % gait cycle)
Time to peak
V, A, P, M, L
Time to maximum GRF value for associated direction W, R, L, S, T
Time to first peak
V, ML
Time to GRF value at first peak (approx. 20 ms for V in W, R, S
Figure 2.2B)
W, R
Time to midstance valley
V
Time to GRF value at valley (approx. 50 ms for V in
Figure 2.2B)
Time to second peak
V, ML
Time to GRF value at second peak (approx. 120 ms for W, R, S
V in Figure 2.2B)
Stability (ms)
Time to stabilization (TTS)
AP, ML, APML Time until a 3rd order polynomial fit over the rectified L
GRF intersects
a reference value representing the stationary phase
Stability index (VSI; APSI, MLSI; V, AP, ML,
Mean square deviations around a zero point
L
DPSI)
VAPML
for example, VSI=√((sum(((BW‐GRFV)/BW)^2))/samples)
Impulse GRF (%BW.s)
Peak; First peak; Second peak V, A, P
Peak GRF x Time to peak GRF
R
Loading rate GRF (%BW/s)
Heelstrike peak; First peak
V
Peak GRF / Time to peak GRF
W, R
Angle GRF (°)
Peak
A, P
Horizontal projection of GRF relative to the sagittal R
plane at peak GRF
GRF is ground reaction force; %BW is percentage body weight; V is vertical; A is anterior; P is posterior; M is
medial; L is lateral; AP is anteroposterior; ML is mediolateral; APML is resultant vector of horizontal GRF;
VAPML is resultant GRF vector; ln is natural logarithm; W is walking; R is running; L is landing; S is sideways; T is
termination.
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Figure 2.2

Typical plots of ground reaction forces during walking at self‐selected pace (A); running at self
selected pace (B); single leg hop landing from approximately 40 cm posterior and a maximum
height of approximately 20 cm (C); sideways shuffle movement, starting medial from the force
plate, with a directional change of 180° when the lateral leg is placed on the force plate (D); and
the termination of gait (walking at self‐selected pace) with one leg on the force plate (E). Positive
forces regard anterior and medial direction; negative forces regard posterior and lateral
direction.
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Among the parameters reflecting the magnitude of the GRF in the anteroposterior (AP)
and mediolateral (ML) directions, the ‘posterior peak GRF (Fp.peak)’ and the ‘medial
peak GRF (Fm.peak)’ repeatedly showed significant differences, but in a minority of
comparisons (44% and 38%, respectively). However, only Fm.peak showed a significant
pooled effect (−0.51; medium). For Fp.peak, the heterogeneity (I2) was 70%, which
indicates a suboptimal pooling of comparisons. This may be explained by pooling the
diverse foot and ankle pathologies (i.e., ankle instability, plantar fasciopathy, calcaneal
fracture, and ankle osteoarthritis) within the ‘walking’ test category (see Tables 2.1 and
2.2). The ‘anterior peakGRF (Fa.peak)’ and ‘lateral peak GRF (Fl.peak)’ both showed a
significant difference for just one out of six or more comparisons.
The parameter Fv.2nd met the criteria for a proven relevant parameter (significant
difference in more than one study, at least 50% of comparisons; pooled effect size:
large). The parameters Fv.valley, Fp.peak and Fm.peak met the criteria for candidate
relevant parameter.
Some of the studies that used magnitude parameters also calculated the associated
‘time to peak GRF’ values. One of these, the ‘time to second vertical peak GRF (Tv.2nd)’
met the criteria for proven relevant parameter. This parameter showed a significant
difference in two studies and in three out of four comparisons, and resulted in a large
and significant pooled effect (−1.03). The other four parameters that showed a
significant difference (time to vertical midstance valley, time to anterior peak, time to
posterior peak, and time to lateral peak) all did so in the same single study that
compared a non‐operatively treated calcaneal fracture with healthy controls and the
uninjured limb.21 None of these parameters yielded a significant pooled effect.
The two parameters that calculated the loading rate did not demonstrate a significant
difference.
To summarize, the second vertical peak (Fv.2nd) and its associated timing (Tv.2nd) met
the criteria for proven relevant parameters, whereas the parameters Fv.valley, Fp.peak,
and Fm.peak met the criteria for candidate relevant parameters.

Running
The parameters that were calculated using a running test are presented in Table
2.5.1‐3,13,20,25,28 The operational definitions of these parameters are described in Table
2.3, and Figure 2.2B shows an example of a ground reaction force time series.
In contrast to the walking test, the parameters that regard the magnitude of the ground
reaction force (GRF) did not appear sensitive in the running test. Only the ‘first vertical
peak GRF (Fv.1st)’ showed a significant difference, but only in one out of five
comparisons, and it yielded a small significant pooled effect (0.33). Additionally the
‘lateral peak GRF (Fl.peak)’ did not show any significant differences, but did yield a small
significant pooled effect (0.45). This implies that this parameter might be able to detect
differences provided that large numbers of subjects are used.
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36
23
23

21b
21b
21b
21b

21b
21b
21b

15, 21b, 33
15, 21b, 33
21b, 33
21b, 33

23
15, 21b, 23, 33, 34
15, 21b, 34
15, 21b, 33, 34

'Within'

34
26
34
42
58
58
58
58

73
35
73
42
125
95
97
67
8

n pts

135
120
135
42
152
152
152
152

174
129
174
42
226
196
191
161
15
0.26
‐0.53
‐1.03
‐0.14
‐0.32
‐0.07
‐0.21
‐0.17

‐0.43
0.72
‐1.12
0.13
‐0.12
‐0.28
‐0.51
0.32
0.26

0.56
0.25
<0.001
0.51
0.37
0.76
0.22
0.53

0.005
0.01
<0.001
0.55
0.54
0.29
0.03
0.05
0.55

[‐0.63, 1.15]
[‐1.42, 0.37]
[‐1.62, ‐0.44]
[‐0.57, 0.28]
[‐1.03, 0.38]
[‐0.56, 0.41]
[‐0.54, 0.13]
[‐0.69, 0.35]

[‐0.73, ‐0.13]
[0.14, 1.30]
[‐1.44, ‐0.79]
[‐0.30, 0.56]
[‐0.51, 0.27]
[‐0.79, 0.24]
[‐0.96, ‐0.06]
[0.00, 0.63]
[‐0.60, 1.12]

75%
68%
42%
0%
77%
52%
0%
59%

0%
37%
0%
0%
61%
70%
61%
0%

Meta‐analysis with regard to 'between' comparisons
2
n ctrl
Pooled ES p‐value 95% interval
I

The specific ID per comparison is intended as a reference with regard to Table 2.1; %BW is percentage body weight; n pts is the number of patients; n ctrl is the
number of controls; pooled ES is the pooled effect size; I2 describes the percentage of total variation across studies that is due to heterogeneity rather than chance;
forces in anterior direction describe propulsion, posterior forces represent braking; ** denotes a proven relevant parameter; * denotes a candidate relevant
parameter; values shown in bold indicate significance.

14, 21a, 27
14, 21a
14, 21a, 27
3a, 3b
3a, 3b, 21a
3a, 3b, 21a
3a, 3b, 21a
3a, 3b, 21a

9, 14, 21a, 27, 36a, 36b
9, 14, 21a
9, 14, 21a, 27, 36a, 36b
3a, 3b
3a, 3b, 9, 21a, 27, 36a, 36b, 39a
3a, 3b, 9, 21a, 27, 39a
3a, 3b, 9, 21a, 36a, 36b
3a, 3b, 9, 21a
29

Analysis of comparisons
'Between'

Parameters that were calculated to evaluate patients with a ‘walking’ test.

Magnitude (%BW; N/kg)
Vertical heelstrike peak (Fv.hs)
Vertical first peak (Fv.1st)*
Vertical midstance valley (Fv.valley)*
Vertical second peak (Fv.2nd)**
Vertical peak (Fv.peak)
Anterior peak (Fa.peak)
Posterior peak (Fp.peak)*
Medial peak (Fm.peak)*
Lateral peak (Fl.peak)
Mediolateral peak (Fml.peak)
Time to (ms; s; % gait cycle)
Vertical first peak (Tv.1st)
Vertical midstance valley (Tv.valley)
Vertical second peak (Tv.2nd)**
Vertical peak (Tv.peak)
Anterior peak (Ta.peak)
Posterior peak (Tp.peak)
Medial peak (Tm.peak)
Lateral peak (Tl.peak)
Loading rate at (%BW/s)
Vertical heelstrike peak (LRv.hs)
Vertical first peak (LRv.1st)

Parameters
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99
31
74
51
125
31
104
31
31
73
73

42
42
42
42
42
31
31
31
31

25
25
25
3c, 3d
3c, 3d, 25
3c, 3d, 25
3c, 3d, 25
3c, 3d, 25
25
25
25
25

n pts

1, 13, 20, 25, 28
25
1, 13, 20, 25
2, 3a, 3b
1, 2, 3c, 3d, 13, 20, 25
25
1, 3c, 3d, 13, 25
25
25
3c, 3d, 25
3c, 3d, 25

Analysis of comparisons
'Between'
'Within'

Parameters that were calculated to evaluate patients with a ‘running’ test.

Magnitude (%BW; N/kg)
Vertical first peak (Fv.1st)
Vertical midstance valley (Fv.valley)
Vertical second peak (Fv.2nd)
Vertical peak (Fv.peak)
Anterior peak (Fa.peak)
Anterior mean (Fa.mean)
Posterior peak (Fp.peak)
Posterior mean (Fp.mean)
Anteroposterior mean (Fap.mean)
Medial peak (Fm.peak)
Lateral peak (Fl.peak)
Time to (ms; s; % gait cycle)
Vertical first peak (Tv.1st)
Vertical midstance valley (Tv.valley)
Vertical second peak (Tv.2nd)
Vertical peak (Tv.peak)
Anterior peak (Ta.peak)
Posterior peak (Tp.peak)
Medial peak (Tm.peak)
Lateral peak (Tl.peak)
Impulse (%BW.s)
Vertical first peak (Impv.1st)
Vertical second peak (Impv.2nd)
Anterior peak (Impa.peak)
Posterior peak (Impp.peak)

Parameters

Table 2.5

‐0.39
0.05
0.06
0.10
‐0.01
0.40
‐0.05
‐0.03
0.00

58
58
58
58

0.33
0.16
0.14
0.37
‐0.02
‐0.05
0.12
0.52
0.35
‐0.11
0.45

42
42
42
42
42

126
58
101
57
158
58
131
58
58
100
100

0.08
0.82
0.88
1.00

0.08
0.81
0.79
0.66
0.97

0.01
0.47
0.51
0.06
0.91
0.82
0.43
0.02
0.12
0.47
0.005

[‐0.04, 0.84]
[‐0.49, 0.39]
[‐0.47, 0.40]
[‐0.44, 0.44]

[‐0.82, 0.04]
[‐0.37, 0.48]
[‐0.37, 0.49]
[‐0.33, 0.53]
[‐0.44, 0.42]

[0.07, 0.60]
[‐0.27, 0.60]
[‐0.27, 0.54]
[‐0.01, 0.75]
[‐0.32, 0.28]
[‐0.49, 0.38]
[‐0.18, 0.42]
[0.08, 0.96]
[‐0.09, 0.79]
[‐0.42, 0.19]
[0.14, 0.76]

Meta‐analysis with regard to 'between' comparisons
n ctrl
Pooled ES
p‐value
95% interval

0%
0%
0%
0%
0%

0%
0%

22%

36%
0%
32%

0%
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37

38
(continued)

10
10
99

1, 13, 20, 25, 28

n pts

13
13

Analysis of comparisons
'Between'
'Within'

126

10
10

0.25

‐0.50
0.31

0.14

0.27
0.50

[‐0.08, 0.58]

[‐1.39, 0.39]
[‐0.58, 1.19]

Meta‐analysis with regard to 'between' comparisons
n ctrl
Pooled ES
p‐value
95% interval

29%

2

I

The specific ID per comparison is intended as a reference with regard to Table 2.1; %BW is percentage body weight; n pts is the number of patients; n ctrl is the
number of controls; pooled ES is the pooled effect size; I2 describes the percentage of total variation across studies that is due to heterogeneity rather than chance;
forces in anterior direction describe propulsion, posterior forces represent braking; * denotes a candidate relevant parameter; values shown in bold indicate
significance.

Angle at (degrees)
Anterior peak (Ang.a)
Posterior peak (Ang.p)*
Loading rate at (%BW/s)
Vertical first peak (LRv.1st)

Parameters

Table 2.5
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The parameters regarding time to peak GRF and impulse values did not demonstrate any
significant differences between groups, nor did they yield a significant pooled effect.
The parameter ‘angle at posterior peak GRF (Ang.p)’ showed a significant difference, but
was only used once. Therefore it met our criteria to be classified as a candidate relevant
parameter. The parameter ‘loading rate at first vertical peak GRF (LRv.1st)’ showed a
significant difference in two of the five studies (and an equal amount of comparisons),
although pooled effect was not significant.
To summarize, none of the parameters met the criteria for proven relevant; the
parameter ‘angle at posterior peak GRF (Ang.p)’ yielded a significant difference in the
only study it was used in and was therefore classified as candidate relevant.

Landing
The parameters that have been determined in landing tests are presented in Table
2.6.3,4,6,7,12,16,17,24,26,29‐32,40,41 The operational definitions of these parameters are
described in Table 2.3, and Figure 2.2C shows an example of a ground reaction force
time series.
None of the parameters that quantify the magnitude of the ground reaction force (GRF),
showed a significant difference between groups in any study. However, the parameters
‘peak vertical GRF (Fv.peak)’ and ‘peak lateral GRF (Fl.peak)’ did yield small significant
pooled effect sizes of 0.38 and 0.32 respectively. So, while these parameters might be
able to show a significant difference when a large number of subjects will be used, they
did not meet criteria for proven or candidate parameters.
The associated ‘time to peak GRF’ parameters appeared to be more sensitive; four out
of five parameters showed a significant difference once. However, in all cases this was
only in a single comparison in a single (but not the same) study. Of these four timing
parameters, ‘time to peak vertical GRF (Tv.peak)’ and ‘time to peak lateral GRF (Tl.peak)’
yielded significant pooled effect sizes, −0.65 (medium) and −0.34 (small), respec vely.
The pooled effect for the other two parameters, ‘time to anterior peak GRF (Ta.peak)’
and ‘time to posterior peak GRF (Tp.peak)’, were not significant. The associated
heterogeneity (I2) was 61% for Ta.peak and 72% for Tp.peak. An explanation for this
suboptimal pooling of comparisons is not apparent. As described in Tables 2.1 and 2.2,
the comparisons using the landing test are all between and within patients with ankle
instability.
The stability parameters can be subdivided into two categories: the time to stabilization
and the index measures. To start with the first, both ‘time to stabilization in
anteroposterior direction (TTSap)’ and ‘time to stabilization in mediolateral direction
(TTSml)’ repeatedly showed significant differences, albeit more in AP direction (71%)
than in ML direction (29%). A similar distinction was found with regard to the pooled
effect; both were significant, but the TTSap yielded a pooled effect size of 0.95 (large)
versus 0.40 (small) for the TTSml. The combined parameter (TTSapml), which is also
referred to as resultant vector TTS (time to stabilization),17,30 showed a significant
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difference in two comparisons (out of three) and yielded a pooled effect size of 0.79
(medium). The second type of stability measures consists of postural stability indices.
Indices for the ground reaction force in vertical (VSI), anteroposterior (APSI),
mediolateral (MLSI) directions, and a resultant index called the ‘dynamic postural
stability index (DPSI)’ have been used. The VSI and APSI showed significant differences in
two out of four studies, but did not yield significant pooled effects. However, the
heterogeneity (I2) was 78% for VSI and 81% for APSI. An explanation for this suboptimal
pooling of comparisons is not apparent. All the comparisons were between patients with
ankle instability and healthy controls. The MLSI showed a significant difference in one
study, but no significant pooled effect. The DPSI on the other hand, showed significant
differences in three (out of four) studies and yielded a small significant pooled effect
(0.45).
To summarize, the parameter TTSap met the criteria for proven relevant parameters,
whereas the parameters TTSapml, VSI, APSI, and DPSI met the criteria for candidate
relevant parameters.

Sideways
All parameters that were calculated following tests with movements in the mediolateral
direction (sideways) are presented in Table 2.7. These movements include jump or hop
landings from medial or lateral direction,4,11,24 a v‐cut maneuver,10 and a lateral shuffle.10
The operational definitions of these parameters are described in Table 2.3, and Figure
2.2D shows an example of a ground reaction force time series of a lateral shuffle.10
Among the parameters quantifying the magnitude of the GRF, the parameter ‘first
vertical peak GRF (Fv.1st)’ showed a significant difference between and within groups,
albeit in the same study. The associated pooled effect was not significant. The parameter
‘posterior peak GRF (Fp.peak)’ showed a significant difference in the only comparison it
was used in. The associated effect size was large (−1.02). The parameter ‘medial peak
GRF (Fm.peak)’ showed a significant effect, however no significant difference was
reported in the study it was used in.
The ‘time to first vertical peak GRF (Tv.1st)’ showed significant differences in the same
comparisons as Fv.1st. Likewise, the associated pooled effect was not significant.
However, the associated heterogeneity (I2) was 79%.
With regard to the stability indices, the VSI and DPSI each showed one significant
comparison out of four comparisons, but without a significant associated pooled effect.
To summarize, the parameter ‘posterior peak GRF (Fp.peak)’ showed a significant
difference in the only comparison it was used in and therefore qualifies as candidate
relevant, no parameters met the criteria for proven relevant.

40

122
98
122
122
122
140
140
34
167
167
167
167

3e, 3f, 3g, 3h, 7, 12
3e, 3f, 3g, 3h, 7
3e, 3f, 3g, 3h, 7, 12
3e, 3f, 3g, 3h, 7, 12
3e, 3f, 3g, 3h, 7, 12
6, 16a, 24a, 29, 31, 32
6, 16a, 24a, 29, 31, 32
17a, 30
4a, 24a, 40, 41
4a, 24a, 40, 41
4a, 24a, 40, 41
4a, 24a, 40, 41

140
140
34
167
167
167
167

118
94
118
118
118

94
94
94
94
94
31
31
31
31

0.95
0.40
0.79
0.35
0.50
‐0.01
0.45

‐0.65
0.2
‐0.28
‐0.15
‐0.34

0.38
0.06
0.10
0.13
0.32
‐0.09
‐0.10
0.15
‐0.23

0.007
0.04
0.002
0.16
0.06
0.95
0.02

<0.001
0.39
0.26
0.25
0.009

0.009
0.67
0.47
0.36
0.03
0.72
0.71
0.57
0.38

[0.26, 1.63]
[0.03, 0.78]
[0.29, 1.28]
[‐0.14, 0.84]
[‐0.03, 1.02]
[‐0.22, 0.21]
[0.08, 0.83]

[‐0.92, ‐0.39]
[‐0.26, 0.67]
[‐0.77, 0.21]
[‐0.40, 0.11]
[‐0.60, ‐0.09]

[0.09, 0.67]
[‐0.22, 0.35]
[‐0.18, 0.39]
[‐0.15, 0.42]
[0.03, 0.60]
[‐0.60, 0.42]
[‐0.61, 0.41]
[‐0.37, 0.66]
[‐0.74, 0.28]

83%
50%
0%
78%
81%
0%
63%

0%
61%
72%
0%
0%

0%
0%
0%
0%
0%

I2

The specific ID per comparison is intended as a reference with regard to Table 2.1; %BW is percentage body weight; n pts is the number of patients; n ctrl is the
number of controls; pooled ES is the pooled effect size; I2 describes the percentage of total variation across studies that is due to heterogeneity rather than chance;
forces in anterior direction describe propulsion, posterior forces represent braking; ** denotes a proven relevant parameter; * denotes a candidate relevant
parameter; values shown in bold indicate significance.

98
98
98
98
98
28
28
28
28

Meta‐analysis with regard to 'between' comparisons
n pts
n ctrl
Pooled ES
p‐value
95% interval

3e, 3f, 3g, 3h, 7
3e, 3f, 3g, 3h, 7
3e, 3f, 3g, 3h, 7
3e, 3f, 3g, 3h, 7
3e, 3f, 3g, 3h, 7
26
26
26
26

16b
16b
17b

Analysis of comparisons
'Between'
'Within'

Parameters that were calculated to evaluate patients with a ‘landing’ test.

Magnitude (%BW; N/kg)
Vertical peak (Fv.peak)
Anterior peak (Fa.peak)
Posterior peak (Fp.peak)
Medial peak (Fm.peak)
Lateral peak (Fl.peak)
AP/ML mean res vector (Fapml)
Anteroposterior SD (SDap)
Mediolateral SD (SDml)
AP/ML mean res vector SD (SDapml)
Time to (ms; s; % gait cycle)
Vertical peak (Tv.peak)
Anterior peak (Ta.peak)
Posterior peak (Tp.peak)
Medial peak (Tm.peak)
Lateral peak (Tl.peak)
Stability (ms)
Time to stabilization AP (TTSap)**
Time to stabilization ML (TTSml)
Time to stabilization AP/ML (TTSapml)**
Vertical index (VSI)*
Anteroposterior index (APSI)*
Mediolateral index (MLSI)
Dynamic index (DPSI)*

Parameters

Table 2.6
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41

42
10b, 10d
10b, 10d

10b, 10d
10b, 10d

10b, 10d
10b, 10d

10b, 10d
10b, 10d

130
130
178
178
178
178

30
30
26
26
26
26
30
30

30
30
26
26
26
26
30
30

n pts

130
130
178
178
178
178

34
34
24
24
24
24
34
34

34
34
24
24
24
24
34
34

0.02
0.03
0.24
0.42
‐0.22
0.08

‐0.43
‐0.07
0.00
0.16
0.00
0.11
‐0.17
‐0.15

0.40
0.36
0.38
‐0.14
‐1.02
0.61
0.04
‐0.12

0.93
0.84
0.18
0.12
0.24
0.45

0.45
0.77
1.00
0.58
1.00
0.70
0.51
0.55

0.11
0.15
0.18
0.63
<0.001
0.03
0.87
0.63

[‐0.45, 0.50]
[‐0.22, 0.27]
[‐0.11, 0.59]
[‐0.12, 0.95]
[‐0.59, 0.15]
[‐0.13, 0.29]

[‐1.54, 0.68]
[‐0.56, 0.42]
[‐0.55, 0.55]
[‐0.40, 0.71]
[‐0.55, 0.55]
[‐0.45, 0.66]
[‐0.66, 0.33]
[‐0.64, 0.34]

[‐0.10, 0.90]
[‐0.13, 0.86]
[‐0.18, 0.94]
[0.69, 0.43]
[‐1.61, ‐0.42]
[0.05, 1.18]
[‐0.45, 0.53]
[‐0.61, 0.37]

Meta‐analysis with regard to 'between' comparisons
n ctrl
Pooled ES
p‐value
95% interval

74%
0%
60%
82%
64%
2%

0%
0%

79%
0%

0%
0%

0%
0%

2
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The specific ID per comparison is intended as a reference with regard to Table 2.1; %BW is percentage body weight; n pts is the number of patients; n ctrl is the
number of controls; pooled ES is the pooled effect size; I2 describes the percentage of total variation across studies that is due to heterogeneity rather than chance;
forces in anterior direction describe propulsion, posterior forces represent braking; * denotes a candidate relevant parameter; values shown in bold indicate
significance.

24b, 24c
24b, 24c
4b, 4c, 24b, 24c
4b, 4c, 24b, 24c
4b, 4c, 24b, 24c
4b, 4c, 24b, 24c

10a, 10c
10a, 10c
11
11
11
11
10a, 10c
10a, 10c

10a, 10c
10a, 10c
11
11
11
11
10a, 10c
10a, 10c

Analysis of comparisons
'Between'
'Within'

Parameters that were calculated to evaluate patients with a ‘sideways’ test.

Magnitude (%BW; N/kg)
Vertical first peak (Fv.1st)
Vertical second peak (Fv.2nd)
Vertical peak (Fv.peak)
Anterior peak (Fa.peak)
Posterior peak (Fp.peak)*
Medial peak (Fm.peak)
Mediolateral first peak (Fml.1st)
Mediolateral second peak (Fml.2nd)
Time to (ms; s; % gait cycle)
Vertical first peak (Tv.1st)
Vertical second peak (Tv.2nd)
Vertical peak (Tv.peak)
Anterior peak (Ta.peak)
Posterior peak (Tp.peak)
Medial peak (Tm.peak)
Mediolateral first peak (Tml.1st)
Mediolateral second peak (Tml.2nd)
Stability
Time to stabilization AP (TTSap)
Time to stabilization ML (TTSml)
Vertical index (VSI)
Anteroposterior index (APSI)
Mediolateral index (MLSI)
Dynamic index (DPSI)

Parameters
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42
42
42
42
42
40
40
40
40

3i, 3j
3i, 3j
3i, 3j
3i, 3j
3i, 3j
39b, 39c
39b, 39c
39b, 39c
39b, 39c

40
40
40
40

42
42
42
42
42

42
82
82
42
42
42
42
42
42
42
42

0.27
0.47
0.15
0.53

‐0.21
0.06
‐0.40
‐0.03
0.03

0.08
0.04
0.26
0.20
0.19
‐0.09
‐0.09
‐0.10
0.07
‐0.25
‐0.24

0.24
0.04
0.51
0.02

0.33
0.84
0.09
0.89
0.89

0.71
0.81
0.09
0.36
0.39
0.69
0.69
0.66
0.83
0.54
0.27

[‐0.17, 0.71]
[0.02, 0.91]
[‐0.29, 0.59]
[0.08, 0.98]

[‐0.64, 0.22]
[‐0.53, 0.65]
[‐0.85, 0.44]
[‐0.46, 0.40]
[‐0.40, 0.46]

[‐0.35, 0.51]
[‐0.27, 0.34]
[‐0.04, 0.57]
[‐0.23, 0.63]
[‐0.24, 0.62]
[‐0.55, 0.36]
[‐0.51, 0.34]
[‐0.52, 0.33]
[‐0.57, 0.71]
[‐1.05, 0.55]
[‐0.67, 0.19]

Meta‐analysis with regard to 'between' comparisons
n ctrl
Pooled ES
p‐value
95% interval

0%
0%
0%
0%

0%
47%
7%
0%
0%

0%
0%
0%
0%
0%
11%
0%
0%
54%
71%
0%

I2

The specific ID per comparison is intended as a reference with regard to Table 2.1; %BW is percentage body weight; n pts is the number of patients; n ctrl is the
number of controls; pooled ES is the pooled effect size; I2 describes the percentage of total variation across studies that is due to heterogeneity rather than chance;
forces in anterior direction describe propulsion, posterior forces represent braking; * denotes a candidate relevant parameter; values shown in bold indicate
significance.

42
82
82
42
42
42
42
42
42
42
42

n pts

3i, 3j
3i, 3j, 39b, 39c
3i, 3j, 39b, 39c
3i, 3j
3i, 3j
5a, 5b
5a, 5b
5a, 5b
5a, 5b
5a, 5b
5a, 5b

Analysis of comparisons
'Between'
'Within'

Parameters that were calculated to evaluate patients with a ‘termination’ test.

Magnitude (%BW; N/kg)
Vertical peak (Fv.peak)
Anterior peak (Fa.peak)
Posterior peak (Fp.peak)
Medial peak (Fm.peak)
Lateral peak (Fl.peak)
Vertical SD ln (SDv)
Anteroposterior SD ln (SDap)
Mediolateral SD ln (SDml)
Vertical CV ln (CVv)
Anteroposterior CV ln (CVap)
Mediolateral CV ln (CVml)
Time to (ms; s; % gait cycle)
Vertical peak (Tv.peak)
Anterior peak (Ta.peak)
Posterior peak (Tp.peak)
Medial peak (Tm.peak)
Lateral peak (Tl.peak)
Stability
Vertical index (VSI)
Anteroposterior index (APSI)*
Mediolateral index (MLSI)
Dynamic index (DPSI)*

Parameters

Table 2.8
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Termination
The parameters that were determined following a test based on termination of
movement in anteroposterior direction are presented in Table 2.8.3,5,39 As previously
discussed, one relevant study38 was eliminated because it reported on the same data as
another study.39 The operational definitions of these parameters are described in
Table 2.3, and Figure 2.2E shows an example of a ground reaction force time series of
gait termination following walking on self‐selected pace.
Among the parameters that reflect the magnitude of the GRF, one parameter showed
significant differences between groups. The ‘posterior peak GRF (Fp.peak)’ showed
differences in one of the two studies it was used in. However, no significant pooled
effect size was obtained (0.09). The associated ‘time to peak GRF’ parameters did not
show any significant differences, nor did they yield a significant pooled effect.
Two of the four stability indices showed significant differences in the study they were
used in. The APSI and the DPSI had a significant pooled effect size, 0.47 (small) and 0.53
(medium), respectively.
To summarize, no parameters met the criteria for proven relevant parameters, whereas
the parameters APSI and DPSI met the criteria for candidate relevant parameters.

DISCUSSION
This systematic review demonstrated that a wide range of dynamic tests using a force
plate as measurement instrument and a variety of associated parameters have been
used to compare neuromusculoskeletal function between patients and healthy controls.
This emphasizes the added value of this review, but at the same time stresses one of its
limitations. The purpose of this study was to identify the dynamic tests and force plate
parameters that have been most successful in demonstrating differences between and
within groups with regard to foot and ankle pathology. In order to do so, we pooled data
of dissimilar comparisons in our meta‐analysis. We categorized the comparisons by test
and parameter, but did not discriminate between type of foot and ankle pathology, nor
with respect to test instruction details, or methodological quality of the included study.
The differences in pathologies studied could cause a bias in comparisons of tests and
parameters, for instance when a particular test has only been conducted in studies on a
disorder with minor effects on neuromusculoskeletal function. To avoid such bias, we
considered pooled effects, individual comparisons, and heterogeneity of effects in our
criteria to assess tests and parameters.
In some cases, high heterogeneity between studies was found, reflecting a suboptimal
pooling of comparisons in the meta‐analysis. This implies that these effect sizes do not
provide valid estimates of the effect of the disorders under investigation. However, we
did not aim to infer such clinical information from the pooled comparisons. Instead, we
intended to establish evidence that parameters may be useful in demonstrating
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differences in foot and ankle function. The current recommended parameters are much
more likely to be informative compared to the rest of the parameters. It should be noted
that the current data are not sufficient to evaluate the clinical utility of a test or
parameter for diagnostic purposes.
We not only constructed comprehensive criteria based on the outcomes of the meta‐
analysis, but also incorporated the number of significant differences reported. The
construction of these criteria offered the possibility to include the outcomes of the
‘within group’ comparison, which had not been incorporated in our meta‐analysis, due
to fact that the SD of the difference was not reported in most of the studies.
Furthermore, these criteria enabled us to evaluate parameters with high heterogeneity.
It might be argued that the present findings could be subject to publication bias.
However, in orthopaedic research the prevalence of publication bias appears low,
compared to other fields of medicine.37 Moreover, Table 2 shows that the majority of
reported calculations yielded non‐significant differences.
Based on our results, it is possible to provide a recommendation with regard to the
choice of dynamic test. The ‘walking’ test is relatively easy to perform, has been used
with uniform test instructions, and with a great variety of pathologies, applicable even
relatively soon after surgical intervention. The ‘running’ test most likely requires subjects
to have regained at least some function of foot and ankle in order to perform. It has
been used with variable running speeds and with a variety of pathologies (however, not
after surgical treatment). It could be argued that the tests involving ‘landing’, ‘sideways’,
and ‘termination’, require an increased level of foot and ankle function compared to
‘walking’ and ‘running’ tests. The ‘landing’ test has been used with similar instructions,
minor differences aside. The ‘sideways’ and ‘termination’ tests had a great variety of test
instructions. All three tests had a homogenous patient group, solely consisting of ankle
instability patients. With the aforementioned notions in mind, it seems that the ‘walking’
test is best suited to evaluate patients that are judged to be unfit for the more vigorous
tests (e.g., ‘running’, ‘landing’, ‘sideways’, or ‘termination’), for instance those with a
severe injury, or those recovering from surgical treatment.
With regard to the ‘walking’ test, the proven relevant parameters characterize both the
magnitude and timing of the ‘second vertical peak force’ (propulsive phase). All three
candidate relevant parameters quantify the magnitude of force, in vertical, posterior,
and medial directions. The ‘running’ test was mostly used with patients that suffered
from running related injuries, but failed to produce any proven relevant parameters.
Furthermore, only the ‘posterior peak angle’ was categorized as a candidate relevant
parameter. An explanation could lie in the variance in running speed together with the
limited number of studies. With regard to the ‘landing’ test, it is important to make a
distinction between the impact phase and the stabilization phase of the task. Most of
the included studies focused on the stabilization phase, which we consider as a (quasi‐)
static part of a dynamic task. The proven relevant and candidate parameters all concern
this stabilization phase, and it seems that anteroposterior indices perform better than
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similar indices in mediolateral direction. The ‘sideways’ test concerns a great diversity of
test instructions: jump4 and hop24 landings from medial and lateral direction, a hop‐on‐
hop‐off movement in mediolateral direction,11 a v‐cut, and a lateral shuffle.10 Only the
stability indices have been used in more than one study (see Table 7), and none of these
parameters appears to be sensitive to neuromusculoskeletal impairments. Similar
remarks can be made with regard to the ‘termination’ test. This test also has been used
with a variety of test instructions in a limited number of studies. However, one could
argue that the ‘termination’ test category is somewhat similar to the ‘landing’ test
category. Keeping this in mind, the fact that the two stability indices that were
recommended as candidate relevant parameters, were also recommended as proven
relevant parameters in the ‘landing’ test, strengthens the conclusions on both tests. A
limitation is that the pooling of tests with regard to ‘termination’ can be argued, as a
stop‐jump task and a gait termination task may differ to some extent. Separating these
tasks would not have affected our results. More studies examining these parameters in
termination of movement in anteroposterior direction are needed.
With regard to future research and meta‐analyses on foot and ankle function, we would
like to stress the importance of reporting data sufficiently comprehensive and precise.
Also, when a study examines a ‘within group’ comparison, the presentation of the SD of
the differences is necessary, to allow future pooling of outcomes.

CONCLUSION
This review and meta‐analysis provides recommendations concerning the potential of
various dynamic tests and force plate parameters as a tool to compare foot and ankle
function between patients and healthy controls. The ‘walking’ test was shown to be able
to show significant differences in a great variety of pathologies, with most sensitive
parameters being the magnitude and timing of the ‘second peak vertical force’. The
‘landing’ test was shown to be able to detect differences due to ankle instability, with
the most useful parameter being ‘time to stabilization in anteroposterior direction’. In
addition, eleven candidate relevant parameters were identified, of which three
concerned the ‘walking’ test, one concerned the ‘running’ test, four concerned the
‘landing’ test, one concerned the ‘sideways’ test, and two concerned the ‘termination’
test.
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ABSTRACT
Background
We aimed to verify whether the static phase after a single leg drop jump (DJ) landing on a force
plate may serve as a proxy for a single leg stance (SLS) balance task, as this would increase the
application possibilities of landing tasks in the evaluation of sensorimotor function in relation to
injury rehabilitation or performance assessment.
Methods
Twenty‐five healthy participants performed two sessions of five valid trials for both tasks in a
reproducibility‐agreement design. Three postural stability outcome measures (‘COP speed’, ‘COP
sway’, and ‘Horizontal GRF’) were calculated for DJ (5–20 s after landing) and for SLS (15 s), and
were averaged per session.
Results
Paired T‐tests revealed a learning effect of SLS for postural stability (4.6–6.1%; p‐values <0.03), in
contrast to DJ (p‐values >0.27). Only session 2 resulted in superior postural stability for SLS
compared to DJ for ‘COP speed’ (5.0%; p=0.017) and ‘Horizontal GRF’ (8.2%; p=0.001). Bland and
Altman methods demonstrated inter‐session SD’s of difference for DJ of 11–12% and for SLS of
10–12%, while inter‐task SD’s of difference ranged 10–17%. Precision (‘SD within’) was better for
SLS concerning ‘COP speed’ (14‐15% vs. 13%) and ‘Horizontal GRF’ (18–20% vs. 14–15%).
Conclusion
Postural stability during DJ and SLS cannot be considered interchangeable, due to a learning effect
for SLS and inferior precision for DJ. However, a DJ task may be used as a proxy for static postural
stability, although more than three trials are needed to achieve individual errors similar to SLS for
‘COP speed’ (4) and ‘Horizontal GRF’ (5).
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INTRODUCTION
Testing of single leg balance has an important place in the evaluation of athletic
performance8 and the assessment of injuries such as ankle sprains17,20 or untreated
anterior cruciate ligament deficiency.15 Single leg postural stability is considered to
reflect total body sensorimotor function.20 However, it has been suggested that
demanding tasks, such as a hop landing, may be a better representation of sensorimotor
functioning.9 Therefore, an increasing number of studies focus on these dynamic tasks.7
Both static and dynamic postural stability are often assessed with a force plate, and
quantified by outcome measures derived from the center of pressure (COP) or ground
reaction force (GRF).
The employment of both dynamic and static tests in a single measurement protocol
requires a large amount of time or could lead to an increased burden for researchers
and participants, especially in large‐scale assessments that take place on a regular basis.
The most commonly used dynamic task consists of a single leg landing event, followed
by the transition to static balance.7 As a result, it might be possible to calculate outcome
measures such as peak forces, dynamic stability, and static stability from the same test,
encompassing different aspects of sensorimotor functioning. This would increase
measurement efficiency substantially.
Therefore, the aim of the present study was to verify whether it is possible to assess
postural stability during the static phase after a single leg drop jump landing as a proxy
for static postural stability during a static single leg stance.

METHODS
Participants
A convenience sample consisting of 25 physically active volunteers was recruited
(20 men, 5 women; mean (range); age 28.6 (20–53) years; height 183.3 (163–197) cm;
body weight 76.9 (59–96) kg). None of the participants reported any neuro‐
musculoskeletal injuries or other diseases likely to affect balance performance. Written
informed consent was obtained once the purpose, nature, and potential risks had been
explained. The study was performed according to the Declaration of Helsinki and
approved by the Human Ethics Committee of the Faculty of Human Movement Sciences
of the VU University in Amsterdam.

Procedures
We chose to employ a reproducibility‐agreement design to compare the static phase of
a single leg ‘drop jump’ landing (DJ) with a static ‘single leg stance’ (SLS) task. Therefore,
we asked each participant to perform two sessions of five valid trials for both tasks. The
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DJ was executed from a 30 cm high box, which was placed 5 cm posterior to the force
plate. Participants stood on the testing leg, took off, landed on the same leg, stabilized
as quickly as possible, and balanced for 20 s as motionless as possible. Other than ‘hop
off the box’, no instructions (with regard to jump height) were given. With regard to the
SLS, the participants were instructed to stand on the testing leg for 15 s as motionless as
possible. The measurement started when participants indicated that they had achieved a
comfortable and stable single leg stance. Both tasks were performed barefooted and
with both hands on the hips.
The DJ and SLS were performed in alternating order, while the starting task was
counterbalanced across participants. Participants were given 30 s of rest between trials
and 5 min of rest between sessions. A trial was considered invalid if a participant
displaced his/her standing leg, touched the floor with the contralateral leg, or if arm
movement was used to regain balance. Participants chose the testing leg by identifying
their leg of preference after two DJ practice trials; this was not expected to bias results.11

Data processing
Ground reaction forces were sampled at 1000 samples/s by a 60 by 40 cm force plate
(type 9218B, Kistler Instrument Corp, Winterthur, Switzerland), which was mounted
flush with the laboratory floor. A custom MATLAB (The Mathworks, Natick, RI, USA)
program was written for data reduction. Raw data was low pass filtered at 12 Hz with a
bidirectional second order Butterworth filter.10 The COP calculations were based on
vertical and horizontal forces in accordance with the manufacturer’s manual. With
regard to the DJ data, the data was cropped from impact (> 10 N) to 20 s post‐impact.
The start of the static phase of the DJ was set at 5 s post‐impact, based on previous ‘time
to stabilization’ outcome values.4,5,19
Postural stability was assessed through three reliable and discriminative outcome
measures for DJ (5–20 s after landing) and for SLS (15 s):
1.
2.
3.

The mean COP speed (‘COP speed’), which is the total COP path length divided by
trial time.6,12,14,16,18
The mean COP sway (‘COP sway’), which is the mean absolute distance of the COP
trajectory to the average COP position.3,13
The mean absolute horizontal GRF (‘Horizontal GRF’), which is the mean length of
the GRF vector in the horizontal plane.12,17

Furthermore, to illustrate the effect of time after landing, the values of each trial were
also calculated per 1 s interval for the DJ and SLS data sets, and averaged across all trials.
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Statistical analysis
Statistical analysis was performed using the Statistical Program for Social Sciences
(version 21.0, SPSS Inc., Chicago, IL, USA). The precision of each outcome value was
estimated with the ‘SD within’ and the variance between participants with the ‘SD
between’. To assess the reproducibility and agreement of postural stability outcome
measures calculated from DJ and SLS tasks, the Bland and Altman method1,2 was
employed. Therefore, mean difference, SD of difference, and 95% limits of agreement
(LOA) were calculated for inter‐session comparisons (SLS1 vs. SLS2; DJ1 vs. DJ2) and
inter‐task comparisons (DJ1 vs. SLS1; DJ2 vs. SLS2). The two‐way paired Student T‐test
was employed to test for differences between sessions 1 and 2, and between DJ and SLS,
for all outcome measures. Statistical significance was set at p<0.05. The intraclass
correlation coefficient between the comparisons was calculated after averaging over five
trials (ICC(2,1); two‐way random single measures for absolute agreement).
To assess the effect of number of trials on the standard error of the mean individual
outcome (to be denoted as the ‘individual error’: ‘SD within’/√n trials), the ‘SD within’
was also calculated for all possible number of trials per participant (2–10).

RESULTS
Typical examples of COP trajectories (Figure 3.1) provide visual support (post‐hoc) that
after 5 s following the initial contact in the DJ, figures for DJ and SLS are comparable.
This suggests that after 5 s, the participants had reached a stable position, which was
confirmed by averaged outcomes over time (Figure 3.2) and was also supported by the
absence of a significant difference between DJ and SLS for all outcome measures in the
first session (see below). The mean number of invalid trials for the DJ was 1.44 (SD=1.78)
for the first session and 2.40 (SD=3.16) for the second session, while this was negligible
for the SLS task.
Table 3.1 shows that variance between participants (‘SD between’) was comparable for
DJ and SLS, while ‘SD within’ (precision) was smaller for the SLS task with regard to ‘COP
speed’ (13% vs. 14–15%) and ‘Horizontal GRF’ (14–15% vs. 18–20%). However, this was
hardly demonstrated by the reproducibility analyses, as the SD of differences (% of
mean) between sessions 1 and 2 for DJ and SLS were comparable (11–12% vs. 10–11%,
respectively) (see Table 3.2).
The postural stability calculated from SLS was significantly better during session 2
compared to session 1, with lower values for all three outcome measures (p‐values
<0.029). This may indicate a learning effect for SLS, while this was not the case for DJ
task (p‐values >0.281) (see Table 3.2). When comparing DJ and SLS for session 1, no
systematic differences were apparent (p‐values >0.239). However, session 2 did reveal a
systematic difference between both tasks with significantly lower values for ‘COP speed’
(p=0.017) and ‘Horizontal GRF’ (p=0.001) for SLS.
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Figure 3.1
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Typical COP trajectories during single leg drop jump landing task (A) and during a single leg
stance balance task (B).
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Figure 3.2

The group average of the means for the outcomes measures ‘COP speed’, ‘COP sway’, and
‘Horizontal GRF’, as calculated during 1 s intervals for both DJ and SLS. The value for the mean
SLS over 15 s was set at 100%. Each interval covers 1 s (e.g., 1–2 s, 2–3 s, 3–4 s, etc.). To achieve
easier assessment, the SLS data (0–15 s) were plotted in the relevant time period with regard to
the DJ (5–20 s).

Bland and Altman plots are presented in Figure 3.3, illustrating comparable variance of
error among the comparisons regarding reproducibility and agreement between DJ and
SLS. Nevertheless, the range of the SD’s of difference (and consequently the 95% LOA)
was larger for DJ vs. SLS comparisons (10–17% of the mean) than for reproducibility
comparisons (10–12%) (see Table 3.2).
Table 3.1

Static postural stability calculated from DJ and SLS tasks.

Outcome measure
COP speed (in mm/s)

COP sway (in mm)

Horizontal GRF (in N)

Task
DJ1
DJ2
SLS1
SLS2
DJ1
DJ2
SLS1
SLS2
DJ1
DJ2
SLS1
SLS2

Mean
48.40
47.25
47.74
44.97
8.99
8.90
9.16
8.75
3.87
3.80
3.72
3.50

SD within (%)
6.81 (14%)
7.14 (15%)
6.01 (13%)
5.92 (13%)
1.31 (15%)
1.43 (16%)
1.39 (15%)
1.39 (16%)
0.70 (18%)
0.77 (20%)
0.54 (14%)
0.53 (15%)

SD between (%)
11.6 (24%)
13.7 (29%)
12.2 (26%)
12.6 (28%)
1.78 (20%)
1.75 (20%)
1.68 (18%)
1.73 (20%)
1.12 (29%)
1.32 (35%)
1.06 (29%)
1.12 (32%)

DJ1 consists of trials 1‐5 for the DJ task; DJ2 trials 6‐10; SLS1 trials 1‐5 for the SLS task; and SLS2 trials 6‐10. The
‘Mean’ is the average over 125 (25 subjects x 5 trials) values; ‘SD within’ is the SD over 5 trials per subject,
averaged across 25 subjects; ‘SD between’ is the SD between participants, based on the mean value per
individual (average of 5 trials); relative values (%) concern the percentage of the mean value of the
corresponding task.
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Figure 3.3
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Bland–Altman plots for both reproducibility and agreement comparisons, for ‘COP speed’ (A),
‘COP sway’ (B), and ‘Horizontal GRF’ (C).

DJ1 vs. SLS1
DJ2 vs. SLS2
DJ1 vs. SLS1
DJ2 vs. SLS2
DJ1 vs. SLS1
DJ2 vs. SLS2

0.66 (1.4%)
2.29 (5.0%)
‐0.17 (‐1.9%)
0.15 (1.7%)
0.15 (4.0%)
0.30 (8.2%)

1.15 (2.4%)
2.78 (6.0%)
0.09 (1.0%)
0.41 (4.6%)
0.07 (1.9%)
0.22 (6.1%)

DJ1 vs. DJ2
SLS1 vs. SLS2
DJ1 vs. DJ2
SLS1 vs. SLS2
DJ1 vs. DJ2
SLS1 vs. SLS2
(‐2.8 ‐ 5.6)
(1.0 ‐ 8.9)
(‐7.4 ‐ 3.6)
(‐2.6 ‐ 6.0)
(‐2.9 ‐ 10.8)
(3.6 ‐ 12.9)

(‐2.1 ‐ 6.9)
(1.6 ‐ 10.4)
(‐3.4 ‐ 5.5)
(0.6 ‐ 8.6)
(‐2.9 ‐ 6.8)
(1.4 ‐ 10.8)

95% CI in %

0.510
0.017
0.482
0.434
0.240
0.001

0.282
0.009
0.634
0.028
0.430
0.013

p‐value

4.88 (10%)
4.45 (10%)
1.21 (13%)
0.92 (11%)
0.63 (17%)
0.41 (11%)

5.22 (11%)
4.90 (11%)
0.96 (11%)
0.88 (10%)
0.46 (12%)
0.41 (11%)

SD diff (%)

ICC (95% CI)
0.92 (0.82 ‐ 0.96)
0.90 (0.74 ‐ 0.96)
0.86 (0.70 ‐ 0.93)
0.85 (0.66 ‐ 0.93)
0.93 (0.85 ‐ 0.97)
0.91 (0.77 ‐ 0.96)
0.92 (0.82 ‐ 0.96)
0.93 (0.82 ‐ 0.97)
0.76 (0.53 ‐ 0.89)
0.86 (0.71 ‐ 0.94)
0.83 (0.66 ‐ 0.92)
0.92 (0.71 ‐ 0.97)

95% LOA
[‐9.07 ‐ 11.4]
[‐6.83 ‐ 12.3]
[‐1.79 ‐ 1.97]
[‐1.32 ‐ 2.14]
[‐0.82 ‐ 0.97]
[‐0.59 ‐ 1.03]
[‐8.91 ‐ 10.2]
[‐6.44 ‐ 11.0]
[‐2.54 ‐ 2.20]
[‐1.66 ‐ 1.96]
[‐1.08 ‐ 1.38]
[‐0.50 ‐ 1.10]

The ‘mean differences’, ‘95% confidence interval (CI), and ‘SD of difference’ are calculated from the mean value per subject (5 trials); relative values (%) concern the
percentage of the mean value with regard to that comparison; p‐values are calculated with two‐way paired Student T‐tests; the ‘95% LOA’ are the 95% limits of
agreement (‘Mean diff’ ‐ 1.96 x ‘SD diff’ to ‘Mean diff’ + 1.96 x ‘SD diff’); the intraclass correlation coefficient (ICC) is a two way random single measures for
consistency/absolute agreement (ICC2,1) with the 95% CI.

Horizontal GRF (in N)

COP sway (in mm)

Agreement
COP speed (in mm/s)

Horizontal GRF (in N)

COP sway (in mm)

Mean diff (%)

Comparison

The reproducibility and agreement comparisons.

Outcome measure
Reproducibility
COP speed (in mm/s)

Table 3.2
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Finally, as the individual outcome is usually an average across a number of trials,
Figure 3.4 illustrates the ‘individual error’ of outcome values, related to the number of
trials. The individual error of the ‘Horizontal GRF’, and to a lesser extent ‘COP speed’,
was larger and more variable over subjects for DJ compared to SLS.

Figure 3.4
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The individual error (‘SD within’/√n trials) presented as mean and SD across 25 participants for
‘COP speed’ (A), ‘COP sway’ (B), and ‘Horizontal GRF’ (C) for both DJ and SLS, as calculated based
on a varying number of trials (2–10 trials). Values are relative to the associated mean outcome
value, based on the same number of trials.
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DISCUSSION
The main finding of the current study is that postural stability calculated from 5 s to 20 s
following a single leg drop jump landing cannot be considered interchangeable with
postural stability calculated from a single leg stance balance task of 15 s. This difference
appears to be caused by a lower precision of the ‘COP speed’ and ‘Horizontal GRF’
outcome measures for the DJ task, and by a learning effect for SLS task, which was
absent for the DJ task.
Although the cause of the observed lack of precision of the ‘COP speed’ and ‘Horizontal
GRF’ for DJ may not be modifiable, it is possible to decrease the variance of the
individual outcome by increasing the number of trials (see Figure 3.4). Most studies on
static postural stability use a mean of three SLS trials to calculate an outcome value. To
achieve a similar error of the mean (for an individual outcome), it seems that four (‘COP
speed’), three (‘COP sway’), or five trials (‘Horizontal GRF’) of the DJ task are sufficient
(see Figure 3.4).
A possible explanation for the absence of a learning effect regarding postural stability in
the DJ tasks between sessions 1 and 2, could be the detrimental effect of fatigue or a
lack of concentration. Although participants were granted rest between trials and
between sessions, the increased mean number of invalid trials for session 2 compared to
session 1, might suggest the onset of fatigue or lack of concentration. Nevertheless, the
absence of a systematic difference of postural stability between sessions 1 and 2
suggests that, in contrast to SLS, it is ‘safe’ to further increase the number of trials.
The 95% LOA’s between DJ and SLS were substantial, but they also included intra‐subject
variability. As the 95% LOA of the comparisons of reproducibility were largely similar to
the comparisons of agreement, the high 95% LOA between DJ and SLS could be mainly
attributed to intra‐subject variability. If postural stability is employed to compare group
means, the standard error of the mean would be substantially smaller (as they are to be
divided by √n participants).

CONCLUSION
Postural stability during the 5–20 s following a drop jump landing cannot be considered
interchangeable with a single leg stance task of 15 s. However, the present data support
the notion that a DJ task may be used as a proxy for static postural stability, although
more trials may be needed to achieve individual errors similar to SLS for ‘COP speed’ and
‘Horizontal GRF’. The additional value of the incorporation of static postural stability into
the DJ test needs to be determined, but it may well improve the application for testing
sensorimotor function. This single test protocol could enhance large‐scale measurement
programs, such as the periodic testing programs in (professional) sport clubs, schools,
and sports medicine, by providing information on both the dynamic aspect (e.g., landing
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forces, time to stabilization) and the static aspect (postural stability) of sensorimotor
functioning.
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ABSTRACT
Background
The single leg drop jump landing test may assess dynamic and static balance abilities in different
phases of the landing. However objective definitions of different phases following landing and
associated reliability are lacking.
Methods
We determined the existence of possible distinct phases of single leg drop jump landing on a force
plate in 82 elite youth footballers. Three outcome measures were calculated over moving windows
of five sizes: center of pressure (COP) speed, COP sway, and horizontal ground reaction force
(GRF). Per outcome measure, a Factor Analysis was employed with all windows as input variables.
Results
Four factors (patterns of variance) largely (>75%) explained the variance across subjects/trials
along the 12 s time series. Each factor was highly associated with a distinct phase of the time
series signal: dynamic (0.4–2.7 s), late dynamic (2.5–5.0 s), static 1 (5.0–8.3 s), and static 2
(8.1‐11.7 s).
Intra‐class correlations (ICC) between trials were lower for the dynamic phases (0.45–0.68) than
for the static phases (0.60–0.86). The COP speed showed higher ICC’s (0.63–0.86) than COP sway
(0.45–0.61) and GRF (0.57–0.71) for all four phases.
Conclusion
Following a drop jump landing unique information is available in four distinct phases. The COP
speed is most reliable, with higher reliability in the static phases compared to the dynamic phases.
Future studies should assess the sensitivity of information from dynamic, late dynamic, and static
phases.
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INTRODUCTION
Single leg balance performance has been significantly related to functional
performance12,17,19 and injuries, such as ankle sprains35 and anterior cruciate ligament
(ACL) deficiency.21 However, it has been suggested that single leg jump landing tasks
may better detect differences in sensorimotor function than static single leg stance,
since they are more challenging and sport specific.4,14,29 A jump landing test is a dynamic
task where subjects jump either from a box or to a certain height, land upon a force
plate on one foot, and stabilize as quickly as possible.9
The most commonly applied outcome measures to quantify performance of the jump
landing task are the ‘time to stabilization’ (TTS) and the ‘dynamic postural stability index’
(DPSI). The TTS aims to quantify the transition from an instable situation to a stable
situation. Large differences exist in TTS calculation methods, therefore studies should be
interpreted and compared with caution.6,7 Calculation of the DPSI is straightforward and
quantifies the fluctuation of the resultant ground reaction forces (GRF) around the origin
(mean value) for 3 s following impact.34 Since impact forces are high, DPSI emphasizes
more the landing rather than the stabilizing phase.20 Both TTS and DPSI have shown
higher outcome values for subjects with chronic ankle instability,1,26,27 or with ACL
reconstruction,3,31 compared to healthy controls. However, their applicability with
regard to injury risk and monitoring of rehabilitation still needs to be elucidated.4,10,20,25
Center of pressure (COP) derivatives, such as ‘COP speed’ and ‘COP sway’, have been
shown to be highly reliable and valid in single leg balance performance.22,26,32 The COP
speed has been able to discriminate between subjects with functional ankle instability
and healthy controls.26 Moreover, COP speed was significantly larger for subjects with
chronic ankle instability, than for copers and healthy controls.32 Surprisingly, however,
TTS and DPSI based on jump landing tests appeared to be uncorrelated with these COP
derivatives of static single leg stance.11,13,29 Moreover, no correlations were found
between static and dynamic performance using the same outcome measures, i.e., ‘COP
speed’ or ‘SD of GRF’.24,29 Therefore, one could suggest that static and dynamic tests
reflect different aspects of total body sensorimotor function, implying an expanded
perspective with regard to injury risk prediction, preventive actions, and rehabilitation
management.
Moreover, depending on the calculation method, TTS targets different time frames of
the GRF following landing. This resulted in large variation in outcome values (0.5–6 s)
and low correlations between calculation methods applied to the same measurement.6,7
Therefore, distinct information may be available within the dynamic phases as well. An
interesting characteristic of the jump landing task is that the landing itself, the stabilizing
phase, and static balance performance can be evaluated.8 To date, a thorough and
systematic evaluation of the complete COP and GRF time series following landing has
not been addressed. Such an assessment will give insights in the information available in
the data collected in a jump landing task, and will reveal which time frames best reflect
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this information. In order to facilitate the sensitivity, it is important to optimize the
precision of the outcome measure (i.e., reliability or reproducibility). Both the starting
point and window size applied to calculate the outcome measures may affect the
reliability.
Therefore, the aim of the current study was to determine (1) the existence of possible
distinct phases following a single leg drop jump landing task by means of Factor Analysis;
(2) the effect of window selection on the reliability of mean COP speed, mean absolute
COP sway, and mean absolute horizontal GRF; and (3) the correlation between these
outcome measures.

METHODS
Participants
The current data set was acquired at the youth academy of AFC Ajax at the start of the
2013–2014 season. We included the data of 82 players between 11 and 18 years old
(mean ± SD; age 14.10 ± 1.86 years; height 1.68 ± 0.12 m; body weight 56.70 ± 13.20 kg),
for whom six valid trials were available. At the time of measurements, all players were fit
to perform at the highest standard of competitive football matches. The local ethics
committee approved the research protocol and all players or parents/guardians
(depending on the age of the participant) were informed in advance of the procedures
involved in the testing program and provided written informed consent.

Instrumentation
Ground reaction forces (GRF) were recorded at 1000 samples/s, using a 40 x 60 cm AMTI
force plate (type BP400600HF, Advanced Medical Technologies Inc., Watertown, MA,
USA). The center of pressure (COP) calculations were based on vertical and horizontal
forces in accordance with the manufacturer’s manual.

Procedures
The players were asked to jump from an aerobic step of 20 cm height, which was placed
5 cm posterior to the force plate, located at 4 m from the wall. Players took off by means
of a small jump with two feet, landed on the testing leg at the center of the force plate,
and stabilized as quickly as possible. They had to balance for 15 s with their hands on
their hips, whilst keeping all other movement to a minimum (Figure 4.1). Before actual
testing commenced, all players completed the regular warm‐up, as accustomed before a
training session, and performed one practice trial per leg. Both legs were tested thrice;
the left leg was appointed the initial testing leg. All trials were performed without shoes.
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A trial was considered invalid if a player touched the floor with the contralateral leg or if
arm movement was used to regain balance.

4

Figure 4.1

The experimental setup showing one of the players during the stance phase following the single
leg drop jump landing.

Data processing
A custom MATLAB for Mac (The Mathworks Inc., version R2014a, Natick, RI, USA)
program was written for data processing. Data were cropped from time of impact
(vertical GRF >10 N) to 12 s post‐impact and low pass filtered at 12Hz with a bidirectional
second order Butterworth filter.15

Data analysis
For each trial, three outcome measures were calculated:
1.

The mean COP speed (‘COP speed’), which is the total COP path length divided by
trial time.5,16,19,28

67

Chapter 4

2.
3.

The mean absolute COP sway (‘COP sway’), which is the mean absolute distance of
the COP trajectory to the average COP position.2,17
The mean absolute horizontal GRF (‘Hor GRF’), which is the mean length of the GRF
vector in the horizontal plane.16,26

We varied the window size of the moving window over which the outcome measures
were calculated (0.5, 1.0, 2.0, 3.0, and 5.0 s). For Factor Analyses, the window was
moved along the time series from 0 to 12 s with 0.1 s per step, resulting in a total of 485
windows. For reliability analyses, windows were moved with 0.001 s per step. This was
done for each trial (3), for each leg (2), for each outcome measure (3), and for each
window size (5).
The three outcome measures showed a comparable non normal distribution for all the
calculated windows, particularly showing a low and long tail to the right in the
histograms.

Statistical analysis
Both limbs were grouped together, resulting in six trials per player, assuming that
postural stability is predominately an indicator of whole body sensorimotor function.35
Factor analysis
To examine which of the windows held unique information, we employed a Factor
Analysis in IBM SPSS Statistics for Mac (IBM Corp., version 21.0, Armonk, NY, USA). The
extraction method was set as principal components. This statistical technique is an
elegant procedure to elucidate patterns of co‐variation between the input variables (i.e.,
outcome measures for each window) across the subjects and trials. Each pattern of co‐
variation is called a ‘factor’ whereby the first factor explains as much of the variance in
the data as possible, the second factor for the residual variance, and so on for the
subsequent factors. The constraint is that each factor is orthogonal to the preceding
factors, ensuring that each factor holds unique information.18
The input variables for the Factor Analysis were the outcome values calculated for all
window sizes (0.5, 1.0, 2.0, 3.0, and 5.0 s) and for all starting points between 0 s and 12
s. All input variables contained the outcome values for each trial (82 players x 3 trials x 2
legs). The Factor Analysis was performed for each outcome measure (COP speed, COP
sway, and Hor GRF) separately. The first step of the Factor Analysis was to assess the
appropriate number of factors. A cumulative explained variance above 75% was set as
cut off. The second step of the Factor Analysis was the orthogonal (‘varimax’) rotation of
the data, resulting in a so called ‘rotation matrix’. This matrix holds the correlation
between each factor and each input variable (i.e., outcome measure for each window).
This allowed the identification of groups of windows that were strongly associated with
the factors; hence phases in the time series could be determined. The window with the
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highest correlation with the factor was considered as the most valid window to
represent the distinct phase. In addition and as confirmation, the inter‐correlation
between the identified windows (i.e., phases) was assessed for the three outcome
measures.
Reliability analysis
An absolute agreement two‐way random model (average measures) was applied to
calculate intra‐class correlation coefficients (ICC) in order to assess the reliability over
trials (6 trials per subject) for each outcome measure in each individual window.30
Correlation between outcome measures
Across all trials, inter‐item Pearson correlations were calculated between the three
outcome measures: COP speed, COP sway, and Hor GRF. Possible redundancy between
outcome measures was considered if the coefficient of correlation was above 0.70.

RESULTS
Factor analysis
The first part of the Factor Analysis showed that the data were to a large extent
explained by four factors. For the COP speed, COP sway, and Hor GRF these first four
factors explained 79.8%, 77.3%, and 75.3% of the total variance, respectively. A possible
fifth factor would have added only 3.2%, 4.8%, and 3.0%, respectively (see
Supplementary Data 4.1), hence the ‘rotation matrix’ was built with four factors.
Figure 4.2 illustrates the ‘rotation matrix’ as it shows the correlation (r) between the
factor and the outcome measures for each window. Each factor showed a consistent and
distinct high correlation for a specific range of windows. This indicates the existence of
four distinct phases in time, each containing unique information. This was consistent for
all window sizes and outcome measures (COP speed, COP sway, and Hor GRF). The four
factors will henceforward be referred to as representing the four phases: dynamic phase
(DP) (Figures 4.2D, 4.2H, and 4.2L), late dynamic phase (LDP) (Figures 4.2B, 4.2G, and
4.2J), static phase 1 (SP1) (Figures 4.2C, 4.2E, and 4.2I), and static phase 2 (SP2) (Figures
4.2A, 4.2F, and 4.2K). Furthermore, within each phase, the outcomes of the window
sizes of 2 or 3 s showed the strongest association with the factor. For each factor and
outcome measure, we selected the window with the highest correlation with that factor
to represent that factor. These highest correlations were always >0.90 (Table 4.1). To
illustrate the independence of outcome values between phases, we calculated the
correlations of outcomes between the windows best representing the four factors.
These correlations were all positive, ranging from 0.19 to 0.57 (Table 4.2).
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Figure 4.2

The correlation (r) between the four factors and the outcome measures: mean resultant center
of pressure speed (COP speed) (A to D), mean resultant center of pressure (COP sway) (E to H),
and mean resultant horizontal ground reaction force (Hor GRF) (I to L) for each of the five
window sizes (0.5, 1.0, 2.0, 3.0, and 5.0 s). The starting point for each window size is half the
length of the window, in order to facilitate comparison.

Table 4.1

An overview of the identified phases, in relation to the factors and their correlation.

COP speed (mm/s) Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
COP sway (mm)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
Hor GRF (N)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]

Dynamic phase Late dynamic phase Static phase 1
Static phase 2
4
2
3
1
0.92
0.93
0.90
0.92
0.4‐2.4 s
2.6‐4.6 s
5.5‐7.5 s
8.3‐11.3 s
130.9 ± 71.6
60.9 ± 33.8
49.3 ± 18.3
47.3 ± 15.5
0.63 [0.49‐0.74]
0.68 [0.55‐0.77]
0.77 [0.68‐0.84] 0.86 [0.81‐0.90]
4
3
1
2
0.90
0.90
0.92
0.92
0.7‐2.7 s
3.0‐5.0 s
5.0‐8.0 s
8.1‐11.1 s
19.2 ± 9.1
11.0 ± 5.1
9.5 ± 3.4
9.9 ± 3.6
0.45 [0.23‐0.61]
0.53 [0.35‐0.67]
0.60 [0.45‐0.72] 0.61 [0.47‐0.73]
4
2
1
3
0.93
0.93
0.91
0.92
0.4‐2.4 s
3.0‐5.0 s
5.3‐8.3 s
8.7‐11.7 s
15.4 ± 6.6
7.9 ± 2.9
7.1 ± 1.6
7.0 ± 1.4
0.57 [0.40‐0.70]
0.66 [0.52‐0.76]
0.71 [0.60‐0.80] 0.67 [0.55‐0.77]

The identified windows that were most representative for a given phase, and the mean resultant center of
pressure speed (COP speed), mean resultant center of pressure sway (COP sway), and mean resultant
horizontal ground reaction force (Hor GRF); intraclass correlation coefficients (ICC) are shown with 95%
confidence interval (95% CI).
Table 4.2

Correlations between phases for the three outcome measures.

DP vs. LDP
DP vs. SP1
DP vs. SP2
LDP vs. SP1
LDP vs. SP2
SP1 vs. SP2

COP speed
0.44
0.19
0.17
0.37
0.38
0.57

COP sway
0.48
0.41
0.44
0.42
0.43
0.47

Hor GRF
0.42
0.21
0.18
0.41
0.29
0.56

COP speed is the mean resultant center of pressure speed; COP sway is the mean resultant center of pressure
sway; Hor GRF is the mean resultant horizontal ground reaction force; DP is dynamic phase, LDP is late
dynamic phase, SP1 is static phase 1, and SP2 is static phase 2; Correlations in r.

Reliability analysis
Figure 4.3 shows the mean outcome (Figures 4.3A, 4.3C, and 4.3E) and ICC values
(Figures 4.3B, 4.3D, and 4.3F) as calculated for the different window sizes, as the window
moved along the time series. The ICC values were profoundly influenced by window size
and timing. A consistent pattern showed initially high ICC values for the smallest window
(0.5 s) directly following impact of the landing, where after a sharp drop of ICC values
resulted in lowest values around 1–2 s. Subsequently, for the 0.5 s window size, ICC
values tended to be higher after 5 s for COP speed and COP sway, however not for Hor
GRF. Furthermore, in general a larger window size resulted in higher ICC values.
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Figure 4.3
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The mean outcome values and intraclass correlation coefficient (ICC) for the mean resultant
center of pressure speed (COP speed) (A and B), mean resultant center of pressure sway (COP
sway) (C and D), and mean resultant horizontal ground reaction force (Hor GRF) (E and F), with
regard to the five window sizes (0.5, 1.0, 2.0, 3.0, and 5.0 s). The starting point for each window
size is half the length of the window, in order to facilitate comparison.
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The dynamic phases showed lower reliability (ICC 0.45–0.68) compared to the static
phases (ICC 0.60–0.86) (Table 4.1). The ICC values were highest for COP speed, ranging
from 0.63 (DP) to 0.86 (SP2), somewhat lower for Hor GRF, ranging from 0.57 (DP) to
0.71 (SP1), and lowest for COP sway, where it ranged from 0.45 (DP) to 0.61 (SP2).

Correlation between outcome measures
The outcome measures COP speed and Hor GRF were highly inter‐correlated (r>0.70) in
each phase, with higher correlation for dynamic phases (0.86) compared to the static
phases (0.71–0.73). The COP sway also showed higher correlations with COP speed and
Hor GRF for dynamic phases (0.60–0.69) than for the static phases (0.36–0.46).

4
DISCUSSION
Our main finding is that the time series following a single leg drop jump landing consists
of four distinct phases with unique information. These phases can be classified as
dynamic (0.4–2.7 s), late dynamic (2.5–5.0 s), static 1 (5.0–8.3 s), and static 2
(8.1‐11.7 s). Across these phases, the highest reliability was found for the COP speed
(ICC ranging from 0.63 for the DP to 0.86 for the SP2). The present results are in
agreement with previous studies that showed lower correlation of similar outcome
measures after a jump landing task compared to a static single leg stance task.24,29
The Factor Analysis identified four patterns of variation (factors) along the time series,
which represented the four phases. As each phase was highly correlated with only one
factor, it is safe to assume that the four phases truly hold unique information. The
results indicated that the four phases were best represented by a window size of 2 or
3 s. As these window sizes showed distinct and very high (r>0.90) peak correlations with
each of the four factors, these will include most of the available information following a
single leg drop jump landing. On the other hand, it still needs to be clarified whether the
four phases are truly caused by differences in sensorimotor function. For instance, the
two static phases revealed similar outcome values (Table 4.1), indicating that a static
situation of balance was reached after 5 s. However, both phases showed additive
explanation of the variance between subjects, which might be related to the focus of
attention, rather than to balance ability.
Based on the current results, future research should explore the additive value of the
dynamic, late dynamic, and static phase to detect impairments and predict injury risk.
This may increase sensitivity, and allow for better prevention and rehabilitation
management.
The dynamic phases showed lower reliability (ICC 0.45–0.68) compared to the static
phases (ICC 0.60–0.86) (Table 4.1, and Figures 4.3B, 4.3D, and 4.3F). The relatively low
reliability may limit sensitivity to detect differences. On the other hand, despite lower
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reliability, outcomes of the dynamic phase may still detect impairments, due to higher
effect sizes.4 This is illustrated by the findings of Wikstrom et al., who showed that the
mediolateral stability index had higher accuracy to differentiate between ‘copers’ and
individuals with chronic ankle instability than the other stability indices, whilst having a
‘poor’ reliability.33,34
In accordance with previous studies,8 COP speed showed consistently higher reliability
compared to COP sway and Hor GRF. The very high correlations between COP speed and
Hor GRF (0.86) in the dynamic phases underline the validity of both measures for the
dynamic phases (Table 4.3). Furthermore, it suggests that the lower reliability in the
dynamic domain of both outcome measures is due to real variability of balance
performance, rather than to error of measurement.
Table 4.3

Correlations between outcome measures for the four phases.

COP speed vs COP sway
COP speed vs Hor GRF
COP sway vs Hor GRF

DP
0.60
0.86
0.69

LDP
0.63
0.86
0.68

SP1
0.40
0.73
0.46

SP2
0.41
0.71
0.36

COP speed is the mean resultant center of pressure speed; COP sway is the mean resultant center of pressure
sway; Hor GRF is the mean resultant horizontal ground reaction force; DP is dynamic phase, LDP is late
dynamic phase, SP1 is static phase 1, and SP2 is static phase 2; Correlations in r.

We studied a group of elite youth footballers that practice and compete at the highest
standard of competitive football. Therefore, the presented window selection may not be
generalizable to other populations. In addition, the jump landing test is subject to
methodological variation, which can alter the degree of difficulty.9 Therefore, exact
application of the presented windows may not be appropriate for other dynamic tests.
Furthermore, we opted to group both legs together for the statistical analyses. This was
done since static and dynamic balance is assumed to reflect, to a large extent, total body
sensorimotor function.35 Therefore, combining both legs may improve the outcome
estimate, as it increases number of measurements and thereby the reliability of whole
body sensorimotor function estimates. However, it has been argued that injury risk may
not be fully bilateral, especially with regard to recurrence of injury.23 To verify that
pooling of the left and right leg for the present analysis is justified, we performed a
separate analysis on the left and right legs (three trials per leg). These analyses showed
comparable results (see Supplementary Data 4.2) to those reported in Table 4.1.
However, probably as a consequence of the reduced number of repetitions per subject,
the ICC values were lower in most cases. Clearly, if unilateral testing is deemed
necessary, as in case of follow‐up after a unilateral injury, more repetitions per leg are
needed to achieve similar reliability.
Finally, we did not include the vertical GRF in our outcome measures to avoid
disproportionately interference of the vertical impact of the landing on outcome values
for the ‘Hor GRF’. However, vertical impact forces have shown potentially independent
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relevance in injury assessment.9 Therefore, in addition to the current four phases
following landing, we advise to include impact forces when clinical relevance of the jump
landing task is evaluated.

CONCLUSION
For elite youth footballers, in a single leg drop jump landing, four distinct phases in time
(the dynamic phase, late dynamic phase, and two static phases) provide unique
information. Reliability was higher in the static phases compared to dynamic phases,
with the best reliability for COP speed.
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1
2
3
4
5
6
7
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9
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12
13
14
15
16
17
18
19
20
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23
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26
27
28
29
30

A. COP speed
Component

Total variance explained with a Factor Analysis

B. COP sway
C. Hor GRF
Initial Eigenvalues
Component
Initial Eigenvalues
Component
Initial Eigenvalues
Total % of Variance Cumulative %
Total % of Variance Cumulative %
Total % of Variance Cumulative %
251.362
51.827
51.827
1
242.858
50.074
50.074
1
223.392
46.06
46.060
81.259
16.755
68.582
2
57.28
11.81
61.884
2
86.404
17.815
63.875
29.938
6.173
74.754
3
48.307
9.96
71.844
3
32.652
6.732
70.608
24.709
5.095
79.849
4
26.454
5.454
77.299
4
22.573
4.654
75.262
15.477
3.191
83.040
5
23.13
4.769
82.068
5
14.777
3.047
78.309
11.208
2.311
85.351
6
19.32
3.983
86.051
6
11.176
2.304
80.613
9.564
1.972
87.323
7
11.517
2.375
88.426
7
11.066
2.282
82.895
8.183
1.687
89.010
8
9.083
1.873
90.299
8
9.359
1.930
84.824
6.424
1.324
90.335
9
7.965
1.642
91.941
9
8.054
1.661
86.485
6.182
1.275
91.609
10
6.448
1.329
93.271
10
7.334
1.512
87.997
4.663
0.961
92.571
11
5.385
1.11
94.381
11
6.879
1.418
89.415
4.242
0.875
93.445
12
4.383
0.904
95.285
12
5.817
1.199
90.615
3.623
0.747
94.192
13
3.734
0.77
96.055
13
5.103
1.052
91.667
0.666
94.859
14
2.749
0.567
96.621
14
4.642
0.957
92.624
3.233
3.051
0.629
95.488
15
2.531
0.522
97.143
15
3.83
0.790
93.414
2.454
0.506
95.994
16
2.057
0.424
97.567
16
3.529
0.728
94.141
2.017
0.416
96.410
17
1.576
0.325
97.892
17
3.249
0.670
94.811
1.715
0.354
96.763
18
1.546
0.319
98.211
18
3.113
0.642
95.453
1.609
0.332
97.095
19
1.309
0.27
98.481
19
2.347
0.484
95.937
1.504
0.31
97.405
20
1.026
0.212
98.693
20
2.155
0.444
96.381
1.118
0.23
97.635
21
0.784
0.162
98.854
21
1.877
0.387
96.768
0.948
0.195
97.831
22
0.747
0.154
99.008
22
1.517
0.313
97.081
0.926
0.191
98.022
23
0.728
0.15
99.158
23
1.228
0.253
97.334
0.812
0.167
98.189
24
0.557
0.115
99.273
24
1.151
0.237
97.571
0.787
0.162
98.351
25
0.423
0.087
99.360
25
1.119
0.231
97.802
26
0.985
0.203
98.005
0.715
0.147
98.499
26
0.407
0.084
99.444
0.691
0.142
98.641
27
0.384
0.079
99.523
27
0.898
0.185
98.190
0.54
0.111
98.753
28
0.304
0.063
99.586
28
0.867
0.179
98.369
0.496
0.102
98.855
29
0.263
0.054
99.640
29
0.853
0.176
98.545
0.443
0.091
98.946
30
0.252
0.052
99.692
30
0.719
0.148
98.693
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A. COP speed
Component

(continued)

B. COP sway
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.43
0.089
99.035
31
0.374
0.077
99.112
32
0.338
0.07
99.182
33
0.298
0.061
99.243
34
0.234
0.048
99.292
35
0.217
0.045
99.336
36
0.176
0.036
99.373
37
0.151
0.031
99.404
38
0.137
0.028
99.432
39
0.024
99.457
40
0.119
0.104
0.021
99.478
41
0.1
0.021
99.499
42
0.093
0.019
99.518
43
0.091
0.019
99.537
44
0.086
0.018
99.554
45
0.082
0.017
99.571
46
0.078
0.016
99.587
47
0.074
0.015
99.603
48
0.072
0.015
99.617
49
0.07
0.014
99.632
50
0.067
0.014
99.646
51
0.065
0.013
99.659
52
0.063
0.013
99.672
53
0.061
0.013
99.685
54
0.06
0.012
99.697
55
0.057
0.012
99.709
56
0.057
0.012
99.720
57
0.052
0.011
99.731
58
0.049
0.01
99.741
59
0.048
0.01
99.751
60

Supplemental Data 4.1
C. Hor GRF
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.197
0.041
99.733
31
0.183
0.038
99.771
32
0.140
0.029
99.799
33
0.130
0.027
99.826
34
0.099
0.02
99.847
35
0.085
0.018
99.864
36
0.077
0.016
99.880
37
0.067
0.014
99.894
38
0.044
0.009
99.903
39
0.039
0.008
99.911
40
0.031
0.006
99.917
41
0.028
0.006
99.923
42
0.025
0.005
99.928
43
0.02
0.004
99.932
44
0.019
0.004
99.936
45
0.018
0.004
99.940
46
0.015
0.003
99.943
47
0.003
99.946
48
0.015
0.014
0.003
99.949
49
0.013
0.003
99.952
50
0.013
0.003
99.954
51
0.012
0.002
99.957
52
0.011
0.002
99.959
53
0.011
0.002
99.961
54
0.010
0.002
99.963
55
0.010
0.002
99.965
56
0.009
0.002
99.967
57
0.009
0.002
99.969
58
0.009
0.002
99.971
59
0.008
0.002
99.972
60

Initial Eigenvalues
Total % of Variance Cumulative %
0.661
0.136
98.830
0.527
0.109
98.938
0.435
0.090
99.028
0.408
0.084
99.112
0.369
0.076
99.188
0.323
0.067
99.255
0.259
0.053
99.308
0.251
0.052
99.360
0.180
0.037
99.397
0.158
0.033
99.429
0.154
0.032
99.461
0.129
0.027
99.488
0.105
0.022
99.509
0.092
0.019
99.528
0.091
0.019
99.547
0.084
0.017
99.564
0.074
0.015
99.580
0.072
0.015
99.595
0.069
0.014
99.609
0.066
0.014
99.622
0.063
0.013
99.636
0.061
0.013
99.648
0.060
0.012
99.660
0.055
0.011
99.672
0.054
0.011
99.683
0.052
0.011
99.694
0.051
0.010
99.704
0.047
0.010
99.714
0.047
0.010
99.724
0.009
99.733
0.045
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68
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78
79
80
81
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83
84
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A. COP speed
Component

(continued)

B. COP sway
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.044
0.009
99.760
61
0.042
0.009
99.769
62
0.041
0.008
99.778
63
0.04
0.008
99.786
64
0.039
0.008
99.794
65
0.008
99.802
66
0.038
0.037
0.008
99.809
67
0.036
0.007
99.817
68
0.035
0.007
99.824
69
70
0.032
0.007
99.830
0.03
0.006
99.837
71
0.029
0.006
99.843
72
0.028
0.006
99.849
73
0.027
0.006
99.854
74
0.027
0.006
99.860
75
0.026
0.005
99.865
76
0.024
0.005
99.870
77
0.023
0.005
99.875
78
0.023
0.005
99.880
79
0.022
0.005
99.884
80
0.021
0.004
99.888
81
0.02
0.004
99.892
82
0.019
0.004
99.896
83
0.018
0.004
99.900
84
0.017
0.004
99.904
85
0.017
0.003
99.907
86
0.016
0.003
99.910
87
0.015
0.003
99.914
88
0.015
0.003
99.917
89
0.014
0.003
99.920
90

Supplemental Data 4.1
C. Hor GRF
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.008
0.002
99.974
61
0.007
0.002
99.975
62
0.007
0.001
99.977
63
0.007
0.001
99.978
64
0.007
0.001
99.980
65
0.006
0.001
99.981
66
0.006
0.001
99.982
67
0.006
0.001
99.983
68
0.005
0.001
99.984
69
0.005
0.001
99.985
70
0.005
0.001
99.986
71
0.004
0.001
99.987
72
0.004
0.001
99.988
73
0.001
99.989
74
0.004
0.004
0.001
99.990
75
0.003
0.001
99.990
76
0.003
0.001
99.991
77
0.001
99.992
78
0.003
0.003
0.001
99.992
79
0.002
0.001
99.993
80
0.002
0
99.993
81
99.994
82
0.002
0
0.002
0
99.994
83
0.002
0
99.994
84
0.002
0
99.995
85
0.002
0
99.995
86
0.001
0
99.995
87
0.001
0
99.995
88
0.001
0
99.996
89
0.001
0
99.996
90

Initial Eigenvalues
Total % of Variance Cumulative %
0.044
0.009
99.742
0.043
0.009
99.751
0.042
0.009
99.759
0.039
0.008
99.767
0.037
0.008
99.775
0.036
0.007
99.783
0.034
0.007
99.790
0.032
0.007
99.796
0.031
0.006
99.803
0.030
0.006
99.809
0.028
0.006
99.815
0.028
0.006
99.821
0.028
0.006
99.826
0.026
0.005
99.832
0.025
0.005
99.837
0.025
0.005
99.842
0.024
0.005
99.847
0.022
0.005
99.851
0.021
0.004
99.856
0.020
0.004
99.860
0.018
0.004
99.864
0.018
0.004
99.868
0.018
0.004
99.871
0.018
0.004
99.875
0.016
0.003
99.878
0.016
0.003
99.882
0.015
0.003
99.885
0.015
0.003
99.888
0.014
0.003
99.891
99.894
0.014
0.003
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92
93
94
95
96
97
98
99
100

A. COP speed
Component

(continued)

B. COP sway
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.014
0.003
99.922
91
0.013
0.003
99.925
92
0.012
0.003
99.928
93
0.012
0.003
99.930
94
0.012
0.002
99.933
95
0.011
0.002
99.935
96
0.011
0.002
99.937
97
0.01
0.002
99.939
98
0.01
0.002
99.941
99
0.009
0.002
99.943
100

Supplemental Data 4.1

C. Hor GRF
Initial Eigenvalues
Component
Total % of Variance Cumulative %
0.001
0
99.996
91
0.001
0
99.996
92
0.001
0
99.997
93
0.001
0
99.997
94
0.001
0
99.997
95
0.001
0
99.997
96
0.001
0
99.997
97
0.001
0
99.997
98
0.001
0
99.998
99
0.001
0
99.998
100

Initial Eigenvalues
Total % of Variance Cumulative %
0.013
0.003
99.896
0.013
0.003
99.899
0.012
0.003
99.902
0.012
0.003
99.904
0.012
0.002
99.907
0.012
0.002
99.909
0.011
0.002
99.911
0.011
0.002
99.914
0.011
0.002
99.916
0.010
0.002
99.918
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Supplemental Data 4.2 An overview of the identified phases, in relation to the factors and their correlation,
per leg.
Left
COP speed (mm/s) Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
COP sway (mm)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
Hor GRF (N)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
Right
COP speed (mm/s) Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
COP sway (mm)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]
Hor GRF (N)
Factor
Correlation
Window
Mean ± SD
ICC [95% CI]

Dynamic phase

Late dynamic phase

Static phase 1

Static phase 2

4
0.93
0.4 ‐ 2.4 s
131.67 ± 71.98
0.45 [0.21 ‐ 0.63]
4
0.88
0.5 ‐ 2.5 s
21.37 ± 9.48
0.06 [‐0.36 ‐ 0.37]
4
0.93
0.5 ‐ 2.5 s
13.90 ± 6.29
0.35 [0.06 ‐ 0.56]

1
0.94
2.9 ‐ 4.9 s
59.84 ± 37.42
0.48 [0.24 ‐ 0.65]
3
0.88
2.7 ‐ 4.7 s
11.46 ± 6.09
0.31 [0.00 ‐ 0.53]
1
0.95
3.0 ‐ 6.0 s
7.66 ± 2.58
0.51 [0.28 ‐ 0.67]

4
0.87
0.2 ‐ 2.2 s
152.77 ± 76.71
0.58 [0.40 ‐ 0.72]
3
0.91
0.9 ‐ 2.9 s
17.43 ± 8.46
0.33 [0.03 ‐ 0.55]
4
0.95
0.6 ‐ 2.6 s
13.41 ± 6.65
0.57 [0.38 ‐ 0.71]

2
3
1
0.91
0.91
0.93
2.3 ‐ 5.3 s
5.6 ‐ 7.6 s
8.3 ‐ 11.3 s
59.53 ± 23.88
49.93 ± 21.13
47.49 ± 16.27
0.64 [0.48 ‐ 0.75] 0.60 [ 0.42 ‐ 0.73] 0.82 [0.73 ‐ 0.88]
4
1
2
0.89
0.95
0.94
3.2 ‐ 5.2 s
5.1 ‐ 8.1 s
8.3 ‐ 11.3 s
10.72 ± 4.62
9.59 ± 3.37
10.10 ± 3.52
0.29 [‐0.02 ‐ 0.51] 0.46 [0.22 ‐ 0.64] 0.45 [0.20 ‐ 0.63]
3
1
2
0.84
0.90
0.86
2.5 ‐ 5.5 s
5.6 ‐ 7.6 s
8.7 ‐ 11.7 s
7.91 ± 2.29
7.31 ± 2.09
7.05 ± 1.25
0.64 [0.48 ‐ 0.75] 0.41 [0.16 ‐ 0.60] 0.68 [0.54 ‐ 0.78]

2
3
0.90
0.91
5.2 ‐ 8.2 s
8.8 ‐ 10.8 s
47.08 ± 14.82
48.19 ± 14.65
0.77 [0.67 ‐ 0.84] 0.75 [0.63 ‐ 0.83]
2
1
0.90
0.90
4.4 ‐ 7.4 s
7.0 ‐ 12.0 s
9.61 ± 3.34
9.88 ± 3.45
0.27 [‐0.05 ‐ 0.51] 0.43 [0.18 ‐ 0.61]
3
2
0.89
0.96
5.6 ‐ 8.6 s
8.7 ‐ 11.7 s
6.93 ± 1.17
7.00 ± 1.53
0.71 [0.58 ‐ 0.80] 0.41 [0.15 ‐ 0.60]

The identified windows that were most representative for a given phase, and the mean resultant center of
pressure speed (COP speed), mean resultant center of pressure sway (COP sway), and mean resultant
horizontal ground reaction force (Hor GRF); intraclass correlation coefficients (ICC) are shown with 95%
confidence interval (95% CI).
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differences in sample rate, filter settings, and trial length
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ABSTRACT
Background
Time to stabilization (TTS) is the time it takes for an individual to return to a baseline or stable
state following a jump or hop landing. A large variety exists in methods to calculate the TTS. These
methods can be described based on four aspects: (1) the input signal used (vertical,
anteroposterior, or mediolateral ground reaction force) (2) signal processing (smoothed by
sequential averaging, a moving root‐mean‐square window, or fitting an unbounded third order
polynomial), (3) the stable state (threshold), and (4) the definition of when the (processed) signal
is considered stable. Furthermore, differences exist with regard to the sample rate, filter settings,
and trial length.
Methods
Twenty‐five healthy volunteers performed ten ‘single leg drop jump landing’ trials. For each trial,
TTS was calculated according to 18 previously reported methods. Additionally, the effects of
sample rate (1000, 500, 200, and 100 samples/s), filter settings (no filter, 40, 15, and 10 Hz), and
trial length (20, 14, 10, 7, 5, and 3 s) were assessed.
Results
The TTS values varied considerably across the calculation methods. The maximum effect of
alterations in the processing settings, averaged over calculation methods, were 2.8% (SD 3.3%) for
sample rate, 8.8% (SD 7.7%) for filter settings, and 100.5% (SD 100.9%) for trial length.
Conclusion
Differences in TTS calculation methods are affected differently by sample rate, filter settings, and
trial length. The effects of differences in sample rate and filter settings are generally small, while
trial length has a large effect on TTS values.

88

Time to stabilization ‐ Part 1

INTRODUCTION
Dynamic testing of postural stabilization in sports, rehabilitation, and orthopaedic
medicine is receiving increasing interest, since dynamic tests are more demanding and
sport‐specific compared to static postural stability.9,24 The most commonly applied test is
the single leg jump or hop landing, which typically involves a forward and upward
propulsion of the body by having subjects jump either from a box1,4,29 or to a certain
height,2,11,13,15,18,20‐22 land upon a force plate on one foot, and stabilize as quickly as
possible. One of the outcome measures to quantify performance on such a test is the
‘time to stabilization’ (TTS). The TTS is the time it takes for a subject to return to a
baseline or stable state following a jump or hop. A longer TTS indicates more difficulty
controlling posture at landing and might indicate impaired neuromuscular
control.2,11,13,15,18,20‐22
A number of studies differentiated between participants, tasks, or interventions using
the TTS, examining the effect of chronic ankle instability (CAI),11,12 functional ankle
instability (FAI),2,16,18,20‐22,29 anterior cruciate ligament (ACL) deficiency and/ or
reconstruction,3,27 jumping distance,10 jumping direction,15 fatigue,1,24,25 ankle brace,24
injury prevention programme,4 neuromuscular training,23 stochastic resonance
stimulation,19 and plyometric exercises.6
Recently Liu et al.14 examined the sensitivity and specificity of several dynamic postural
stability measures with regard to ankle instability. None of the six calculation methods
tested3,17 was successful in detecting ankle instability. Furthermore, Wikstrom et al.29
concluded that a large variety exists in TTS values between studies and that a consistent
basis for comparison is lacking.
A TTS calculation method can be described based on four aspects:
1.
2.
3.
4.

the input signal
signal processing,
the stable state (threshold), and
the definition of when the (processed) signal is considered stable.

The variance in outcome values may be due to differences between the TTS calculation
methods used in the various studies. Input signals have varied across the vertical (V),
anteroposterior (AP), and mediolateral (ML) ground reaction forces, which have been
smoothed by sequential averaging,3 fitting an unbounded third order polynomial,17 or a
moving root‐mean‐square window.26 Furthermore, differences between studies exist
with regard to the sample rate, filter settings, and trial length.
Therefore, the aims of the current study were (1) to examine the effect of the
calculation methods that have been used to date on TTS values; and (2) to quantify the
effect of differences in sample rate, filter settings, and trial length on TTS values.

89

5

Chapter 5

METHODS
Participants
A convenience sample of twenty‐five healthy volunteers was recruited (20 men,
5 women; mean (range); age 28.6 (20–53) years; height 183.3 (163–197) cm; body
weight 76.9 (59–96) kg). All subjects were currently free from lower extremity injury,
central nervous system injury, and any disorder that might affect neuromuscular control.
Written informed consent was obtained once the purpose, nature, and potential risks
had been explained. The study was performed according to the Declaration of Helsinki
and approved by the Human Ethics Committee of the Faculty of Human Movement
Sciences of the VU University in Amsterdam.

Data collection
Ground reaction forces (GRF) were recorded at 1000 samples/s by a 60 by 40 cm force
plate (type 9218B, Kistler Instrument Corp., Winterthur, Switzerland), which was
mounted flush with the laboratory floor. The registered data consisted of GRF’s in
vertical (V), anteroposterior (AP), and mediolateral (ML) directions.
Before the actual testing commenced, participants were asked to perform a few practice
jumps in order to select the leg they felt most comfortable landing upon. Each
participant was then asked to perform ten valid ‘single leg drop jump landing’ trials on
their preferred leg, after hopping from a box of 30cm height, positioned 5 cm posterior
to the force plate. Participants were instructed to take off standing on a single leg, land
on the same leg, and stabilize as quickly as possible, balance for 20 s with their hands on
the hips, while keeping all other movement to a minimum. No instructions with regard
to jump height were given. All trials were performed on bare feet. A trial was considered
invalid, if a participant displaced his/her standing leg, touched the floor with the
contralateral leg, or if arm movement was used to regain balance.

Identification of TTS calculation methods
A systematic search of the literature led to the inclusion of 29 studies (details on the
selection process, participant and task characteristics, and associated TTS values (±SD)
are presented in the Supplementary Data 5.1). Table 5.1 shows the eighteen identified
calculation methods. Sixteen of these methods can be described based on four aspects:
1.
2.
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The input signal used to calculate TTS consisted of V, AP, or ML GRF’s.
The signal processing (smoothing) of the input varied from no processing, i.e., using
the ‘raw’ GRF signal (RAW),1,3,5,6,8,14,28‐30 sequential averaging (SA), by adding one
data point at a time, and calculating a new average after each added
point,3,7,11,12,14,15,23,24,28‐30 fitting an unbounded ‘third order polynomial’ (TOP)
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3.

4.

starting at the peak GRF, using the following function: f(x) = a0 + a1x + a2x2 + a3x3,
where a3 ≠ 0,2,4,10,13,14,16‐22,25,27,29 or a moving ‘root mean square’ window (RMS).26
The determination of the ‘threshold’ (indicating the signal level at which the signal is
considered stable). Most studies calculated a unique threshold for each individual
trial, however, three studies based the determination of the threshold on the mean
force fluctuation in n trials: ‘average range of variation (10–20 s window) + 3
SD’.19,21,22 The four most commonly used constructs to calculate the thresholds are:
‘body weight ± 5%’, which was only used for GRF in vertical direction,1,3,5,6,8,14,28‐30
‘overall series mean ± 0.25 SD’, which calculates the mean (absolute) GRF per trial
for the entire trial length in V, AP, and ML directions,3,7,14,15,23,28‐30 ‘minimal range for
a 10–15 s or 15–20 s window’, which calculates the range (maximum GRF–
minimum GRF) for both time windows per trial and uses the smallest of the two as
threshold,2,14,16‐18,25,26,29 and ‘average range of variation (10–20 s window) + 3 SD’,
which calculates the average range and the associated SD within a
participant.10,13,19‐22,27
The definition of which intersection between the (processed) signal and the
threshold determines TTS. Two alternatives were used for this ‘definition’. One
being the time elapsed when the processed signal intersects the threshold for the
first time (‘signal to threshold’).1,2,4,10,11,13,14,16‐22,24,25,27,29 The second being the time
elapsed when the processed signal intersects the threshold for the last time, after
which it stayed within the threshold range (‘signal to remain within threshold’).1,3,5‐
7,12,14,15,23,28‐30
Two studies modified the latter definition by stating that the
processed signal should remain within the threshold for a limited time period only:
1 s or 0.5 s.8,26

With regard to the remaining two TTS calculation methods, TTS was not solely based on
V, AP, or ML GRF, but a resultant vector of TTS was constructed (RVTTS). First the TTS in
AP and ML directions were to be calculated. Then, the RVTTS was established using the
following function: RVTTS = √(TTSAP2 + TTSML2).

Data processing
A custom MATLAB (The Mathworks, Natick, RI, USA) programme was written for all data
processing. Raw data were cropped from time of impact (>10 N) to 20 s post‐impact.
Subsequently, the GRF’s were divided by the participant’s body weight, which was
calculated as the average vertical GRF from 10 s to 20 s. To evaluate the effect of the
differences in TTS calculation methods, for each trial, the TTS was calculated according
to the identified methods (Table 5.1). All GRF signals for AP and ML were rectified,
except for the sequential averaging methods.
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Processed signal
none
none
sequential average
third order polynomial
none
sequential average
third order polynomial
third order polynomial
third order polynomial
rms window (250 ms)
none
sequential average
third order polynomial
third order polynomial
third order polynomial
rms window (500 ms)
sequential average
third order polynomial

Threshold
body weight ± 5%
body weight ± 5%
overall series mean ± 0.25 SD
minimal range (10‐15 s or 15‐20 s window)
average range of variation (last 2 s) ± 5%
overall series mean ± 0.25 SD
minimal range (10‐15 s or 15‐20 s window)
average range of variation (10‐20 s window) + 3 SD*
average range of variation (8‐9 s window) + 3 SD*
minimal range (10‐15 s or 15‐20 s window)
average range of variation (last 2 s) ± 5%
overall series mean ± 0.25 SD
minimal range (10‐15 s or 15‐20 s window)
average range of variation (10‐20 s window) + 3 SD*
average range of variation (8‐9 s window) + 3 SD*
minimal range (10‐15 s or 15‐20 s window)
overall series mean (0‐5 s) ± 0.25 SD
average range of variation (10‐20 s window) + 3 SD*

Definition
signal to remain within threshold
signal to remain within threshold for 1 s
signal to remain within threshold
signal to threshold
signal to threshold
signal to remain within threshold
signal to threshold
signal to threshold
signal to threshold
signal to remain within threshold for 0.5 s
signal to threshold
signal to remain within threshold
signal to threshold
signal to threshold
signal to threshold
signal to remain within threshold for 0.5 s
signal to remain within threshold
signal to threshold

An overview of the identified calculation methods, based on the processed signal, threshold, and definition of TTS.

* threshold averaged over n trials.

Method
VRAW1
VRAW2
VSA1
VTOP1
APRAW3
APSA1
APTOP1
APTOP2a
APTOP2b
APRMS
MLRAW3
MLSA1
MLTOP1
MLTOP2a
MLTOP2b
MLRMS
RVSA2
RVTOP2a

Table 5.1

References
3, 5, 16, 22, 23, 26, 27, 28
29
8, 16, 20, 23, 30
5
3
1, 5, 7, 8, 16, 20, 23, 26, 27, 30
5, 6, 9, 15, 19, 23, 24
10, 11, 21
4
25
3
1, 5, 7, 8, 16, 20, 23, 26, 27, 30
5, 6, 9, 15, 19, 23, 24
10, 11, 21
4
25
14
12, 13, 17, 18, 19
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Studies using the abovementioned calculation methods employed a range of sample
rates (100–1000 samples/s), filter settings (no filter to 14 Hz low‐pass cut‐off frequency),
and trial lengths (3–20 s) (see Supplemental Data 5.1 for details). To identify the effects
of these data acquisition and processing settings, we employed a range of values for
these parameters. We used sample rates of 1000, 500, 200, and 100 samples/s. This was
achieved by resampling of initial data (e.g., in order to resample 200 samples/s from
1000 samples/s, we discarded 4 out of every 5 samples, and kept the first out of every 5
samples). To examine the effect of filter settings, we employed no filtering, and a second
order Butterworth bidirectional filter with cut‐off filter frequencies of 40 Hz, 15 Hz, and
10 Hz. With regard to the trial length, we used trial lengths of 20 s, 14 s, 10 s, 7 s, 5 s,
and 3 s. However, if the threshold definition was based on a fixed time sequence (e.g.,
10–15 s or 15–20 s; see Table 5.1 for details), trial length could not be shortened.
To identify possible interaction effects of sample rate, filter settings, and trial length, we
calculated the TTS for all possible combinations. Therefore, for each of 240 trials
(24 subjects x 10 repetitions), for each of 18 calculation methods, TTS values were
calculated for 4 sample rates x 4 filter settings x 6, 5, 3, or 1 trial length(s).

Data analysis
We calculated the mean outcome value and SD for each of the eighteen identified
calculation methods (sample rate = 1000 samples/s; filter setting = none; trial length =
20 s) as benchmark values, i.e., as reference values for calculated change in percentages.
After averaging over 10 repetitions per subject, we assessed effects of processing
methods by applying, per TTS calculation method, a full factorial repeated measures
ANOVA with sample rate (4 levels), filter settings (4 levels), and trial length (6 levels) as
factors. Statistical significance was set at p<0.05. Given the primary interest in overall
effects and sheer number of tests, no post hoc analyses were performed if significance
was achieved. The magnitude of the effect of data processing settings on TTS values per
calculation method was determined by comparing the largest TTS value with the
smallest for each main effect and two‐way interaction: max effect (in %)= ((max(TTS) x
100)/(min(TTS))) ‐ 100.

RESULTS
Calculation methods
One participant needed 32 attempts at the single leg drop jump landing in order to
complete 10 valid trials. These 22 failed trials formed an outlier, hence this participant
was excluded from further analysis. For the remaining 24 participants, the mean number
(range) of invalid trials was 3.1 (0–6). Mean TTS values varied considerably between
calculation methods, ranging from 0.11 s up to 6.06 s (Table 5.2). To understand these
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results, the underlying basis for the TTS calculation methods and outcome values is
illustrated in Figure 5.1. Calculation methods differ with respect to ‘processed signals’
(RAW, SA, TOP, and RMS), ‘thresholds’ (particularly shown in Figures 5.1D and 5.1G), and
‘definitions’ (compare VRAW1 and VRAW2 in Figures 5.1A and 5.1B). The exact
characteristics regarding the ‘processed signals’, ‘thresholds’, and ‘definitions’, as well as
the exact acronym used for each calculation method, are presented in Table 5.1.
Table 5.2

VRAW1
VRAW2
VSA1
VTOP1
APRAW3
APSA1
APTOP1
APTOP2a
APTOP2b
APRMS
MLRAW3
MLSA1
MLTOP1
MLTOP2a
MLTOP2b
MLRMS
RVSA2
RVTOP2a

Time to stabilization outcome values and p‐values for the effects of sample rate, filter settings,
and trial length.
Outcome values
mean
SD
2.75
4.42
1.02
0.61
4.56
0.30
3.25
0.34
0.51
0.24
6.06
0.37
3.34
0.38
4.16
0.23
3.94
0.26
1.29
0.60
0.11
0.07
1.34
0.58
1.93
1.18
3.53
1.12
3.01
1.19
1.53
0.86
2.48
0.14
5.43
0.82

rm ANOVA
model
sr
4x4x6 0.102
4x4x6 0.355
4x4x6 0.000
4x4x1 0.000
4x4x6 0.000
4x4x6 0.001
4x4x1 0.000
4x4x1 0.000
4x4x3 0.000
4x4x1 0.000
4x4x6 0.000
4x4x6 0.538
4x4x1 0.000
4x4x1 0.000
4x4x3 0.000
4x4x1 0.015
4x4x5 0.019
4x4x1 0.000

fs
0.004
0.000
0.030
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.000
0.000
0.000
0.000

tl
0.007
0.704
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

Interactions
sr x fs sr x tl
0.003 0.129
0.004 0.658
0.016 0.000
0.000
0.000 0.000
0.000 0.000
0.000
0.010
0.007 0.000
0.000
0.109 0.000
0.000 0.029
0.000
0.008
0.096 0.000
0.000
0.000 0.000
0.006

fs x tl
0.052
0.479
0.030

sr x fs x tl
0.125
0.477
0.018

0.567
0.000

0.513
0.000

0.000

0.002

0.043
0.002

0.677
0.673

0.000

0.001

0.432

0.541

Mean TTS and SD; repeated measures ANOVA model (sr x fs x tl) and p‐values for sample rate, filter settings,
and trial length. Calculation methods that employed threshold definitions based on a fixed trial length were
excluded for the applicable trial lengths. sr = sample rate, fs = filter settings, tl = trial length.

Data processing settings
Results showed a significant effect of sample rate (1000, 500, 200, or 100 samples/s) for
15 out of 18 calculation methods (Table 5.2). However, the magnitude of the effect was
generally small (Figure 5.2A), with a maximum effect range of 0.2–12% for all methods,
except for MLRAW3 (>56%). This method had a very low mean TTS value of 0.11 s, hence
small differences will lead to high relative differences. For most calculation methods the
effect of sample rate on TTS declined when a filter was employed (Table 5.3).
The adjustments of filter settings (no filter, 40, 15, or 10 Hz) resulted in a significant
effect on TTS values for all calculation methods (Table 5.2). The magnitude of the effect
was generally small (Figure 5.2B), though larger than for sample rate, with a maximum
effect range of 0.7–37%, apart from MLRAW3 (>37%). The effect of filtering tended to
decline when a smaller sample rate was employed (Table 5.3).
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Figure 5.1

A graphical representation of the calculation of TTS based on the identified methods, for a typical
single leg drop jump trial (participant 2, trial 8). Ground reaction forces (GRF) were recorded in
three directions: Vertical (V) (A and B), anteroposterior (AP) (C–E), and mediolateral (ML) (F–H).
All GRF signals for AP and ML were rectified, except for the sequential averaging (SA) methods (C
and F). Sample rate: 1000 samples/s; filter settings: no filter; trial length: 20 s.

With regard to different trial lengths (20, 14, 10, 7, 5, and 3 s), eight calculation methods
(VTOP1, APTOP1, APTOP2a, APRMS, MLTOP1, MLTOP2a, MLRMS, and RVTOP2a) did not
allow the adjustment to a trial length shorter than 20 s, two methods were limited to 10
s (APTOP2b and MLTOP2b), and one method was limited to 5 s (RVSA2) (Table 5.2). All
analyses, except for VRAW2, showed significant effects of trial length on TTS values
(Table 5.2), with shorter time series leading to shorter TTS values (Figure 5.2C). The
magnitude of the effect was large for six calculation methods with a maximum effect
range of 28–285%. Alterations of sample rate and/or filter settings mostly lead to small
differences in the effect of trial length, though one method (MLRAW3) was strongly
affected (Table 5.3).
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The effect of differences in sample rate (A), filter settings (B), and trial length (C) on the mean
TTS for a group of 24 healthy subjects, calculated according to the eighteen identified methods.
Threshold definitions based on a fixed trial length were excluded for the applicable trial lengths.
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Table 5.3

Magnitude of effect of sample rate, filter settings, and trial length on TTS outcome values.
sr (max diff %)

sr
fs
tl
VRAW1
VRAW2
VSA1
VTOP1
APRAW3
APSA1
APTOP1
APTOP2a
APTOP2b
APRMS
MLRAW3
MLSA1
MLTOP1
MLTOP2a
MLTOP2b
MLRMS
RVSA2
RVTOP2a

none
20 s
10.9
2.2
4.6
4.0
12.4
0.3
3.5
0.4
0.6
8.0
137.4
1.4
10.6
1.0
1.7
6.7
0.3
0.4

10 Hz
20 s
1.5
2.3
5.1
1.3
5.6
0.1
1.1
0.5
0.8
2.2
56.3
1.3
1.7
1.0
1.3
0.9
0.2
0.5

fs (max diff %)
1000 Hz
100 Hz
20 s
36.9
17.3
1.3
3.5
13.7
8.8
3.0
1.0
2.0
14.7
108.6
19.6
8.0
6.5
9.7
14.4
8.5
4.4

20 s
22.0
12.2
1.8
0.8
7.2
8.6
0.7
0.9
1.8
8.6
37.3
19.7
3.8
6.5
10.2
8.2
8.4
4.3

tl (max diff %)
1000 Hz
100 Hz
none
none

1000 Hz
10 Hz

147.5
0.8
247.0

128.4
0.7
242.7

112.7
1.0
246.1

9.5
276.1

11.6
275.9

9.2
285.1

77.6

77.6

73.2

18.4
135.1

57.2
138.0

3.3
119.8

34.7

35.8

28.0

0.0

0.0

0.0

5

Maximum difference (in %) = ((max(TTS)*100)/(min(TTS))) – 100. Calculation methods that employed threshold
definitions based on a fixed trial length were excluded for the applicable trial lengths. sr = sample rate,
fs = filter settings, tl = trial length.

DISCUSSION
Time to stabilization was established using a variety of calculation methods, which
resulted in a large range of TTS values. These values were in turn affected by sample
rate, filter settings, and trial length. Differences in trial length had the largest effect on
TTS values, with longer trial lengths leading to higher TTS values (up to 285%). In
contrast, alterations of sample rate and filter settings had mostly minor, though
significant, effects on TTS values (Figure 5.2). Moreover, the effect of trial length was
marginally influenced by variations in sample rate and filter settings (with the exception
of MLRAW3) (Table 5.3). This suggests that especially trial length deserves consideration,
when comparing TTS values between studies. This is important as trial length in
particular differs across studies that have employed the same calculation methods (see
supplementary data for details).
The TOP calculation methods fitted the original GRF data to a lesser extent than the
other processed signals (Figures 5.1B, 5.1D, and 5.1G) and outcomes were also highly
dependent on trial length; a longer time leads, by definition, to a more horizontal signal
and thus a larger TTS. This questions the validity of these calculation methods, as it
seems principally incorrect that when a stable position is maintained for a longer period,
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this would lead to a higher TTS value. In contrast, a moving RMS window (250 ms for
APRMS and 500 ms for MLRMS) resembled the raw GRF data rather closely (Figures 5.1E
and 5.1H), hence a longer trial length will not affect the processed signal. However, in
contrast to the SA and TOP that intersect the threshold only once, the RMS signal may
intersect the threshold several times. Therefore, the associated definition requires the
signal to remain within the threshold for at least 0.5 s.26
Differences in methods to determine the threshold had a considerable effect on the TTS
values as well (Figures 5.1D, 5.1F, and 5.1G). The general concept of TTS is that it
assesses the ability of an individual to regain a stable position. Therefore, the
establishment of most thresholds (of stable stance) is related to the variance of the GRF
during a period at the end of a trial, when an individual can be considered to have
achieved stable single leg stance. Thus, participants with a larger variance during the
stable phase will have a higher threshold. Consequently, the processed signal will
intersect the threshold earlier, lowering the TTS. One could argue this results in an
underestimation of the TTS.
Most alterations of data processing settings yielded significant changes in the calculated
TTS value (Table 5.2). However, alterations in sample rate, filter settings, and/or trial
length supposedly have a systematic effect, hence quantification of this effect seems
necessary for adequate interpretation. The mean of the maximum difference (in %),
averaged over all calculation methods except for MLRAW3, was 2.8% (SD 3.3%) for
sample rate and 8.8% (SD 7.7%) for filter settings (Table 5.3). This suggests that filter
settings are more important to consider than sample rate. Moreover, the trial length
appeared to be the most important, with a mean maximum difference of 100.5%
(SD 100.9%). Although in general the effects of sample rate and filter setting were of
smaller magnitude, the calculation methods that use the raw GRF signal to establish TTS
still yielded maximum differences above 10%. This was also true for the calculation
method RMS with regard to filter setting effect.
Independent of calculation method, the length of the single leg drop jump landing
procedure should be sufficiently long to be able to reach a stable position, otherwise the
TTS values will be underestimated, which might be true for trial lengths of 3 and 5 s.
A possible limitation of the current study is that the landing protocol (i.e., step or jump)
has a significant effect on TTS values as well.29 Therefore, the present TTS results might
not generalize to all jump/hop landings, since they are based on a specific drop jump
landing protocol. Furthermore, some subjects, especially those with a large number of
invalid trials, may have experienced some fatigue, and this may have affected TTS values.
The same may hold for past lower extremity injuries. However, our comparisons of
methods and processing settings were applied within a trial, instead of between trials.
Therefore it is unlikely that either fatigue or past injuries biased our primary results.
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CONCLUSION
Important differences existed between TTS calculation methods, which in turn were
affected differently by sample rate, filter settings, and trial length. The effects of
differences in sample rate and filter settings were generally small (below 10%), while
trial length had a large effect (up to over 200%) on TTS values.
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SUPPLEMENTAL DATA 5.1

Flowchart of study inclusion. The literature search employed the PubMed (Medline) database from inception
to July 24th 2013. The following search strategy was used: (1) “time to stabilization” OR (2) time stabilization
force plat*. Only original research articles written in English were considered. The reference lists of all included
studies were checked for other relevant articles. A study was included if it: (1) recruited human participants
that (2) were asked to regain their balance following a single leg hop or jump landing (3) on a flush mounted
force plate that registered ground reaction forces.
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ABSTRACT
Background
We aimed to provide insight in how threshold selection affects time to stabilization (TTS) and its
reliability to support selection of methods to determine TTS.
Methods
Eighty‐two elite youth footballers performed six single leg drop jump landings. The TTS was
calculated based on four processed signals: raw ground reaction force (GRF) signal (RAW), moving
root mean square window (RMS), sequential average (SA), or unbounded third order polynomial
fit (TOP). For each trial and processing method a wide range of thresholds was applied. Per
threshold, reliability of the TTS was assessed through intra‐class correlation coefficients (ICC) for
the vertical (V), anteroposterior (AP), and mediolateral (ML) direction of force.
Results
Low thresholds resulted in a sharp increase of TTS values and in the percentage of trials in which
TTS exceeded trial duration. The TTS and ICC were essentially similar for RAW and RMS in all
directions; ICC’s were mostly ‘insufficient’ (<0.4) to ‘fair’ (0.4–0.6) for the entire range of
thresholds. The SA signals resulted in the most stable ICC values across thresholds, being
‘substantial’ (>0.8) for V, and ‘moderate’ (0.6–0.8) for AP and ML. The ICC’s for TOP were
‘substantial’ for V, ‘moderate’ for AP, and ‘fair’ for ML.
Conclusion
The present findings did not reveal an optimal threshold to assess TTS in elite youth footballers
following a single leg drop jump landing. Irrespective of threshold selection, the SA and TOP
methods yielded sufficiently reliable TTS values, while for RAW and RMS the reliability was
insufficient to differentiate between players.
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INTRODUCTION
A variety of laboratory and field tests have been applied to characterize different aspects
of a footballer’s ability as potential determinants of performance.11 Among these aspects
dynamic postural stability has received increasing interest.5,9 The most commonly
applied dynamic postural stability test is the single leg jump landing, which involves
subjects jumping either from a box or to a certain height, landing upon a force plate on
one foot, and stabilizing as quickly as possible. The performance on such a test is usually
quantified with the ground reaction forces (GRF) from which a variety of outcome
measures can be calculated.5
Time to stabilization (TTS) is a frequently used outcome measure, but widely different
calculation methods to establish TTS following a single leg jump landing test have been
identified in the literature.3 For instance, these calculation methods differ with regard to
the input signal that is used. The GRFs can be assessed in vertical (V), anteroposterior
(AP), or mediolateral (ML) direction, resulting in substantially different TTS values,
ranging from 1.3 to 6.1 s.3 Secondly, four essentially different signal‐processing methods
have been employed. The ‘RAW’ method employed no additional processing,2 the ‘RMS’
method produced a new signal by calculating the root mean square over a time window
moving along the time series,12 the ‘SA’ method produced a sequential average signal by
calculating a new average after each added data point,2 and the ‘TOP’ method produced
a new signal by fitting an unbounded third order polynomial to the time series.7 These
processed signals resulted in a range of mean TTS values differing up to 5.5 s within the
same direction.3 Furthermore, a definition of the stable state has to be determined. This
is the threshold below which the processed signal is considered stable. The effects of
threshold selection have not yet been assessed. This is important as threshold selection
may considerably change the resulting TTS values. Even more so, it may have
implications for the interpretation of the values, as higher thresholds lead to smaller TTS
values.3
To date it is unknown which processed signal/threshold combination will be most
accurate in detecting impairments in sensorimotor function. A prerequisite for accurate
detection is reliability, and therefore a thorough and systematic examination of the
effect of threshold selection in combination with the different processing methods
seems warranted. The present study provides an analysis of reliability for a wide range of
thresholds in combination with four commonly used signal processing methods and
three directions of force.
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METHODS
Participants
At the youth academy of AFC Ajax, players are regularly tested as part of a program
aiming to monitor player performance on a variety of neuromusculoskeletal tasks. The
current performance data set was acquired at the start of the 2013–2014 season. We
included the data of 82 players between 11 and 18 years old (mean ± SD; age 14.10 ±
1.86 years; height 1.68 ± 0.12 m; body weight 56.70 ± 13.20kg) for whom six valid trials
obtained during one session were available. At the time of measurements, all players
were fit to perform at the highest standard of competitive football matches. The local
ethics committee approved the research protocol and all players or parents/guardians
(depending on the age of the participant) were informed in advance of the procedures
involved and provided written informed consent.

Instrumentation
Ground reaction forces (GRF) in vertical (V), anteroposterior (AP), and mediolateral (ML)
directions were recorded at 1000 samples/s, using a 40 x 60 cm AMTI force plate (type
BP400600HF, Advanced Medical Technologies Inc., Watertown, MA, USA).

Procedures
The players were asked to jump from an aerobic step of 20 cm height, which was placed
5 cm posterior to the force plate. Players took off by means of a small jump with two
feet, landed on the testing leg on the center of the force plate, and stabilized as quickly
as possible. They had to balance for 15 s with their hands on their hips, whilst keeping all
other movement to a minimum. If a player exaggerated the jump height or slid of the
aerobic step, he was asked to perform another jump following extra instruction. No
specific instructions were given with regard to stabilization, however all players
performed the test in a similar fashion. Following landing, the testing leg was flexed
about 15° at the knee, the non‐testing leg was flexed about 90° at the knee. Before
actual testing commenced, all players completed the regular warm‐up as accustomed
before a training session and performed one practice trial per leg. Both legs were tested
thrice without breaks; the left leg was appointed the initial testing leg. All trials were
performed without shoes. A trial was considered invalid if a player touched the floor
with the contralateral leg or if arm movement was used to regain balance.

Data processing
A custom MATLAB (The Mathworks, Natick, RI, USA) program was written for data
processing. Raw GRF data were cropped from time of impact (vertical GRF >10 N) to 12 s
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post‐impact and rectified. Data were low pass filtered at 12 Hz with a bidirectional
second order Butterworth filter.6

Data analysis
To facilitate consistent data processing in V, AP, and ML directions, the mean GRF value
over 7 to 12 s was subtracted from the signal for each direction. Subsequently, the
signals were rectified. Four processed signals were evaluated: (1) no additional
processing (RAW),2 (2) a new signal was produced by calculating the root mean square
(RMS) over time windows of 250 ms, moving along the time series with 1 ms per step,12
(3) a sequential average (SA) signal was established by adding one data point at a time,
and calculating a new average after each added point,2 and (4) an unbounded third
order polynomial fit (TOP), which started at the peak GRF, was obtained by least‐squares
fitting the following function: f(x) = a0 + a1x + a2x2 + a3x3, where a3 ≠ 0.7
Furthermore, a wide range of thresholds was applied. The SD over the last 5 s of each
trial (7 to 12 s) was used to calculate up to 1600 threshold values, ranging from 0 to 160
SD (with steps of 0.1 SD). The TTS was defined as time between impact and the
intersection of the processed signal with the threshold, after which it remained below
the threshold for the subsequent 0.5 s.12 Consequently, TTS was calculated 1600 times
for each trial. The effect of threshold level on the TTS and its reliability was assessed for
twelve calculation methods (4 processed signals x 3 GRF directions). For some trials the
applied threshold did not result in a TTS value, i.e., when the processed signal stayed
above the threshold for the duration of the entire trial. Therefore, the percentage of
trials with no TSS value was calculated for each threshold per calculation method (% of
492 trials, 82 subjects x 3 trials x 2 legs).
Finally, in order to define the phase that primarily concerns the impact of the landing,
we established the mean ‘time to bodyweight’ (TTBW) (based on 492 trials). This is the
intersection of the RAW V signal with the body weight (100%) directly following the
impact peak (Figure 6.1). In further data processing, we ignored thresholds yielding TTS
values shorter than mean TTBW.

Statistical analysis
The reliability of TTS across the six trials (3 trials x 2 legs) per subject was calculated for
each threshold and calculation method. An absolute agreement two‐way random model
(average measures) was applied to calculate intra‐class correlation coefficients (ICC).13
When one or more trials did not reveal a TTS value, the participant was discarded and
the ICC was calculated for the remaining participants. Both limbs were grouped
together, assuming that postural stability is predominately an indicator of whole body
sensorimotor function.15 We used the considerations by Shrout (1998): ‘insufficient’
(<0.40), ‘fair’ (0.40–0.60), ‘moderate’ (0.60–0.80), and substantial (>0.80).10
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Figure 6.1

A typical example of the establishment of ‘time to bodyweight’ (TTBW). The TTBW is the
intersection of the vertical GRF signal with the body weight (100%) directly following the impact
peak.

RESULTS
The mean SDs of the GRF (in %BW) over the last 5 s of each trial (7 to 12 s) were 0.53 for
vertical, 0.23 for anteroposterior, and 0.27 for mediolateral GRF, respectively. Figure 6.2
provides typical examples of the processed signals in relation to three different
thresholds (i.e., 10, 30, and 50 SD) for each force direction. In contrast, especially in V
and AP directions, the SA and TOP signals stay at a higher level compared to RAW and
RMS for a considerable time, which is caused by the relative high peak GRF.
Figures 6.3–6.6 show how thresholds affect the mean TTS, the fraction of unusable trials,
and the corresponding ICC values. The end of the horizontal axis was set at SD at which
the TTS equalled the mean time to body weight (0.30 ± 0.05 s), which varied across
directions and methods from 11 SD (Figure 6.6C) to 84 SD (Figure 6.5B).
Overall, the V direction yielded the highest ICC values, and the ML direction returned the
highest fraction of unusable trials. The patterns of TTS values and resultant ICC values
were essentially similar for RAW and RMS, with ICC values being mostly ‘insufficient’ to
‘fair’ for the entire range of thresholds (Figures 6.3 and 6.4). The SA signals resulted in
the most stable ICC values across the threshold levels, being ‘substantial’ for V, and
‘moderate’ for AP, and ‘fair’ for ML (Figure 6.5). The ICC values for TOP were ‘moderate’
for V and AP, and mostly ‘insufficient’ for ML (Figure 6.6).
Table 6.1 shows an overview of previously reported mean TTS and ICC values.
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Figure 6.2

Typical examples of the processed signals in relation to different thresholds (i.e., 10, 30, and 50
SD) for each direction of force (A. Vertical, B. Anteroposterior, and C. Mediolateral).
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Figure 6.3
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The mean time to stabilization (TTS), the fraction of unusable trials, the intra class correlation
(ICC) values, and the mean time to body weight (TTBW) with regard to the RAW signals
(A. Vertical, B. Anteroposterior, and C. Mediolateral). Note that the threshold magnitude along
the x‐axis differs per panel.
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Figure 6.4

Mean TTS, fraction of unusable trials, ICC values, and mean TTBW with regard to the RMS signals
(A. Vertical, B. Anteroposterior, and C. Mediolateral). Threshold magnitude along the x‐axis
differs per panel.
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Figure 6.5
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Mean TTS, fraction of unusable trials, ICC values, and mean TTBW with regard to the SA signals
(A. Vertical, B. Anteroposterior, and C. Mediolateral). Threshold magnitude along the x‐axis
differs per panel.
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Figure 6.6

Mean TTS, fraction of unusable trials, ICC values, and mean TTBW with regard to the TOP signals
(A. Vertical, B. Anteroposterior, and C. Mediolateral). Threshold magnitude along the x‐axis
differs per panel.
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Threshold
Body weight ± 5%
Body weight (during 5 s static stance) ± 5%
Body weight ± 5%
Body weight ± 5%
Minimal range for 10‐15 s or 15‐20 s window
Minimal range for 10‐15 s or 15‐20 s window
Overall series mean ± 0.25 SD
Overall series mean ± 0.25 SD
Overall series mean (0‐3 s window) ± 0.25 SD
Overall series mean ± 0.25 SD
Overall series mean (0‐3 s window) ± 0.25 SD
Minimal range for 10‐15 s or 15‐20 s window
1.49 %BW*
Average range of variation (8‐9 s window) + 3 SD
Minimal range for 10‐15 s or 15‐20 s window
1.71 %BW*
Average range of variation (8‐9 s window) + 3 SD

n trials
10
3
3
3
2
2
10
10
3
10
3
3
7
3
3
7
3

Mean TTS
0.85
1.70
0.97
0.85
3.76
4.10
1.05
1.70
1.70
1.25
1.10
2.80
1.54
2.41
2.24
1.90
1.40

0.61
0.79
0.37
0.80
0.65
0.78

0.87

0.69
0.64
0.43
0.51
0.94
0.94

ICC average
0.83

Mean TTS is in seconds. * Regards the normalized reference variable, a threshold based on a mean range of variation during single leg stance ± 3 SD.

MLTOP

APTOP

MLSA

APRMS
MLRMS
VSA
APSA

Study
Colby et al., 1999
Wikstrom et al., 2005
Flanaghan et al., 2008
Ebben et al., 2010
Tulloch et al., 2012
Tulloch et al., 2012
Colby et al., 1999
Colby et al., 1999
Wikstrom et al., 2005
Colby et al., 1999
Wikstrom et al., 2005
Ross & Guskiewicz, 2004
Ross et al., 2005
DiStefano et al., 2010
Ross & Guskiewicz, 2004
Ross et al., 2005
DiStefano et al., 2010

An overview of previous studies regarding time to stabilization that reported intra class correlation (ICC) values.

Processed signal
VRAW

Table 6.1

0.66

0.80

0.78
0.42

ICC single
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DISCUSSION
The main finding of the current study is that TTS is highly dependent on the threshold
used. None of the processed signal/threshold combinations yielded a narrow band of
threshold values with optimum reliability.
Regardless of threshold, RAW and RMS methods are not reliable enough to differentiate
between subjects. A possible explanation could lie within incidental peaks of the GRF
signal in the static phase. These methods are particularly sensitive to these random
peaks, more likely to represent behavioral variance than a characteristic of individual
performance.
In contrast, the SA and TOP methods yielded sufficiently reliable TTS values for V and AP
directions, provided that thresholds were within an appropriate range. The threshold
should be between 10 and 20 SD for VSA and APSA, and around 10 SD for VTOP and
APTOP. Previous studies mostly determined the threshold per trial calculating the mean
GRF over a certain time window, plus either 0.25 or 3 SD of the same time window
(Table 6.1), though all of these calculations result in a horizontal line at a certain value.
Some studies calculated the SD over the entire trial, including the impact peak, instead
of the SD over the stable phase (7 to 12 s). In the present study this would have resulted
in mean SDs of 13.9, 3.3, and 0.9 for V, AP, ML, respectively.
When comparing the current ICC values for the SA and TOP methods with previous
research, our highest ICC values were in the lower range of previously reported values,
at TTS values that were substantially lower (Table 6.1). The differences in ICC values may
be due to subject selection, as youth footballers may be less consistent in performance,
a limited number of repetitions, and on site testing rather than laboratory conditions.
The differences in TTS values may be related to our experimental setup, with a starting
position lower and closer to the force plate than in previous studies. Furthermore, we
did not control for jump height. This has most likely added additional variance compared
to some previous studies.1,8,14 However, this will most likely not result in lower reliability,
as jump height will increase both within and between subject variance. In addition, in
view of the high level of fitness and limited number of jumps, no breaks were given,
assuming that possible fatigue would be negligible.
As the ICC values increased when the TTS approximated mean TTBW for the VRAW and
RMS (in all three directions), it might be worthwhile to further examine this particular
phase following a single leg drop jump landing. Possibly this could reveal new important
characteristics of the force time series, in addition to the impact phase (‘peak GRF’ and
‘time to peak GRF’)5 and the static phase (‘center of pressure (COP) speed’, ‘COP sway’
and ‘horizontal GRF’),4 that may discriminate in stabilizing performance.
One should keep in mind that reliability is a prerequisite for sensitivity and thus usability
in performance assessment or for injury prediction or evaluation, but not a proof.
Furthermore, the current sample of elite youth footballers is very specific; therefore the
current results might not be generalizable to other populations.
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CONCLUSION
None of the processed signal/threshold combinations yielded a narrow band of
threshold values with optimum reliability. Regardless of threshold, RAW and RMS
method are not reliable enough to differentiate between elite youth footballers
following a single leg drop jump landing. In contrast, the VSA, APSA, VTOP, and APTOP
methods yielded sufficiently reliable TTS values, provided that thresholds were set
within an appropriate range.
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ABSTRACT
Background
Time to stabilization (TTS) and dynamic postural stability index (DPSI) are outcome measures
based on ground reaction force (GRF) that are often used to quantify dynamic postural stability
performance following a drop jump landing. However, their interrelations, as well as the overlap
with other dynamic measures and static single leg postural sway, are unknown. This study assesses
the relation between TTS and DPSI, the relation with impact forces and dynamic postural sway,
and how these dynamic measures related to static postural sway.
Methods
A sample of 190 elite footballers performed four single leg drop jump landings. The TTS in three
directions (vertical, anteroposterior, and mediolateral), and DPSI were intercorrelated (Pearson’s
r), and related to impact forces and the magnitude of horizontal GRF (HGRF) from 0.4‐2.4 s and
3.0‐5.0 s following landing. All these measures were also correlated to HGRF in the static phase
(i.e., 5.3‐11.7 s).
Results
The different TTS measures were significantly interrelated (r=0.28‐0.53), but were not significantly
correlated to DPSI. The TTS was more strongly related to HGRF0.4‐2.4 s (r=0.54‐0.75) than to
HGRF3.0‐5.0 s (r=0.32‐0.54) or impact forces (r=‐0.28‐0.36). Vertical TTS was not significantly
related to impact forces. The DPSI was most strongly related to the vertical peak force (r=0.85),
and was not significantly related to HGRF of the dynamic periods. Furthermore, TTS and dynamic
HGRF were significantly related to static HGRF (r=0.34‐0.80), while DPSI and impact forces were
not.
Conclusion
The TTS and DPSI do not represent similar aspects of single leg jump landing performance. The
ability to stabilize posture seems to be represented by TTS and dynamic postural sway, which
partly overlaps with static postural sway. In contrast, DPSI and vertical peak force mainly reflect
the kinetic energy absorption during impact. These findings can help to better understand the
meaning of the outcome measures, and to translate results to rehabilitation or prevention
programs.
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INTRODUCTION
Balance tests with outcome measures based on ground reaction forces (GRF) have been
successfully applied to assess sensorimotor control.5,15,23,29 However, there is an
increasing interest in dynamic tasks to assess sensorimotor performance, of which a
jump landing stabilization task is the most commonly used.3,12,20 The complexity and
sport specificity of the jump landing is thought to yield better sensitivity in athletes.3 On
the other hand, the task execution is more complex compared to static balance tests.
For instance, the jump landing strategy is likely affected by feedforward components of
motor control,4,32 which are not present in the feedback driven sensorimotor control
during static balance tasks.25 Furthermore, dependent on the jump direction, the impact
of the landing yields high vertical and anteroposterior GRF values, which may vary
between attempts.8
The most commonly applied dynamic postural stability outcome measures are the ‘time
to stabilization’ (TTS) and the ‘dynamic postural stability index’ (DPSI).12,32 The TTS aims
to reflect the time it takes for an individual to stabilize following landing to a stable state
(i.e., a normal single‐leg stance),34,35 or to minimize body sway as quickly as possible.33
Several calculation methods have been proposed, which vary with respect to the
directions of GRF (i.e., vertical (V), anteroposterior (AP), and mediolateral (ML)),
additional processing of the GRF signal (e.g., rectifying, fitting procedures, and
sequential average processing), and the definition of the stable state (stability
threshold).2,8,27,28 It is likely that these differences in calculation methods of TTS explain
previous contradictory findings, even within studies.33,35 To overcome some flaws in the
calculation of TTS, original calculation methods have been modified over time.30 For
instance, a commonly applied calculation method used each participant’s static single‐
leg GRF range‐of‐variation as its reference to define the stable state and calculate
TTS.27,28 As a consequence, a participant with poorer static single‐leg balance would have
a higher threshold or reference, paradoxically resulting in a shorter TTS.30,35 To avoid this
problem, most TTS calculation methods in V direction now use a fixed but normalized to
body weight reference,2,21 and this has been recently validated and recommended for
AP and ML directions as well.35
As an alternative to TTS and its ‘instability paradox’, the dynamic postural stability index
(DPSI) has been introduced.34 The DPSI combines the mean squared deviations of GRF
from 0 to 3 s following landing in V, AP, and ML directions into one comprehensive
measure.34 Both TTS and DPSI aim to provide information about the ability to regulate
rapid center of mass (COM) accelerations following a single‐leg landing. Therefore, both
measures are often grouped together when interpreted,26,32,34,35 though previous studies
did not show a significant relation between TTS and DPSI.16,17 It is currently unknown
whether the improved TTS measures and DPSI provide related information on drop jump
landing performance.

123

7

Chapter 7

Most jump tasks consists of a jump movement in vertical and anterior direction, and the
impact forces in these directions are common outcome measures.12,32 As these high
impact GRF specifically yield information about the kinetic energy absorption,6,10 they
are usually considered separately from dynamic postural stability measures.12,32 As the
calculation of DPSI includes the impact forces, DPSI holds information about both kinetic
energy absorption and the subsequent postural sway up to 3 s post landing. This could
be important since kinetic energy absorption and postural stabilization may be
independent aspects of jump landing performance. In a recent study, it was shown that
the magnitude of the horizontal GRF (HGRF) during 0.4‐2.4 s following a single leg drop
jump landing holds different information compared to the time periods of 0‐0.4 s and
3.0‐5.0 s.10 The time period of 0‐0.4 s was likely affected by the high impact force in
anteroposterior direction. Between 0.4 and 2.4 s the drop in COM accelerations was still
rather large, between 3.0 and 5.0 s the drop was small, and after 5 s following landing
the single‐leg stance was considered as a static balance.10,11 To date, the interrelations
among improved TTS, DPSI, peak forces, dynamic HGRF, and static HGRF are largely
unknown. Such knowledge would provide insight about the characteristics of jump
landing performance that can be measured with a force plate. This may help to
adequately compare studies and to translate results into underlying functional
impairments. In turn, this would allow the evaluation of targeted interventions to
improve these functional impairments.
We aimed to analyze the relation between the most commonly applied dynamic postural
stability outcome measures (i.e., TTS‐V, TTS‐AP, TTS‐ML, and DPSI) that are used to
determine performance following a drop jump landing. Even more so, we wanted to
examine how these outcome measures relate to peak impact forces (in V, AP and ML
directions) and horizontal forces during dynamic time periods (i.e., 0.4‐2.4 s and
3.0‐5.0 s). Finally, we related all the dynamic measures to the horizontal forces of the
static period as well. We hypothesized that TTS and horizontal forces during dynamic
time periods are highly interrelated. Given the expected high forces of impact in vertical
and anteroposterior directions, and the amplification of peaks in a root‐mean‐square
construct, we also hypothesized that DPSI is mainly related to these peak impact forces.

METHODS
Participants
Data were retrieved from the database of AFC Ajax, a professional football club. In total
190 players were measured, 143 at the start of season 2012/2013 and 47 at the start of
season 2013/2014 (Table 7.1). Participant or parental consent (depending on the age)
was collected. The local review board granted ethical approval.
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Table 7.1

Player characteristics.
11‐12 yr
(n=35)
11.8 (0.6)
1.52 (0.08)
41.2 (6.4)

Age (yr)
Height (m)
Mass (kg)

13‐14 yr
(n=46)
13.9 (0.5)
1.66 (0.09)
53.9 (9.3)

15‐16 yr
(n=41)
15.8 (0.5)
1.76 (0.08)
65.0 (10.1)

17‐18 yr
(n=44)
17.7 (0.7)
1.80 (0.06)
73.5 (7.6)

19‐33 yr
(n=24)
23.2 (3.2)
1.82 (0.06)
77.0 (7.5)

Presented as mean (SD); n: number of participants

Procedures
The players were asked to hop from an aerobic step of 20cm height, which was placed
5cm posterior to the force plate. Players took off by means of a small drop jump with
two feet, landed on the testing leg at the center of the force plate, and stabilized as
quickly as possible. They kept all movement to a minimum standing on the testing leg for
15 s, while keeping their hands on the iliac crest.10 Players were instructed to look at a
visual target 4 m ahead on a blank wall. Before actual testing commenced, all players
completed their warm‐up, as accustomed before a training session, and performed one
practice trial per leg. Two tests were administered on both legs for 143 players and three
tests on both legs for 47 players due to a change of protocol during the study. The left
leg was designated as the initial testing leg. All trials were performed barefoot to avoid
stability assistance from a shoe.19 A trial was discarded and repeated if a player touched
the floor with the other leg or if arm movement was used to regain balance.

Data processing
The GRF were recorded at 1000 samples/s, using a 40 x 60 cm AMTI force plate (type
BP400600HF, Advanced Medical Technologies Inc., Watertown, MA, USA). A custom
MATLAB (The Mathworks Inc., version R2018b, Natick, RI, USA) program was written for
data processing. Data were cropped from time of contact (vertical GRF>10N) to 12 s
after contact and were low pass filtered at 12Hz with a bidirectional second order
Butterworth filter.10,29 The GRF were normalized to body weight (BW) and expressed as
percentage (%BW).

Dynamic stability measures
Dynamic stability measures were carefully selected from previous studies, incorporating
calculation modifications and recommendations for improvement made over time:2,8,34,35
TTS‐V; time to stabilization in vertical direction; the first instant that the vertical
GRF signal stayed within the thresholds of 95‐105% BW for at least 1.0 s within
the time period of 0‐12 s following impact.2,24
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TTS‐AP; time to stabilization in anteroposterior direction; the instant that a third
order polynomial decay fit (see below) of the rectified GRF signal in
anteroposterior direction crossed the threshold of 1.80% BW within the time
period of 0‐12 s following impact.35
TTS‐ML; time to stabilization in mediolateral direction; the instant that a third
order polynomial decay fit (see below) of the rectified GRF signal in
mediolateral direction crossed the threshold of 1.23% BW within the time
period of 0‐12 s following impact.35
DPSI; dynamic postural stability index; the root mean square value of the
magnitude of the resultant (Euclidian sum of the V, AP, and ML components)
GRF signal from 0 to 3 s following impact. Note that in V direction 100% BW was
subtracted from the GRF signal before calculation.34
The decay function to fit the rectified GRF signal in AP direction was computed in Matlab
according to Wright et al.35 f(t) = a∙t‐3 + b∙t‐2 + c∙t‐1 + d∙t0 (initial guess of a = 1, b = ‐30,
c = 30, d = ‐0.01; ‘f’ represents force value on the y‐axis in %BW; ‘t’ represents sample
number on the x‐axis (1000 samples/s)). The first 100ms after ground contact were not
taken into account, as the steep increase of the force would bias the fit in the wrong
direction. In optimizing the fit, the error between the fitted curve and the rectified GRF
signal in AP direction from 0.1‐4 s was weighted twice, the error from 4‐12 s was
weighted once for as long as the signal was above 0.3 times the limit of 1.80%BW,
otherwise the error was not taken into account. A similar approach was applied to the
rectified GRF signal in ML direction (initial guess of a = 1, b = ‐10, c = 10, d = ‐0.01), with
the condition that the signal before the highest peak within the first 0.4 s was not taken
into account and that the reference limit was set at 1.23 %BW.35

Landing and postural stability measures
Peak forces in vertical (peakV) and anteroposterior direction (peakAP) provided
information about the impact of the landing.12 Close inspection of the patterns of GRF in
ML direction for the first 0.4 s showed, in contrast to V and AP directions, inconsistent
patterns and very low values for the peak force (Figure 7.1). To overcome this lack of a
consistent peak force in ML direction, we calculated the root‐mean‐square of the GRF in
the ML direction for 0‐0.4 s (GRFML0.4).
The magnitude of the horizontal GRF was considered a proxy for center of mass sway
and the extent of corrective motor actions.15,18,22,29 The mean length of the horizontal
GRF vector (HGRF), calculated as the Euclidean norm of the AP and ML components, has
shown high correlations with other balance measures, such as COP speed. 10, 11, 18
Previous research has shown that, following a jump landing task of youth elite
footballers, averaging HGRF within time periods of 0.4‐2.4 s, 3.0‐5.0 s, 5.3‐8.3 s and

126

Outcome measures following jump landing

8.7‐11.7 s resulted in the most optimal data reduction of the total HGRF time series of
0‐12 s, with minimal loss of variance between participants.10 Figure 7.2 illustrates the
magnitude of HGRF following landing, by means of the averaged values of the four
representative time periods.10 In accordance with previous studies,10,11 a steady state
was reached after 5 s, therefore the HGRF0.4‐2.4 s and HGRF3.0‐5.0 s were used to
represent dynamic periods,10 while HGRF5.3‐11.7 s was used as a proxy for static single‐
leg stance performance.11

7

Figure 7.1

The ground reaction forces (%BW) of all trials during 0 to 0.4 s following contact for vertical
direction (A), anteroposterior direction (B), and mediolateral direction (C)

Data analysis
For each participant, the outcome values were averaged over all trials for each outcome
measure. If data were not normally distributed, we adjusted the distribution by means of
Box‐Cox transformation with increments of the power by 0.5.1 Therefore, TTS‐V, TTS‐ML,
and HGRF were transformed by means of inversion (data ‐1). Table 7.2 shows the
outcome values and distributions for each of the outcome measures. The inversion of
the data resulted in a reverse rank of the players, which was corrected during the
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process of z‐score calculations. All outcome values were standardized by calculating
z‐scores:
z ‐ score =

Figure 7.2

outcome ‐ mean
SD

Box‐plot of the horizontal ground reaction force (%BW) following landing, illustrated by means of
the averaged value of four time periods for each age group. The box represents the 25th to 75th
percentile, or the interquartile distance. The line within the box is the median. The range
represents the lowest or highest value within 1.5 times the interquartile distance to the box.
Circle symbols represent values between 1.5 to 3.0 times the interquartile distance to the box
(‘weak’ outliers), while the star symbols represent values more than 3.0 times the interquartile
distance to the box (‘extreme’ outliers).

Statistical analysis
The associations across the dynamic stability outcome measures (i.e., TTS‐V, TTS‐AP,
TTS‐ML, and DPSI) were assessed by means of Pearson’s correlation coefficients.
Likewise, the associations between on the one hand TTS and DPSI, and on the other
hand the impact forces and postural sway during the dynamic time periods
(HGRF0.4‐2.4 s and HGRF3.0‐5.0 s) were assessed. Finally, the correlations between all
the dynamic measures and static single‐leg performance were calculated. To interpret
the strength of the correlations, for absolute values of r, 0.00‐0.19 is regarded as very
weak, 0.20‐0.39 as weak, 0.40‐0.59 as moderate, 0.60‐0.79 as strong and 0.80‐1.00 as
very strong. Given the multiple testing, statistical significance was set at a p‐value below
0.01.
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Table 7.2

Descriptive results of the outcome measures.

Dynamic stability
TTS‐V
TTS‐AP
TTS‐ML
DPSI
Impact forces
peakV
peakAP
MLGRF 0‐0.4 s
Dynamic balance
HGRF 0.4‐2.4 s
HGRF 3.0‐5.0 s
Static balance
HGRF 5.3‐11.7 s

mean

SD

min

max

skewness

kurtosis

SW‐test
(p‐value)

transformation

1.05
0.90
1.04
28.2

0.49
0.20
0.33
3.7

0.41
0.49
0.50
18.7

3.43
1.49
2.36
42.6

1.7
0.4
1.2
0.4

3.8
0.1
1.9
1.3

<0.0001
0.037
<0.0001
0.008

inversion
x
inversion
x

270
35.5
4.44

26
4.7
0.86

190
24.4
2.44

346
47.5
7.13

‐0.1
0.4
0.4

0.5
‐0.1
0.4

0.505
0.047
0.031

x
x
x

1.61
0.81

0.43
0.17

0.94
0.56

3.39
1.58

1.3
1.8

2.1
4.4

<0.0001
<0.0001

inversion
inversion

0.75

0.11

0.53

1.38

1.5

4.9

<0.0001

inversion

TTS: time to stabilization in vertical (TTS‐V), anteroposterior (TTS‐AP), and mediolateral (TTS‐ML) direction (s);
DPSI: dynamic postural stability index; peak: peak GRF in vertical (peakV) and anteroposterior (peakAP)
direction (%BW); MLGRF0‐0.4 s: root‐mean‐square of GRF around zero during 0‐0.4 s post landing (%BW);
HGRF: mean rectified horizontal ground reaction force during different time periods post landing (%BW); SW‐
test: Shapiro‐Wilk normality test. Transformation: type of transformation applied to the data to achieve a
normal distribution of outcome values for further analyses.

RESULTS
The TTS‐V, TTS‐AP, and TTS‐ML were significantly positively interrelated with a weak to
moderate strength (r=0.26‐0.53), but none of the TTS measures was significantly
correlated to DPSI (Table 7.3A). For TTS measures, the strongest correlation was
between TTS‐V and HGRF0.4‐2.4 s (r=0.75). All TTS measures were stronger related to
HGRF0.4‐2.4 s (r=0.54‐0.75) than to HGRF3.0‐5.0 s (r=0.32‐0.54) and impact forces (r=‐
0.28‐0.36). The TTS‐V was not significantly related to the impact forces. In contrast, DPSI
was not significantly related to HGRF in the dynamic time periods, but was very strongly
correlated to peakV (r=0.85) (Table 7.3B).
Out of all the dynamic measures, the TTS measures and HGRF in dynamic time periods
were significantly related to static balance, ranging from weak to very strong (r=0.34‐
0.80), while impact forces and DPSI were not significantly related to static balance (Table
7.3C).
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Table 7.3A

Correlations among TTS and DPSI.
TTS‐V
x
0.43
0.53
ns

TTS‐V
TTS‐AP
TTS‐ML
DPSI

TTS‐AP
0.43
x
0.28
ns

TTS‐ML
0.53
0.28
x
ns

DPSI
ns
ns
ns
x

Values represent Pearson’s correlation coefficient; ns: non‐significant (p≥0.01). Time to stabilization in vertical
(TTS‐V), anteroposterior (TTS‐AP), and mediolateral (TTS‐ML) direction; DPSI: dynamic postural stability index.
All outcome values were standardized to z‐scores before analyses.

Table 7.3B

The TTS and DPSI related to impact forces and dynamic HGRF.
Impact forces
peakV
peakAP

TTS‐V
TTS‐AP
TTS‐ML
DPSI

ns
‐0.26
ns
0.85

ns
‐0.28
ns
0.41

MLGRF
(0‐0.4 s)
ns
ns
0.32
0.23

Dynamic balance
HGRF
(0.4‐2.4 s)
0.75
0.54
0.68
ns

HGRF
(3.0‐5.0 s)
0.48
0.32
0.54
ns

Values represent Pearson’s correlation coefficient; ns: non‐significant (p≥0.01). peakV: peak GRF in vertical
direction; peakAP: peak GRF in anteroposterior direction; MLGRF0‐0.4 s: root‐mean‐square of GRF around zero
during 0‐0.4 s post landing; HGRF: mean rectified horizontal ground reaction force during 0.4‐2.4 s and
3.0‐5.0 s post landing; All outcome values were standardized to z‐scores before analyses.

Table 7.3C

Dynamic measures related to static balance.

TTS‐V
TTS‐AP
TTS‐ML
DPSI
peakV
peakAP
MLGRF (0‐0.4 s)
HGRF (0.4‐2.4 s)
HGRF (3.0‐5.0 s)

Static balance
0.47
0.34
0.54
ns
ns
ns
ns
0.50
0.80

Values represent Pearson’s correlation coefficients; ns: non‐significant (p≥0.01). Static balance is represented
by HGRF 5.3‐11.7 s. All outcome values were standardized to z‐scores before analyses.

DISCUSSION
The present findings demonstrate a distinction between on the one hand TTS, and
postural sway during dynamic and static time periods, and on the other hand DPSI,
peakV and peakAP. It seems safe to assume that the current TTS calculation methods
and postural sway during 0.4‐2.4 s reflect the ability to minimize body motion following
landing. In contrast, DPSI, peakV, and peakAP reflect the fast COM deceleration during
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impact of the landing (<0.4 s), which appeared to be unrelated to subsequent motor
actions used to further minimize body motion.
The ability to minimize body motion after landing reflected in TTS and postural sway
during 0.4‐2.4 s appeared to be partly associated with static balance performance
(Table 7.3C). Probably, both skills rely on similar aspects of sensorimotor control.
However, the weak to moderate strength of the relation also indicates the existence of
other sources of variation. A jump landing task likely creates higher demands on the
sensorimotor control, including feedforward motor control components, and will have
more variable performance outcomes due to increased complexity, or variations in the
perturbation itself. Future studies may reveal whether the drop jump landing
performance uncovers underlying sensorimotor control issues to a higher degree than
static balance performance. In accordance with previous studies,13,31 the DPSI was not
related to static balance performance. Instead, DPSI likely reflects a combination of jump
height, forward propulsion of the drop jump, and the stiffness of the body during
impact, which are contributors to the fast COM decelerations during impact. Possibly,
this also explains previous findings that balance training did not improve DPSI
outcomes.7,26 However, both landing kinetics and balance performance have shown to
be associated with injuries.12, 14 As such, the DPSI could be relevant to consider for injury
risk and rehabilitation management, but its additive value to peak impact forces has to
be confirmed.
Despite the fact that TTS‐V and HGRF 0.4‐2.4 s rely on different dimensions (time versus
magnitude of force) and different directions of force (vertical versus horizontal), their
relation was strong. Furthermore, the range of the TTS outcome values (0.4‐3.3 s) was in
line with previous findings in elite footballers,20 and are in accordance with previous and
current observations that the largest decline in corrective motor actions occurred within
0.4 to 2.4 s (Figure 7.2).10,11 These observations further strengthen the validity of TTS
and HGRF0.4‐2.4 s to measure the ability to minimize body motion after landing. In
contrast to TTS‐V, TTS‐AP and TTS‐ML were based on a ‘best fit’ calculation of the GRF.
Therefore, for AP and ML direction, the GRF<0.4 s could have affected the fitted signal of
the subsequent 0.4‐2.4 s time period. Perhaps this explains the significant relations of
TTS‐AP and TTS‐ML with the impact forces.
Limitations of the present study include a low number of trials per participant (twice for
each leg for the majority of participants), which was chosen to limit the burden on
participants and coaches. Additionally, while the present results are most likely
generalizable to other jump landing protocols, a jump in another direction will
significantly change any of the direction specific parameters.19 Furthermore, differences
in TTS calculation methods can have important effects on TTS outcome values.9
Therefore, the present findings might not be generalizable to other TTS calculation
methods. We have been consistent with previous recommendations about the TTS
calculation methods30,35 and selected the most appropriate TTS calculations, but still
there might exist better calculation methods.
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CONCLUSION
The three TTS measures, and postural sway during dynamic and static time periods
provided a significant overlap of information on the sensorimotor control of elite
footballers following a drop jump landing. On the other hand, the DPSI was very strongly
related to peak vertical impact force. This indicates that the DPSI does not provide
information about the ability to stabilize posture following landing, but reflects the
kinetic energy absorption during impact.
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ABSTRACT
Background
Football has a high injury rate, with lateral ankle sprains being a common injury. Therefore, an
approach to prevent or at least reduce the occurrence is warranted. Injury prevention can be
improved by identifying specific risk factors and individuals at risk. Therefore, we assessed drop
jump landing performance as a potential predictor of lateral ankle sprain within 3‐year follow‐up.
Methods
Single leg drop jump landing tests were performed by 190 elite footballers. Based on ground
reaction forces, six outcome measures were calculated that aim to reflect the impact and
stabilization phase. Lateral ankle sprains were registered during up to 3 years of follow‐up.
Following a z‐score correction for age, a multivariate regression analysis was performed.
Results
During follow‐up, 45 players (23.7%) suffered a primary lateral ankle sprain. Of those, 34 were
regarded as severe (absence >7 days). Performance was related to increased risk of ankle sprain
(p=.005 for all sprains and p=.001 for severe sprains). Low mediolateral stability for the first 0.4
seconds after landing (a larger value indicates more force exerted in the mediolateral direction,
resulting in rapid lateral stabilization) and high horizontal ground reaction force between 3.0 and
5.0 seconds (a smaller value indicates less sway in the stabilization phase) were identified as risk
factors. A player that scored 2 SD below average for both risk factors had 4.4 times as high a
chance of sustaining an ankle sprain than a player who scored average.
Conclusion
The current study showed that following a single leg drop jump landing, mediolateral force over 0
to 0.4 seconds and/or mean resultant horizontal ground reaction force over 3 to 5 seconds has
predictive value with regard to the occurrence of an ankle sprain among male elite footballers
within 3 years.
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INTRODUCTION
Football is the most popular sport worldwide.8 Top‐level players (UEFA Champions
League) sustain about 30 injuries per 1000 match hours, resulting in absence (18.5 days
on average)33 and high costs (about €18,000 a day).6 About 11% of football injuries are
ankle ligament injuries;37 therefore, an approach to prevent or at least reduce the
occurrence of lateral ankle sprains is warranted.15
One way is to expose all players to a general injury prevention protocol, such as the FIFA
11+ program, which can be used as a warm‐up routine.4,32 This reduced the occurrence
of ankle injuries by 32%.32 Alternatively, one could opt for a more tailor‐made approach
by first identifying those players at risk for a certain injury and targeting them with an
intervention. To validate a screening test to predict and prevent sports injuries, the test
needs to show a strong relationship with injury risk in prospective studies.1 Some studies
specifically identified risk factors for ankle sprains among male footballers.5,7 However,
to date there is no validated screening test available.1
Since exercises that focus on core stability, balance, and jumping help to reduce the
incidence of ankle sprains, dynamic tests (e.g., landing and stabilizing after a single leg
jump) may help to identify risk factors.13,23,24,34
Recently, it was shown that a selection of outcome measures based on ground reaction
force (GRF) could increase the usefulness of the single leg drop jump landing test.19
Therefore, our goal is to assess the relationship between previously selected GRF
outcome measures from single leg drop jump landing tests and the risk of sustaining a
lateral ankle sprain. We hypothesize that the performance on a single leg drop jump
landing test, accompanied by adequate outcome measure selection, will be related to
injury risk.

METHODS

8

Participants
A total of 190 highly talented male footballers of the AFC Ajax Youth Academy (U13,
U15, U17, U19, first, and second teams) participated in the current study. These players
are regularly tested as part of a larger testing program developed to monitor player
performance in a variety of motor tasks. The current performance data set was acquired
at the start of the 2012‐2013 (cohort 1, n=138) and 2013‐2014 (cohort 2, n=52) seasons.
At the time of measurements, all players were fit to perform at the highest standard of
competitive football matches. Player characteristics are presented in Table 8.1. All
participants were informed in advance of the procedures involved in the testing
program. Parental consent and participant assent were collected, and approval was
granted by the ethical review board of the Department of Human Movement Sciences,
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Vrije Universiteit Amsterdam (ECB 2014‐80) in accordance with the Declaration of
Helsinki.
Table 8.1 Player characteristics, arranged per team category.
Team
U13
U15
U17
U19
First and second

n
34
45
43
44
24

Age, y
Mean
SD
11.8
0.6
13.9
0.6
15.7
0.8
17.7
0.7
23.2
3.2

Height, cm
Mean
SD
151.8
7.8
166.1
8.8
175.4
6.5
179.8
6.5
182.0
6.1

Weight, kg
Mean
SD
40.8
6.0
53.9
9.1
65.2
10.2
72.9
8.5
77.0
7.5

Follow‐up, y
Mean
SD
2.8
0.4
2.6
0.7
2.7
0.7
2.2
0.8
2.1
0.9

The U13 to U19 are the youth teams under the age of 13, 15, 17, and 19 years. The first team played Eredivisie
and Champions League (2012‐2013 and 2013‐2014), the second team Beloftencompetitie (2012‐2013) and
Jupiler League (2013‐2014).

Performance
Test procedures
The players were asked to perform a single leg drop jump landing by jumping from an
aerobic step of 20 cm height, which was placed 5 cm behind a force plate covered with
an antislip rubber surface and located 4 m from the wall. Players were instructed to take
off with two feet, land on the testing leg, stabilize as quickly as possible, and
subsequently balance for 15 seconds with their hands on their hips while keeping all
other movement to a minimum and their eyes fixed on a visual target on the wall
(Figure 8.1). No instructions with regard to jump height were given. All players
completed the regular warm‐up as accustomed before a training session. This warm‐up
(about 15 minutes) consisted of jogging two laps around the field, followed by dynamic
stretch exercises and subsequent 5 x 50 m runs at approximately 80% of maximum pace.
One practice trial per leg was performed before actual testing commenced. Both legs
were tested twice for cohort 1 and three times for cohort 2, owing to a change of
protocol over time to improve reliability. To minimize the procedural burden, the order
of legs was not randomized. Instead, the left leg was the initial testing leg. To avoid bias
attributed to variation caused by shoe properties, all trials were performed without
shoes but with socks. A trial was invalid, discarded, and repeated if a player touched the
floor with the contralateral leg or if arm movement was used to regain balance.
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Figure 8.1

Stills from the video registration of a drop jump landing. The images show a player just before
impact on the force plate.
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Instrumentation and signal processing
The GRFs in the vertical, anteroposterior, and mediolateral directions were recorded at
1000 samples per second with a 40 x 60 cm AMTI force plate (type BP400600HF;
Advanced Medical Technologies Inc). A custom MATLAB program (The Mathworks) was
written for all data processing. The raw GRF data were cropped from time of impact
(vertical GRF >10 N) to 12 seconds after impact. Subsequently, the GRF data were
related to the participant’s body weight, which was calculated as the mean vertical GRF
from 6 to 12 seconds. Data were low‐pass filtered at 12 Hz with a bidirectional second‐
order Butterworth filter.18

Outcome measures
Previous research showed that a time series following a single leg drop jump landing
consists of four distinct phases, with each phase holding unique information.11 Since we
aimed to identify potential information with regard to the risk of sustaining an ankle
sprain, we selected only those outcome measures applicable to the impact and dynamic
phases.11‐13,19 Even more so, the selected outcome measures should form a
representation of the different directions of force; hence, we selected 6 outcome
measures (illustrated in Figure 8.2):
Peak force V and peak force AP: Peak vertical GRF and peak anteroposterior GRF13
‐ the maximum GRF per trial for vertical and anteroposterior directions
(registered in Newton, corrected for body weight)19
RMS ML 0.4: Root mean square of the GRF in the mediolateral direction with
regard to the first 0.4 seconds after landing ‐ the square root of the mean square
of the first 400 samples of the mediolateral GRF (the root mean square is always
larger than the mean value of a signal, since peak values are of greater
influence)19
Hor GRF dyn and Hor GRF late dyn: Mean resultant horizontal GRF during the
dynamic phase (0.4‐2.4 seconds) and the late dynamic phase (3.0‐5.0 seconds)11 ‐
the mean resultant of the GRF in the anteroposterior and mediolateral directions
for the identified phases
TTS VRAW 1.5: Time to stabilization with the raw signal in the vertical direction,
the threshold set at 65% body weight,25,28 and the signal to remain within
threshold for 1.5 seconds19 ‐ time to stabilization is supposedly the time that it
takes for an individual to return to a baseline or stable state after a perturbation.
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Figure 8.2

Illustration of the six selected outcome measures based on the ground reaction forces (GRFs) (y‐
axis) and time series (x‐axis): (A) peak force V and TTS VRAW 1.5, (B) Hor GRF dyn and Hor GRF
late dyn, and (C) RMS ML 0.4 and peak force AP. See ‘Outcome measures’ section for definitions.
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Injuries
Club medical staff doctors and physical therapists documented all injuries that occurred
from the 2012‐2013 season to the 2015‐2016 season. We considered injuries that
occurred at the lateral ankle and were classified as ‘‘sprain’’ or ‘‘ligamentous injury’’
(thus including any diagnosis caused by the spraining mechanism). For those injuries, we
recorded the number of days between testing and injury occurrence. Furthermore, we
considered the number of days that the player was unfit to participate in training or
matches after the sprain as a measure of injury severity. If a second sprain occurred
within the observed seasons (either a recurrence in the initially sprained ankle or a first
sprain in the contralateral ankle), this was recorded as well.9,10 We regarded an injury
duration of more than a week a severe ankle sprain.27
We did not include each player’s medical history as a confounder. A recent study
showed that past injury did not predict future injury in a multivariate analysis
incorporating physical performance tests, whereas the univariate analysis did show
predictive capacity.16 This implies that a possible effect of past injury on performance
should affect physical performance testing and that performance on a physical test has a
stronger relationship with future injury than past injury.16 As each player was fit to
perform at the highest standard of competitive football matches at the time of
performance testing, we expected no functional limitations.

Statistical analysis
Statistical analysis was done with SPSS Statistics for Mac (v21.0; IBM). Since performance
on a single leg drop jump landing test is a measure of total‐body sensorimotor function,
we used the person, not the leg, as the unit of analysis.20,36 If a difference between legs
exists, this would be very small.17 Furthermore, albeit in a static single leg stance,
previous research showed no difference between the kicking leg and stance leg.22
Therefore, results of all trials (for both legs) were averaged within players. To control the
outcome values for age, we calculated corresponding z‐scores. Calculations were done
according to methods previously described.17 Age effects were assessed with linear
regression between the (transformed) outcome values and age. Z‐scores were
calculated with the following formula: (value – mean value) / SD. We used a Cox
proportional hazards univariate regression analysis for the six GRF outcome measures as
independent variables and (severe) injury as the dependent variable. Furthermore, we
performed a multivariate regression analysis (forward conditional) with the six outcome
measures as independent variables.2
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RESULTS
Participants
The numbers of players for both cohorts are shown in Tables 8.2 and 8.3 by season and
follow‐up duration. Each year, around 15% of the players left the club as a result of the
ongoing selection process. None of these departures were injury related.

Performance
The unstandardized GRF outcomes are shown in Table 8.4. Age‐matched z‐scores were
calculated and expressed in terms of SDs from their means. Consequently, these
z‐scores have a distribution with a mean of 0 and an SD of 1.
Table 8.2
Cohort 1
Cohort 2

Table 8.3

Number of players for each cohort per season: 2012‐2016.
2012‐2013
138

2014‐2015
94
42

2015‐2016
35

Number of players for each cohort per follow‐up length: 1 to 3 years.
1y
21
10

Cohort 1
Cohort 2

Table 8.4

2013‐2014
117
52

2y
23
7

3y
94
35

Outcome values of the selected GRF outcome measures, arranged per team category.

U13
Mean
SD
Peak force V
279.94 28.43
Peak force AP
37.90
5.29
RMS ML 0.4
4.26
0.74
Hor GRF dyn
1.79
0.57
Hor GRF late dyn
0.92
0.29
TTS VRAW 1.5, s
1.30
0.68

U15
Mean
SD
270.75 25.13
35.20
4.38
4.48
0.90
1.69
0.45
0.86
0.17
1.20
0.56

U17
Mean
SD
270.99 27.39
35.02
4.14
4.41
0.77
1.57
0.38
0.79
0.16
0.98
0.39

U19
Mean
SD
261.28 24.23
35.45
4.91
4.69
0.99
1.59
0.39
0.81
0.20
0.95
0.37

First and second
Mean
SD
267.09 17.86
33.40
3.46
4.22
0.82
1.35
0.22
0.71
0.09
0.78
0.20

Values are presented as percentage body weight unless noted otherwise. See 'Outcome measures' section for
definitions.

Injuries
In total, during 3 years of follow‐up, 45 players (23.7%) suffered a primary lateral ankle
sprain. Ten players experienced at least one additional sprain. The mean ± SD number of
days that a player was unfit to participate in training or matches was 17.7 ± 11.9 days
(range, 3‐54 days). A detailed overview is presented in Table 8.5.
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Table 8.5

Overview of the occurence of ankle sprains, severity, and reinjuries, arranged per team category.
Sprains

Team
U13*
U15
U17
U19
First and second
Total

n
10
14
8
10
3
45

Severe
%
29
31
19
23
13

n
8
12
4
5
3
32

Days
%
80
86
50
50
100

Mean
17.0
22.6
17.6
10.8
19.7

Range
9‐36
6‐54
3‐34
5‐24
13‐23

Second sprain
n
%
1
10
3
21
1
13
5
50
0
0
10

* For 2 of the 10 sprains, the length of injury was unknown; therefore, the number of severe sprains and the
number of days injured may be underestimated.

Since 20 to 50 injury cases are needed to detect moderate to strong associations,2 this
sample size suffices for an analysis of the primary sprains. In contrast, the number of
second sprains was too low to permit further analysis. We regarded an injury duration of
more than a week as a severe ankle sprain, resulting in 34 sprains available for further
analysis on severe injuries.

Statistical analysis
The results of the Cox regression analyses are shown in Table 8.6 for all ankle sprains
(n=45) and for the severe ankle sprains (n=32).
The univariate analyses for all ankle sprains showed that the RMS ML 0.4 holds a
significant predictive capacity (p=.017) (Table 8.6, Figure 8.3). In the univariate analyses
for severe ankle sprains, the RMS ML 0.4 and two other risk factors (peak force V and
Hor GRF late dyn) had significant predictive capacity. A high peak force V reduces the
chances of a severe ankle sprain, and a high value for Hor GRF late dyn increases this
risk.
In the multivariate analysis with regard to the prediction of all ankle sprains, the RMS ML
0.4 and Hor GRF late dyn combined into a significant risk factor model (p=.005), in which
both outcome measures were significant as well (p=.007 and p=.029, respectively). For
the severe ankle sprains (i.e., absence > 7days), a similar model was significant (p=.001).
Figure 8.4A shows the composed risk chart with the hazard ratio compared with the z‐
scores in RMS ML 0.4 and Hor GRF late dyn with regard to all ankle sprains. A player that
scored 2 SD below average for both risk factors had a 4.4 times as high a chance of
sustaining an ankle sprain than a player who scored average (Figure 8.4B).
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Table 8.6

Univariate and multivariate analysis (forward model) of risk factors for all sprains and severe
sprains.

All sprains (n=45)
Univariate
Peak force V
Peak force AP
RMS ML 0.4
Hor GRF dyn
Hor GRF late dyn
TTS VRAW 1.5
Multivariate*
RMS ML 0.4
Hor GRF late dyn
Severe sprains (n=32)
Univariate
Peak force V
Peak force AP
RMS ML 0.4
Hor GRF dyn
Hor GRF late dyn
TTS VRAW 1.5
Multivariate**
RMS ML 0.4
Hor GRF late dyn

p‐value

Exp(B)

95% CI for Exp(B)
Lower
Upper

0.149
0.767
0.017
0.747
0.072
0.763

0.802
0.953
0.680
1.051
1.296
0.954

0.594
0.696
0.496
0.776
0.977
0.705

1.082
1.306
0.933
1.424
1.720
1.292

0.007
0.029

0.656
1.377

0.481
1.034

0.893
1.834

0.026
0.182
0.012
0.362
0.016
0.426

0.678
0.775
0.613
1.183
1.486
1.168

0.481
0.533
0.419
0.824
1.077
0.797

0.955
1.127
0.898
1.699
2.051
1.711

0.005
0.006

0.596
1.573

0.413
1.135

0.858
2.178

Exp(B) is the ratio of the hazards between two players whose outcome value on the risk factor differs by 1 unit
(z‐score) when all other covariates are held constant. Bold values indicate a significant effect (p<.05). See
'Outcome measures' section for definitions. * Forward step 2 (p=.005); ** Forward step 2 (p=.001)

8

Figure 8.3

Scatterplot of all players regarding follow‐up length and z‐score of RMS ML 0.4. The multicolored
dots represent the corresponding RMS ML 0.4 z‐score (y‐axis) for those players who sustained an
ankle sprain at a certain moment in time (x‐axis). The black dots signify the z‐scores at end of
follow‐up for the players who did not sustain an ankle sprain (hence, the vertical lines of dots at
1, 2, and 3 years).
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Figure 8.4

Risk chart with regard to (A) all ankle sprains and (B) the severe sprains; z‐scores of 0 for RMS ML
0.4 and Hor GRF late dyn mirror no change in risk (1.000).

DISCUSSION
Our main finding was that following a single leg drop jump landing, two outcome
measures were related to the occurrence of an ankle sprain among male elite footballers
within 3 years: RMS ML 0.4 (mediolateral stability for the first 0.4 seconds; a larger value
indicates more force exerted in the mediolateral direction, resulting in rapid
lateral stabilization) and Hor GRF late dyn (horizontal GRF between 3.0 and 5.0 seconds;
a smaller value indicates less sway in the stabilization phase). A secondary finding is that,
for only those sprains that prohibited participation for >7 days, the corresponding
significance and hazard ratios of these outcome measures further increased.

Risk factors
The few prospective studies that addressed risk factors for ankle sprains among
footballers reported that previous acute ankle injury and previous ankle sprain were
significant predictors.7,21 In addition, a very recent study followed 133 male youth
footballers (U11‐U17), of which twelve players sustained an ankle sprain during 3 years
of follow‐up (9.0%). In this small sample, the authors found low hip extension strength to
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be associated with lateral ankle sprains.5 Additional indications for risk factors can be
found in more descriptive studies. For instance, most ankle sprains occurred with
contact (59%), during matches (66%, with nearly 50% of these observed during the last
third of each half), and during the first 3 months of the season (44%).37 Furthermore, in a
sample of videotaped foot and ankle injuries (52 contusions, 20 sprains, 4 fractures), the
majority was caused by tackles involving lateral or medial forces that created
corresponding eversion or inversion.14
The current study showed that a higher RMS ML 0.4 coincided with a smaller risk, while
a higher Hor GRF late dyn coincided with a greater risk. The fact that RMS ML 0.4 was
larger for those at decreased risk might suggest that these players deal with the
perturbation of a drop jump landing by immediately (in the first 0.4 seconds) correcting
in the mediolateral direction. Moreover, the univariate analysis for severe ankle sprains
showed that a larger peak force V was associated with a lower risk as well. These two
findings possibly point toward an optimized jump landing strategy, which rapidly copes
with the perturbation/impact and reduces injury risk. However, it is impossible to
determine how exactly the jump landing strategy differs among players solely on the
basis of GRF. Combining kinetics with kinematics and electromyography might provide
further insight.
The impact phase is followed by the dynamic, late dynamic, and static phases.11 Recent
research showed that Hor GRF late dyn is related to static balance performance,19 and a
meta‐analysis revealed that participants (from varying sports and competitive levels)
who injured their ankles had worse static balance performance.35 The early phase (Hor
GRF dyn, 0.4‐2.3 seconds) showed no predictive value, possibly because of the limited
reliability of Hor GRF dyn when compared with Hor GRF late dyn.19
To our knowledge, no previous studies targeted static balance and injury risk among
footballers. However, dynamic balance (e.g., center of pressure measures) is impaired
among young elite footballers after a match.29 Since most ankle sprains during a match
occur within the last 15 minutes of each half,37 this could be related to the current
finding that an increase in Hor GRF late dyn is related to a higher risk of ankle sprains.
Therefore, it would be interesting to perform the drop jump landing test during halftime
or directly after a match to confirm this possible association.
Note that in the subgroup of severe sprains (n = 32), all associations between risk factors
and ankle sprains showed lower p‐values as compared with the entire group of ankle
sprains (n = 45). It was previously shown that sprains were less severe when the injury
mechanism involved contact with another player.21 The notion that noncontact trauma
leads to more severe injuries perhaps explains that intrinsic risk factors are more
significantly associated with severe ankle injuries than with all ankle injuries.

Injury prevention
Prevention programs can either consist of a general protocol for the entire team or
specifically target individuals at risk. To validate such a screening test, one would need to
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reproduce the current findings in relevant populations and develop an intervention
program targeting athletes identified as high risk that is more beneficial than the same
intervention program given to all athletes.1
However, one could also use findings from studies like the current one to try to
understand why certain injury prevention programs work, such as the FIFA 11+.32 The
more consistently this program was utilized, the greater the injury prevention benefit
imparted to the athlete.30 Isolating underlying explanations is challenging; the program
comprises lower limb muscular strength training (e.g., Nordic hamstring exercises,
plyometric jumping), balance training (e.g., wobble board, balance exercises), and
flexibility training (i.e., functional dynamic stretching exercises).31 Therefore, one could
hypothesize that the beneficial effect of the FIFA 11+ program on the occurrence of
ankle sprains is partly due to improvement of balance (RMS ML 0.4 and Hor GRF late
dyn, the current study) and to an increase in muscular strength and core stability (hip
extension strength).5 In line with this, one study proved the effect of balance training on
the recurrence of ankle sprains among male footballers. The protocol consisted of daily
exercises (20 minutes) on a wobble board and proved to be effective in reducing the
recurrence rate of ankle sprains.26 It would be interesting to assess to what extent the
aforementioned exercises improve the risk factors identified in the present study (RMS
ML 0.4 and Hor GRF late dyn).

Limitations
It is likely that the multifactorial and complex nature of sports injuries arises not from
the linear combination of isolated and predictive factors but from their interaction.3
However, to improve prediction capability1 and to understand injury mechanisms, the
identification of possible risk factors is necessary.
The current study involved a limited number of repetitions of the test, chosen to limit
the burden on players and coaches. Future studies might increase the number of
repetitions to achieve better reliability. However, the testing protocol should remain
feasible from a practical perspective. Furthermore, the study had a relatively long follow‐
up with regard to the initial testing moment. The predictive value of a performance test
may decay over the follow‐up period; hence, incorporating multiple tests over time
might improve accuracy.
While we used a simple and verifiable criterion for injury severity in a way that matters
most to the players (time lost/return to play), we acknowledge that this may not directly
reflect severity of the injury from a medical/diagnostic perspective. A larger study would
be needed to verify the relation between these factors.
We did not include other injuries to the lower extremity between testing and the
occurrence of an ankle sprain in our analysis. Experiencing, for instance, an hamstring
injury or Osgood‐Schlatter disease could have an effect on the occurrence of an ankle
sprain.9 Thus, related injuries could be an effect modifier. However, this would affect the
interpretation on the causal pathway, not the risk factor as such.
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As indicated in the Methods, we assumed that prior injury risk effects, where relevant,
would show up as balance impairments. Regrettably, even though participants were
young, they had careers at other clubs. Medical records on prior injuries were therefore
not sufficiently reliable and complete to verify this. Note that young players are likely to
honestly forget or simply ignore prior injury when they are allowed to enter an elite
football club. Therefore, a retrospective questionnaire would also provide insufficient
information. Furthermore, the current study is unable to explore any relations between
the performance on a single leg drop jump landing and a second ankle sprain, given a
small sample size.
Although we used z‐scores to correct for age, anthropometric characteristics, such body
height, weight, and growth spurt, might still influence injury susceptibility. We ran an
additional analysis to check for a relation between height/weight and injury and found
no significant effect. This shows that our age correction based on z‐scores appropriately
corrected for such effects, if any. Assessing an effect of growth spurt would require long‐
term anthropometric data, which could be a topic for follow‐up research. Furthermore,
differentiation between contact and noncontact injuries would perhaps provide more
insight into the intrinsic risk factors of ankle sprains. Finally, the current sample
consisted of only male footballers. The increasing popularity and level of international
women’s football require validation of the current findings for female players.

CONCLUSION
The current study showed that the root mean square of the GRF in the mediolateral
direction during the first 0.4 seconds after landing (RMS ML 0.4) and the mean resultant
horizontal GRF during the late dynamic phase (Hor GRF late dyn; 3.0‐5.0 seconds)
following a single leg drop jump landing are related to the occurrence of a lateral ankle
sprain among male elite footballers within 3 years.
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GENERAL DISCUSSION
The numbers tell the tale. To that end, many sports teams, clubs, and associations
submit their athletes to periodic health examinations and/or performance testing of
some sort. These seasonal musculoskeletal screenings have several purposes. Usually,
player performance (preferably improvement) is monitored; sometimes it is used as a
support tool in player selection or return‐to‐play decisions. A more contentious use is
that of a screening test to predict injury.
In any case, it imperative that when the results have consequences, the employed
outcome measures are thoroughly understood. This thesis provides comprehensive
information on the most common outcome measures calculated from ground reaction
forces (GRF) following a single leg drop jump landing, and shows their relation to the risk
of sustaining a lateral ankle sprain in elite level footballers.

On test selection
The most recent consensus statement of the International Ankle Consortium includes a
variety of clinical assessments of acute lateral ankle sprain injuries. However, none of
these assessments consists of a functional test measured with a reliable instrument
resulting in data with as little (observer or patient related) bias as possible. For instance,
evaluation of gait is proposed through visual assessment for antalgic gait, and evaluation
of dynamic postural balance is proposed through the Star Excursion Balance Test (the
subject stands on the one leg, and uses the other to reach in set directions for maximum
distance).12
As shown in chapter 2, there exists a wide range of dynamic tests that have been used in
combination with force plate measurements. Tests based on ‘walking’, ‘running’,
‘landing’, ‘sidestepping’, and ‘termination’ were identified, the latter three requiring an
increased level of foot and ankle function compared to the first two.
The walking and running tests had quite simple and straightforward instructions, in
contrast to the great variety of test instructions for sidestepping and termination tests.
The landing test had relatively consistent test instructions, minor differences between
studies aside. Since our meta‐analysis showed that multiple outcome measures that
were calculated from the landing test were able to detect differences between subjects
with and without ankle instability,7,9,24,25,30,37‐40,51,52 we decided to continue with the
single leg drop jump landing test.
Any test using a force plate will result in a considerable dataset, with its size depending
on the sampling rate (e.g., a frequency of 1000 Hz and a duration of 5 s results in 5000
data points for each direction of force). In order to quantify individual performance, it is
therefore necessary to calculate a manageable parameter that reflects (a part of) the
performance. This makes a test entirely dependent on its available outcome measures
(i.e., compare the performance measures for athletics (time, distance, height) with those
of gymnastics (a scoring system by multiple panels of judges)).
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On outcome measure selection
As shown in chapter 2, there are different types of outcome measures calculated from
the GRF’s. To compare outcome values and (to some extent) conclusions, test
instructions and calculation methods need to be identical between studies. Practical
limitations are likely to cause small differences in testing procedures. However,
calculation methods are ideally suited for uniformity. That there is room for
improvement was apparent in chapters 5 and 6.
A good outcome measure is both reliable and valid. A high reliability means that a
measure produces similar values under consistent conditions. A high validity means that
you are measuring what you want to measure. Therefore a reliable measure is not
necessarily valid, but to be valid a measure must be reliable.
A problem arises with multiple statistical testing. As the number of outcome measures
increases, it becomes more likely that one will return a significant result as the result of
mere chance, but suggesting that outcome measure is a valid one. With the standard
significance level at 0.05, the type I error probability of incorrectly rejecting the null
hypothesis is 5%. In order to reduce these chances of a false positive, it is essential to
limit the number of outcome measures employed. Therefore, a comprehensive analysis
of proposed outcome measures was carried out in chapters 3 to 7. Below, the relevant
groups of outcome measures are discussed.
Ground reaction forces
Outcome measures such as magnitude of force6,10,32 (e.g., peak force V) or onset of peak
force6,10,13 (e.g., time to peak force V) are relatively easy to determine and comprehend,
and a number of these measures showed validity in terms of a relation with injury
(Chapter 2). Since peak force is influenced by a player’s body weight (BW), it is
convention to express this force in %BW, with equilibria of 100%BW (for vertical GRF)
and of 0%BW (for AP and ML GRF) during the static phase following a drop jump landing
(see chapter 2 or 8 for illustrations). Peak forces are influenced by jump distance and
direction (and height for peak force V), therefore test instructions matter if comparisons
between studies are to be made.
In chapter 8, both peak force V and AP were included in the analysis, but no relation with
ankle sprains was found. Since an ankle sprain injury results from a combination of
internal rotation and inversion, and not so much plantar flexion (chapter 1), it would
make sense to include peak force in ML direction. However, close inspection of the
patterns of peak forces in ML direction in the first 0.4 s showed, in contrast to V and AP
directions, inconsistent patterns and very low values. This limits reliability and hampers
the use of the peak force in ML direction (chapter 7). Therefore, we calculated the root‐
mean‐square of the GRF in the ML direction over 0‐0.4 s. This quadratic mean is
influenced to a large extent by the peak forces within the time window (first the values
are squared, then averaged, thereafter the square root is extracted). In chapter 8 we
showed that a smaller value for this outcome measure (i.e., RMS ML 0.4) was related to
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a higher risk of ankle sprains. The RMS ML 0.4 reflects the mediolateral stability in the
first 0.4 s, a larger value indicates more force exerted in ML direction, which is required
for rapid lateral stabilization.
Since we did not record the kinematics of the drop jump landing, we were unable to
correct for foot position with regard to force plate placement. Therefore, the ‘true AP
axis’ of the foot does not fully correspond with the AP axis of the force plate. However,
the AP and ML GRF’s can be combined into the mean horizontal GRF,27,39 which is
calculated over a certain time window or interval (chapters 3 and 4). This Hor GRF is the
mean length of the GRF vector in the horizontal plane, and reflects magnitude, not
direction, of force.
In chapter 3, the Hor GRF was calculated over subsequent intervals of 1 s to demonstrate
that a drop jump task may be used as a proxy for static postural stability, although more
trials may be needed to achieve individual errors similar to single leg stance. In
chapter 4, the Hor GRF was calculated over a moving window (of various sizes), which
moved along the time series from 0 to 12 s with 0.1 s per step. In doing so, we were able
to examine which of these windows held unique information, in other words, which
phases during the time series defined performance. The four identified phases had
sufficient reliability (intra‐class correlation coefficients (ICC’s) ranging from 0.57 to 0.71)
and, together with the landing phase (0‐0.4 s), were used as a representation of the total
time series in chapter 7, where we deconstructed the time to stabilization and stability
index outcome measures.
Furthermore, we included the Hor GRF for the dynamic phase (0.4‐2.4 s) and late
dynamic phase (3.0‐5.0 s) in the injury analysis in chapter 8. When combined with the
RMS ML 0.4 (multivariate regression), the Hor GRF late dynamic was related to ankle
sprain occurrence. A larger value indicates more sway in the stabilization phase, and was
related to a higher risk of ankle sprains.
Time to stabilization
The outcome measure ‘time to stabilization’ (TTS) that was identified9,24,25,30,37‐40 in
chapter 2 seemed logical, comprehensible, and promising at first sight. The TTS aims to
reflect the time it takes for a subject to return to a baseline or stable state following a
landing. A longer TTS indicates more difficulty controlling posture at landing and might
indicate impaired neuromuscular control.
However, chapters 5 and 6 showed that there is a lot more to TTS than meets the eye.
The first problem lies within the range of different calculation methods resulting in
different outcome values, making it impossible to compare results between studies. The
second problem is that differences in sample rate, filter settings, and trial length have an
effect on the outcome values as well (chapter 5). The third problem is that the TTS is
highly dependent on the threshold used. Moreover, when a very low or very high
threshold is employed, trials become unusable since there is no intersection between
signal and threshold. The fourth problem is that for some calculation methods the
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reliability turned out too low. However, other methods yielded sufficiently reliable TTS
values, provided that thresholds were set within an appropriate range (chapter 6). The
last but most important problem with TTS is the instability paradox, which was identified
in chapter 5. The general concept of TTS is that it assesses the ability of an individual to
regain a stable position. Therefore, the establishment of most thresholds (of stable
stance) is related to the variance of the GRF during a period at the end of a trial, when
an individual can be considered to have achieved stable single leg stance. Thus,
participants with a larger variance during the stable phase will have a higher threshold.
Consequently, the processed signal may intersect the threshold earlier, thereby
paradoxically lowering the TTS.
In chapter 7, we took the analysis further still, and determined the correlations between
three different constructs (for V, AP, and ML) of TTS and of the aforementioned GRF
time periods. The different TTS measures were significantly interrelated (r=0.28‐0.53),
and had a stronger relation to the Hor GRF (0.4‐2.4 s) (r=0.54‐0.75) than to the Hor GRF
(3.0‐5.0 s) (r=0.32‐0.54) or impact forces (r=‐0.28‐0.36). Despite the fact that the vertical
TTS and Hor GRF (0.4‐2.4 s) rely on different dimensions (time versus magnitude of
force) and different directions of force (vertical versus horizontal), their relation was
strong. This seems a validation of this TTS calculation method as representative for
dynamic balance performance after a jump landing. Therefore, this outcome measure
was included in the analysis in chapter 8, but no relation with ankle sprains was found.
Postural stability indices
Chapter 2 also yielded the postural stability indices (PSI) as potentially relevant outcome
measures for the single leg drop jump.7,30,51,52 However indices can be difficult to
interpret. In chapter 7, we determined the contributions of the aforementioned GRF
time periods to the DPSI. This index is basically the root‐mean‐square from 0 to 3 s after
impact for the three directions of force, and the resultant composed from these
components. Since the RMS amplifies the influence of a peak, it was expected that the
index relied heavily on the peak force.
As expected, the DPSI was strongly affected by the landing phase. Given that the landing
phase (reflected in peak forces and DPSI) provides different information about
performance than the dynamic and static balance phases (reflected in Hor GRF and the
TTS), they most likely target different aspects of neuromuscular functioning. This
supports previous findings that balance training did not improve PSI outcomes.21,36 Since
we already included peak forces in the injury analysis in chapter 8, we did not include PSI
to avoid redundancy.
Center of pressure
In addition to the aforementioned GRF outcome measures, we have calculated center of
pressure (COP) based outcome measures in chapters 3 and 4. The mean COP speed is
the total COP path length divided by trial time16,27,29,34,43 and the mean COP sway is the
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mean absolute distance of the COP trajectory to the average COP position.11,28 The COP
speed turned out to be reliable, especially over the static phases. However, as chapter 4
has shown, COP speed and Hor GRF were highly correlated (r>0.70), with higher
correlation for dynamic phases compared to the static phases. Therefore, we did not
include COP outcome measures in the injury analysis in chapter 8.

On injury prediction
The key question with regard to injury prevention is whether it is possible to use
screening tests to identify who is at risk for a sports injury – in order to address the
deficit through a targeted intervention programme.1 This thesis showed that, following a
systematic and meticulous analysis of outcome measures (chapters 2 to 7), two out of
the selected six held predictive value with regard to the occurrence of an ankle sprain in
male elite footballers within three years of a single leg drop jump landing test
(chapter 8). Low mediolateral stability for the first 0.4 s after landing (which implies poor
rapid lateral stabilization) and high horizontal ground reaction force between 3.0‐5.0 s
(which implies a large sway), were related to increased risk of ankle sprain.
If there is no history of previous sprains, it is likely that an increased risk is related to an
apparent deficit in sensorimotor function. Total body sensorimotor control is the result
of continuous interaction of sensory reception (i.e., visual, vestibular, proprioceptive),
central nervous system processing, movement planning, and peripheral motor output.
This sensorimotor control system relies on feedback mechanisms to accurately
coordinate the timing and magnitude of corrective motor actions. Inadequate control of
the large mass above the ankle can result in ligamental injuries (from stretching to
complete ruptures). If there has been an injury (perhaps even asymptomatic), it gets
more complicated. Is re‐injury the result of insufficient control, or caused by mechanical
frailty of the regenerated ligament? Perhaps there is a similarity to the difference
between mechanical and functional ankle instability as seen in symptomatic patients.
For instance, some individuals may develop chronic instability and demonstrate
mechanical ankle instability or physiologic laxity at the ankle joint following severe or
repeated ankle sprains. However, some have no mechanical laxity, and instead
demonstrate functional ankle instability possibly due to deafferentation or tearing of
neural tissue within the ligament, causing deficits in proprioception and neuromuscular
control.8 A mechanical deficit could therefore act as a confounder with regard to the
relation between control and re‐injury.
The major point of criticism on research on risk factors for injury is that most screening
tests measure performance on a continuous scale from low to high. Typically, substantial
overlap is seen between players with high and low risk of injury. Therefore, although the
factor tested may demonstrate a highly significant relationship with injury risk, such tests
are unlikely to be able to predict injury with sufficient accuracy.1
This is a valid argument, though one can argue that ‘sufficient accuracy’ also depends on
the corresponding implications. When contemplating possible surgery, the specificity
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and sensitivity of the test/outcome measure both need to be very high to validate such a
decision. When contemplating the possibility of 20 minutes additional exercises during
warming‐up, not so much.
As illustrated in chapter 8 by Figure 8.3, it is impossible to select (based on the RMS ML
0.4 score) only those players that got injured (i.e., independent of the chosen threshold,
one always ends up selecting uninjured players). Even when it is accepted that some
non‐injured players participate in a preventive programme as well, there is no clear
optimum where the bar should be placed. Considering the Hor GRF late dynamic (3.0‐5.0
s) score in addition to the RMS ML 0.4 score, and regarding only the severe ankle
sprains, both the specificity and sensitivity are altered. For instance, selecting only those
players who were in the lowest 15.8% for either outcome measure (i.e., a z‐score of ‐1
or less for RMS ML 0.4, or a score of 1 or more for Hor GRF), would have resulted in the
correct identification of just 12 (37.5%) of the severely injured players, at the ‘cost’ of 37
(23.4%) uninjured players identified as ‘high risk’. If we select the players that are in the
lower 50% for both of the two outcome measures (i.e., z‐scores <0 for RMS ML and >0
for Hor GRF), this would have resulted in the correct identification of 15 (46.9%) of the
severely injured players, at the ‘cost’ of 25 (15.8%) uninjured players identified as ‘high
risk’. Setting the threshold at the lower 50% for either of the two outcome measure
results in 29 (90.1%) correctly identified, but at the cost of 111 (70.2%) uninjured players
identified as ‘high risk’. Note that in these cases, uninjured means no ankle sprain, other
injuries may still have occurred. Thus, with regard to the last example with low
threshold, in the ‘high risk’ group 29/140 (20.7%) suffered from a severe sprain, while in
the ‘low risk’ group 3/50 (6%) suffered a severe sprain. If this threshold were to be
selected, it would identify 77.8% of the players as ‘high risk’.
On the other hand, one could expose all players to a general injury prevention protocol,
such as the ‘FIFA 11+’ programme. This programme can be used as warming‐up routine,4
and has shown to reduce the occurrence of ankle injuries by 32%.47 However, less than
15% of the teams reached the recommended two sessions per week during the
season.47 Since the FIFA 11+ is the most efficacious in individuals with higher compliance
rates,46 there seems room to improve compliance. Perhaps being labeled ‘at risk’ can
provide that extra incentive.
A second reason why research on risk factors for injury is advocated, is to improve the
understanding of causative factors.1 Our results show that a low mediolateral stability
for the first 0.4 s after landing and high horizontal ground reaction force between
3.0‐5.0 s were related to increased risk of ankle sprain. Thus, a poor rapid lateral
stabilization immediately after impact and a large sway just before reaching a stable
single leg stance are risk factors. This finding appears very similar to the definition (not
the employed calculation methods!) of time to stabilization. The TTS is said to reflect the
time it takes for a subject to return to a baseline or stable state following a landing. A
longer TTS should indicate more difficulty controlling posture at landing (chapter 4).
Perhaps there still is future for the TTS, starting with a stability threshold based on age‐
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matched z‐scores,26 thus based on group performance. Furthermore, signal processing
should reflect the original signal, but filter the peaks due to noise. The methodology
used in chapter 6 might prove useful in identifying the optimal processing of the RAW
signal.
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VALORISATION
Besides being the most popular sport worldwide,18 football is also big business. The most
prestigious competition at club level is the UEFA Champions League (UCL). Combined
with the UEFA Europa League (UEL), its 2016‐2017 revenue was estimated at €2.4
billion.48 At individual club level, Manchester United is last season’s highest earning club
with a revenue of $689 million. FC Barcelona is placed second ($620.2 million) and Real
Madrid third ($620.1 million). The combined revenue for the top 20 was $7.4 billion, a
12% increase with regard to the previous season, according to Deloitte’s most recent
calculations.5 On individual player level, Cristiano Ronaldo is the world’s highest paid
athlete of 2017 ($93 million), with Lionel Messi ($80 million) coming third in Forbes most
recent list.22
It has been estimated that an injured player in the starting lineup of a UCL team will cost
the club around €500.000 to €600.000 a month or around between €17.000 and
€20.000 a day.17 During the 2001‐2002 UCL season, 11 clubs (266 players) were
followed; a total of 658 injuries were recorded with a mean incidence of 9.4 injuries per
1000 hours. Thigh (23%), knee (20%), and ankle (14%) were the most common injury
locations. Mean absence was 18.5 days per injury, that is 11.4 training sessions and 3.1
matches.50
These numbers show that (lower extremity) injuries in professional football players are
related to dazzling amounts of money. But the financial incentive towards injury
prevention isn’t the most important. The competitive aspect is essential on personal,
club, and community level. For the individual player, who desires to play every game in
top physical form. For the club, which prefers to field their strongest side throughout the
entire season. And for the love of the game, as the fans should be able to enjoy their
heroes as much as possible, without the nuisance of injuries spoiling the fun.

Practical implications
This thesis stresses the importance of a comprehensive understanding of employed
outcome measures before making any conclusions or decisions. Based on a dynamic test
and relevant outcome measures, we have shown a relation between performance and
injury risk. We believe that with careful test and outcome measure selection, the same
can be achieved for other common devastating injuries, for example a rupture of the
anterior cruciate ligament (ACL) or an acute injury of the hamstring muscle.
However, as stated before, the numbers tell the tale. In order to detect moderate to
strong associations, 20 – 50 injury cases are needed.3 Aside from ankle sprains, during
the follow‐up of three seasons as described in chapter 8, other injuries were registered
as well. No ACL ruptures and 36 hamstring injuries had been reported. Larger numbers
are needed/preferable (for research purposes).
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Therefore, now is as good a time as any to start cooperation between clubs. Perhaps
nationwide, whether or not imposed by the national football association, perhaps
international, encouraged by the UEFA or FIFA. This would require consensus on which
tests (and procedural details), which outcome measures (and calculation methods), how
to confirm diagnosis (and by whom), and – very important – a central database for
storage and retrieval. As sports science advances and the dataset grows, so will our
ability to answers questions.
Until then, from a practical perspective we would advise to offer a preventive
programme to either the identified players at increased risk (i.e., 77.8%) or the group as
a whole. The determination of those ‘at risk’ is complex (the selection of a threshold
presents a challenge), and is illustrated above (see injury prediction).
The preventive programme could consist of the FIFA 11+, however, it is unsure if the
results from the meta‐analysis can be generalized to the current sample.47 One study
included male veteran players (older than 32 years) and another study females aged 13‐
17 years. The two studies that did include male youth players consisted of players aged
14‐19 years from the Premier League division of the Lagos Junior League,33 and players
aged 18‐25 years from the American NCAA Divisions I and II.45
Another option could be a neuromuscular training programme for primary or secondary
prevention without pre‐selection. In a recent meta‐analysis of systematic reviews on the
subject, it was concluded that there is strong evidence for the use of exercise therapy for
preventing ankle re‐injury incidence.15 The effectiveness of proprioceptive training as a
form of primary prevention amongst athletes with no history of ankle sprain remains
inconclusive, as the pooled point estimate was significant but should be interpreted with
caution since it was derived from only two non‐significant trials.44 This training consisted
of a balance board training programme of 4x5 minutes per week for a total of 36
weeks,49 or a leg stance/balance board training programme of 3‐5x10 minutes per week
for the entire season.31
From a scientific perspective, future research is much needed and should focus on the
points described below.

Future research
The next step would be to repeat the study described in chapter 8, using the single leg
drop jump landing test and selected outcome measures, but this time to use a
predetermined threshold to separate athletes at (high) risk from the rest. Furthermore,
we would advise to improve on our methodology by employing more trials (5‐8
repetitions per leg) to achieve better reliability,23, 53 by including data in the analysis from
repeated measurement sessions over time to limit the time span between test and
injury,20 by including recurrent sprains in the analysis,19 and by determining the
correlation between injury severity based on diagnostics (i.e., clinical examination,
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ultrasonography) and based on actual return‐to‐play. The question would not be how
strong the association would be between the test result and injury risk, but how well the
test predicts who becomes injured and who does not, in a new athlete population.1
In addition to injury rate, injury severity is also important. Usually this is described as
days of sport time loss due to injury. Combining these two constructs results in the injury
burden, described as the cumulative days of time loss per 1000 athlete hours.14
The final step would be to examine the efficacy of a screening programme. Though non‐
modifiable factors may be relevant for stratification purposes, the ultimate purpose of
athlete screening is to identify athletes at risk and reduce their risk by addressing
modifiable risk factors. The final step should be completed as a randomized controlled
trial, where the treatment group receives the combined screening and intervention
programme.1
The constructs exposure, severity, and compliance are key elements to establish the
outcome of injury prevention studies.14 Combining the number of injuries with exposure
results in the concept ‘injury rate’, usually described as the number of injuries per 1000
athlete hours.2 Since reducing either or both the number and severity of injuries are the
objectives, the most commonly used severity measure is days of sport time loss.41 An
injury prevention strategy could also be considered successful when reducing the
severity of injuries, even without a reduction in the absolute number of injuries.14 The
extent to which study participants uptake and use an intervention as prescribed, is a
critical yet often overlooked outcome measure in injury prevention studies.35
There is a clear distinction between efficacy and effectiveness of preventive measures.
Efficacy describes the effect of any intervention under fully controlled and ideal
conditions, taking any potential disturbing factors into account and giving the
intervention the best conditions to demonstrate a beneficial effect. Effectiveness is
established under less controlled, more pragmatic conditions. As such, the outcomes are
more influenced by external factors that act in a true sports context.14, 42
All things considered, it still is about the numbers. Though the current thesis is a step in
the right direction, until clubs start cooperating, reach consensus about what to
measure, and have a collaborative institute responsible for data management and
analysis, Roald Bahr will probably be proven correct when he stated that “…screening
tests to predict injury do not work – and probably never will...”.1
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SUMMARY
A single leg (drop) jump landing task is often used to assess functional performance.
Subjects jump from a box or to a certain height, land on one foot, and stabilize as quickly
as possible. In this thesis, we evaluated whether this test is suitable as part of an injury
screening programme with regard to lateral ankle sprains in elite footballers.
In chapter 1, we provided an introduction to lateral ankle sprains, consisting of a brief
overview of incidence, anatomy, mechanism, risk factors, and prevention. Furthermore,
the importance of functional testing and outcome measure selection was emphasized.
In chapter 2, we evaluated which dynamic tests and force plate outcome measures are
most sensitive to differences between and within groups with regard to foot and ankle
pathology. In this systematic review and meta‐analysis, we included 35 studies. Results
were subdivided by test category: walking, running, landing, sideways, and gait
termination. The ‘landing’ test detected differences due to ankle instability, with ‘time to
stabilization in anteroposterior direction’ as a relevant outcome measure.
In chapter 3, we aimed to assess whether the static phase after a single leg drop jump
(DJ) landing on a force plate may serve as a proxy for a single leg stance (SLS) balance
task. Twenty‐five healthy participants performed two sessions of five valid trials for both
tasks in a reproducibility‐agreement design. Bland and Altman methods demonstrated
inter‐session SD’s of difference for DJ of 11‐12% and for SLS of 10‐12%, while inter‐task
SD’s of difference ranged 10‐17%. Therefore, a DJ task may be used as a proxy for static
postural stability. The incorporation of static postural stability into the DJ test could
enhance large‐scale measurement programs, such as the periodic testing programs in
(professional) football, by providing information on both the dynamic aspect (e.g.,
landing forces, time to stabilization) and the static aspect (postural stability) of
sensorimotor functioning.
In chapter 4, we determined the existence of possible distinct phases of a single leg drop
jump landing on a force plate. Three outcome measures were calculated over moving
windows: center of pressure (COP) speed, COP sway, and horizontal ground reaction
force (GRF). Per outcome measure, a Factor Analysis was employed with all windows as
input variables. It showed that four factors (patterns of variance) largely (>75%)
explained the variance across subjects/trials along the 12 s time series. Each factor was
highly associated with a distinct phase of the time series signal: dynamic (0.4‐2.7 s), late
dynamic (2.5‐5.0 s), static 1 (5.0‐8.3 s), and static 2 (8.1‐11.7 s). Therefore, following a
drop jump landing unique information is available in four distinct phases. Future studies
should assess the sensitivity of information from dynamic, late dynamic, and static
phases.
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In chapter 5, we explored the outcome measure time to stabilization (TTS). The TTS is
the time it takes for an individual to return to a baseline or stable state following a jump
or hop landing. A large variety exists in methods to calculate the TTS. These methods can
be described based on four aspects:
1.
2.
3.
4.

the input signal used (vertical (V), anteroposterior (AP), or mediolateral (ML) ground
reaction force)
signal processing (smoothed by sequential averaging, a moving root‐mean‐square
window, or fitting an unbounded third order polynomial)
the stable state (threshold)
the definition of when the (processed) signal is considered stable

We calculated the TTS according to 18 previously reported methods. Additionally, we
assessed the effects of sample rate, filter settings, and trial length. The TTS values varied
considerably across the calculation methods. The effects of differences in sample rate
and filter settings are generally small, while trial length had a large effect on TTS values.
In chapter 6, we aimed to provide insight in how threshold selection affects TTS and its
reliability. The TTS was calculated based on four processed signals: raw ground reaction
force (GRF) signal (RAW), moving root mean square window (RMS), sequential average
(SA), or unbounded third order polynomial fit (TOP). For each trial and processing
method a wide range of thresholds was applied. Per threshold, reliability of the TTS was
assessed through intra‐class correlation coefficients (ICC) for the V, AP, and ML direction
of force. The TTS and ICC were mostly ‘insufficient’ (<0.4) to ‘fair’ (0.4‐0.6) for the entire
range of thresholds for RAW and RMS. The SA signals resulted in the most stable ICC
values across thresholds, being ‘substantial’ (>0.8) for V, and ‘moderate’ (0.6‐0.8) for AP
and ML direction. The ICC’s for TOP were ‘substantial’ for V, ‘moderate’ for AP, and ‘fair’
for ML direction. Irrespective of threshold selection, the SA and TOP methods yielded
sufficiently reliable TTS values, while for RAW and RMS the reliability was insufficient.
In chapter 7, we assessed the relation between TTS and dynamic postural stability index
(DPSI), the relation of both measures with impact forces and dynamic postural sway, and
how they related to static postural sway. The different TTS measures were significantly
interrelated (r=0.28‐0.53), but were not significantly correlated to DPSI. The TTS was
more strongly related to horizontal GRF (0.4‐2.4 s) (r=0.54‐0.75) than to horizontal GRF
(3.0‐5.0 s) (r=0.32‐0.54) or impact forces (r=‐0.28‐0.36). Vertical TTS was not significantly
related to impact forces. The DPSI was most strongly related to the vertical peak force
(r=0.85), and was not significantly related to horizontal GRF of the dynamic periods.
Furthermore, TTS and dynamic horizontal GRF were significantly related to static
horizontal GRF (r=0.34‐0.80), while DPSI and impact forces were not. Therefore, TTS and
DPSI do not represent similar aspects of single leg jump landing performance. The ability
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to stabilize posture seems to be represented by TTS and dynamic postural sway, which
partly overlaps with static postural sway. In contrast, DPSI and vertical peak force mainly
reflect the kinetic energy absorption during impact.
In chapter 8, we assessed the relation of drop jump landing performance and the risk of
lateral ankle sprains within three years follow‐up in a group of 190 elite footballers.
Based on ground reaction forces, six outcome measures were calculated that aim to
reflect the impact and stabilization phase. Following a z‐score correction for age, a
multivariate regression analysis was performed.
During follow‐up, 45 players (23.7%) suffered from a primary lateral ankle sprain. Of
those, we regarded 34 as severe (>7 days absence). Performance was related to
increased risk of ankle sprain (p=0.005 for all sprains, and p=0.001 for severe sprains).
Low mediolateral stability for the first 0.4 s after landing (a larger value indicates more
force exerted in mediolateral direction, resulting in rapid lateral stabilization) and a high
horizontal ground reaction force between 3.0‐5.0 s (a smaller value indicates less sway in
the stabilization phase) were identified as risk factors. A player that scored 2 SD below
average for both risk factors had a 4.4 times higher chance of sustaining an ankle sprain
than a player who scored average.
Finally, in chapter 9, we reflect on the main findings of this thesis, as well on the
limitations of the studies and injury screening in general. We provide practical
implications and advice for future research.
A comprehensive understanding of employed outcome measures before making any
conclusions or decisions is very important. Based on a dynamic test and relevant
outcome measures, we have shown a relation between performance and injury risk. To
take the next step in injury prevention, clubs (or associations) need to start cooperating,
reach consensus about what to measure, and have a collaborative institute responsible
for data management and analysis. Perhaps then we will be able to use screening tests
to identify the athletes at risk for a sports injury – in order to address the deficit through
a targeted intervention programme.
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Bij een ‘drop jump landing’ test wordt er van een verhoging (of naar een bepaalde
hoogte) gesprongen, op één been geland en probeert men zo snel mogelijk stabiel op
het ene been te blijven staan. De prestaties op deze test worden gebruikt als maat voor
de functionele motoriek. In dit proefschrift hebben we onderzocht of deze test geschikt
is als onderdeel van een screeningprogramma met betrekking tot het optreden van
enkelverstuikingen bij de voetballers van Ajax.
Hoofdstuk 1 vormt een inleiding met betrekking tot een laterale enkelverstuiking,
bestaande uit een kort overzicht van incidentie, anatomie, mechanisme, risicofactoren
en preventie. Bovendien wordt het belang van functionele testen en de keuze van de
uitkomstmaten benadrukt.
In hoofdstuk 2 hebben we onderzocht welke dynamische testen en welke
uitkomstmaten – gemeten met een krachtenplatform – het meest gevoelig zijn voor
verschillen tussen en binnen groepen met betrekking tot voet‐ en enkelpathologie. Deze
systematische review en meta‐analyse is gebaseerd op 35 studies. De verschillende
testen werden onderverdeeld in vijf categorieën: lopen, rennen, landen, zijwaartse
beweging, en stoppen. De 'landing'‐test detecteerde verschillen als gevolg van
instabiliteit van de enkel, met 'tijd tot stabilisatie’ in voorachterwaartse richting als een
belangrijke uitkomstmaat.
In hoofdstuk 3 hebben we beoordeeld of de statische fase na een ‘drop jump landing’
test (DJ) geschikt is als alternatief voor een balanstest waarbij er op één been
gebalanceerd moet worden (in het Engels de ‘single leg stance’, ofwel SLS). Vijfentwintig
gezonde deelnemers voerden twee sessies van vijf sprongen uit voor beide tests. De
reproduceerbaarheid van deze tests werd middels de methoden van Bland en Altman
beoordeeld. Het verschil in standaard deviatie (SD) tussen sessies was vrijwel gelijk (DJ:
11‐12%, SLS: 10‐12%), terwijl de SD van het verschil tussen beide tests lag tussen 10‐
17%. Daarom kan de statische fase van een ‘drop jump landing’ test als alternatief voor
een ‘single leg stance’ test worden gebruikt.
In hoofdstuk 4 hebben we gekeken of er verschillende fasen zijn te onderscheiden na
een ‘drop jump landing’. Er zijn drie uitkomstmaten berekend: de snelheid waarmee het
drukcentrum zich over het krachtenplatform verplaatst, het bereik van de verplaatsing
van het drukcentrum, en de resultante waarde van de horizontale grondreactiekrachten.
Per uitkomstmaat werd een factoranalyse verricht. Voor elke uitkomstmaat waren er
vier factoren (variantiepatronen) die grotendeels (>75%) de variantie tussen
proefpersonen en sessies verklaarden. Elke factor was sterk geassocieerd met een
bepaalde fase van het signaal: dynamisch (0.4‐2.7 s), laat dynamisch (2.5‐5.0 s), statisch
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1 (5.0‐8.3 s) en statisch 2 (8.1‐11.7 s). Daaruit kan geconcludeerd worden dat er na een
‘drop jump landing’ vier verschillende fasen bestaan met unieke informatie.
In hoofdstuk 5 hebben we de uitkomstmaat ‘tijd tot stabilisatie’ (TTS) onderzocht. De TTS
is de tijd die een individu nodig heeft om stabiel op één been te staan na een sprong of
landing. Er bestaat een grote variëteit in rekenmethoden met betrekking de TTS. Deze
methoden kunnen het beste worden onderverdeeld in vier aspecten:
1.
2.

3.
4.

de richting van de gebruikte grondreactiekrachten (verticaal, voorachterwaarts, of
zijwaarts)
de signaalverwerking (is het signaal bewerkt door middel van sequentiële middeling
(SA), door middel van het kwadratisch gemiddelde (RMS), of door het passen van
een derde orde polynoom (TOP))
de definitie van stabiel staan (drempelwaarde)
de definitie van wanneer het (bewerkte) signaal als stabiel wordt beschouwd

We bepaalden de TTS volgens 18 eerder gerapporteerde rekenmethoden. Daarnaast
hebben we de effecten van de samplefrequentie, filterinstellingen en tijdsduur van de
test beoordeeld. De TTS uitkomsten varieerden aanzienlijk tussen de verschillende
rekenmethoden. De effecten van verschillen in samplefrequentie en filterinstellingen zijn
over het algemeen klein, terwijl de tijdsduur van de test een groot effect had op TTS
uitkomsten.
In hoofdstuk 6 verschaffen we inzicht in de manier waarop de keuze een bepaalde
drempelwaarde (van de stabiliteit) van invloed is op de uiteindelijke TTS uitkomsten en
de betrouwbaarheid ervan. De TTS werd berekend op basis van vier verschillende
manieren van signaalverwerking: de onbewerkte grondreactiekrachten (RAW), de RMS,
de SA, of de TOP. Voor elke signaalverwerkingsmethode werd een breed bereik van
drempelwaarden toegepast. Per drempelwaarde werd de betrouwbaarheid van de TTS
bepaald door middel van intraclass correlatiecoëfficiënten (ICC). De ICC’s waren meestal
'onvoldoende' (<0.40) tot 'redelijk' (0.40‐0.60) voor het volledige bereik van
drempelwaarden met betrekking tot de RAW en RMS signaalverwerking. De SA methode
resulteerden in de meest stabiele ICC‐waarden: 'substantieel' (>0.80) voor de verticale
richting en 'matig' (0.60‐0.80) voor voorachterwaartse en zijwaartse richting. De ICC's
voor TOP methode waren 'substantieel' voor de verticale richting, 'matig' wat betreft de
voorachterwaartse en 'redelijk' voor de zijwaartse richting. Ongeacht de
drempelwaarde, leverden de SA en TOP methoden betrouwbare TTS‐waarden, terwijl
voor de RAW en RMS methoden de betrouwbaarheid onvoldoende was.
In hoofdstuk 7 hebben we de onderlinge relatie tussen TTS en de ‘dynamische posturale
stabiliteitsindex’ (DPSI) bekeken. Daarnaast hebben we de relatie van TTS en DPSI met
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de piekkracht, en de resultante waarde van de grondreactiekrachten (Hor GRF) in de
dynamische en statische fasen na een landing bepaald. De verschillende TTS methoden
waren significant met elkaar gecorreleerd (r=0.28‐0.53), maar waren niet significant
gecorreleerd met DPSI. De TTS had een sterkere relatie met de Hor GRF (0.4‐2.4 s)
(r=0.54‐0.75) dan met de Hor GRF (3.0‐5.0 s) (r=0.32‐0.54) of piekkracht (r=‐0.28‐0.36).
De verticale TTS was niet significant gerelateerd aan de piekkracht. De DPSI was het
sterkst gerelateerd aan de verticale piekkracht (r=0.85) en was niet significant
gerelateerd aan de dynamische Hor GRF. Verder waren TTS en dynamische Hor GRF
significant gerelateerd aan statische Hor GRF (r=0.34‐0.80), terwijl DPSI en
impactkrachten dat niet waren. Daarom vertegenwoordigen TTS en DPSI verschillende
aspecten van de prestatie op een ‘drop jump landing’. Het vermogen om de houding te
stabiliseren lijkt te worden gerepresenteerd door TTS en dynamische Hor GRF, die
gedeeltelijk overlapt met statische Hor GRF. De DPSI en verticale piekkracht daarentegen
weerspiegelen voornamelijk de kinetische energieabsorptie tijdens impact.
In hoofdstuk 8 hebben we de relatie tussen de prestaties op een ‘drop jump landing’ en
de kans op laterale enkelverstuikingen binnen drie jaar in een groep van
190 topvoetballers beoordeeld. Op basis van grondreactiekrachten werden zes
uitkomstmaten die gerelateerd zijn aan de impact‐ en stabilisatiefase berekend. Na een
correctie voor leeftijd met behulp van z‐scores werd een multivariate regressieanalyse
uitgevoerd.
Tijdens de follow‐up maakten 45 spelers (23.7%) een laterale enkelverstuiking door.
Daarvan zijn er 34 als ernstig (>7 dagen afwezigheid) beschouwd. Er bestond een relatie
tussen de prestaties op de ‘drop jump landing’ test en een verhoogd risico op
enkelverstuiking (p=0.005 voor alle verstuikingen en p=0.001 voor ernstige
verstuikingen). Lage zijwaartse stabiliteit gedurende de eerste 0.4 s na de landing (een
grotere waarde betekent meer kracht in zijwaartse richting, resulterend in snelle laterale
stabilisatie) en een hoge horizontale grondreactiekracht tussen 3.0‐5.0 s (een kleinere
waarde duidt minder zwenking aan in de stabilisatie fase) werden geïdentificeerd als
risicofactoren. Een speler die voor beide risicofactoren 2 SD onder het gemiddelde
scoorde, had een 4.4 maal grotere kans om een enkelverstuiking op te lopen dan een
speler die gemiddeld scoorde.
Ten slotte reflecteren we in hoofdstuk 9 op de belangrijkste bevindingen en beperkingen
van dit proefschrift, en de screening van letsels in het algemeen. We bespreken de
praktische implicaties en geven advies voor toekomstig onderzoek.
Het is essentieel om gebruikte uitkomstmaten goed te begrijpen voordat er conclusies
getrokken of beslissingen genomen worden. Op basis van een dynamische test (de ‘drop
jump landing’ test) en relevante uitkomstmaten hebben we een verband aangetoond
tussen prestatie en het risico op een enkelverstuiking.
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Om een volgende stap te kunnen zetten wat betreft blessurepreventie, moeten clubs (of
sportbonden) samenwerken, het eens zijn over wat er precies gemeten moet worden,
en dient er een instantie verantwoordelijk te zijn voor gegevensbeheer en analyse. Als
de kwaliteit en kwantiteit van de verkregen gegevens voldoende is, welllicht kunnen dan
screeningtests gebruikt om juist díe sporters te identificeren met een verhoogd
blessurerisico, en hen middels een gerichte interventie voor deze blessure te behoeden.
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voorzien. Dat kan ik Joyce niet aandoen. Nogmaals, zonder jou was dit niet gelukt. Mooi
dat we het samen met een feestje kunnen vieren.
Vosse de Boode. Dank voor je praktische ondersteuning; op de Toekomst, en in raad en
daad. Je zal regelmatig diep hebben moeten zuchten als er weer naar ontbrekende trials
gezocht moest worden. Maar het is ons gelukt om binnen de grenzen van de praktische
haalbaarheid de wetenschap lege artis te bedrijven.
Prof. dr. E.A.L.M. Verhagen, Evert. Je bent een voorbeeld. Uiteraard de passie en
toewijding voor je vak, maar ook je colleges tijdens de opleiding geneeskunde. Daar waar
menigeen nog treurde over het pensioen van de overheadprojector, gaf jij een Keynote
waar Steve Jobs jaloers op zou zijn geweest. Dank voor de frisse wind en je bijdrage(n) in
de beginfase van ons onderzoek.
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Dr. M.D. Hupperets, Maarten. Hoewel we uiteindelijk op een andere weg zijn beland,
vormde jouw proefschrift het initiële fundament voor ons onderzoek. Dank voor je hulp
en motivatie in de beginfase, en voor de aanmoediging in je dankwoord.
Prof. dr. I.C. Heyligers, Ide. Dank voor je geloof in mij. Na ons allereerste gesprek zat ik
vol energie in de trein terug naar Amsterdam, niet wetende dat dit een jaar later de trein
‘heen’ zou worden. Het plezier dat je hebt in opleiden werkt aanstekelijk. Daarnaast je
bovenmatige interesse in de mens achter de dokter. Inmiddels ben je een trotse
grootvader, regelmatig passeren de babyfoto’s in de overdracht.
Dr. H.M. Staal, Heleen. Dank voor de ruimte die je me hebt gegeven gedurende twee
jaar academie. Terwijl je vol overgave de belangen van de assistentengroep als geheel
behartigt, heb je minstens net zo veel oog voor het potentieel van ieder individu. De
ROGO‐Zuid heeft aan jou een hele goeie.
Dr. S.M.J. van Kuijk, Sander. Dank voor je kritische blik, aandachtspunten en adviezen ter
voorbereiding op de verdediging. Much appreciated. Hopelijk zullen we in de toekomst
nog vaker samenwerken.
Daarnaast de leden van de promotiecommissie die nog niet genoemd zijn: prof. dr.
Veeger, dr. Tol, dr. Nolte, en dr. Kiers. Dank voor jullie opbouwende commentaar met
betrekking tot het manuscript, en jullie aanwezigheid en bijdrage wat betreft de
verdediging.
Tiny Wouters. Dank voor je hulp met de fraaie opmaak. Laten we hopen dat het aantal
uiteindelijke ‘foutjes’ op twee handen te tellen blijkt, aangezien we daar allebei
allergisch voor zijn.
Stafleden, collega arts‐assistenten, semiartsen, en coassistenten in het Zuyderland MC
en MUMC+. Dank voor het wisselen van gedachten over de wetenschap in het
algemeen, de rol van onderzoek in de kliniek, maar ook de huidige en toekomstige
ontwikkelingen in het zorglandschap in engere zin. Juist als je de diepte in duikt, is het
van belang om overzicht te houden. Daarnaast dank voor het aanhoren van de
verschillende presentaties. Het blijft een uitdaging om de eerste afdwalende blik zo lang
mogelijk uit te stellen.
Mijn paranimfen. Peter van Baak en Jaap Stockmann. Wie had ik beter kunnen vragen
dan twee spelers die weten hoe het is om op het hoogste niveau te acteren, dat elke
fout fataal kan zijn, met maandenlang nachtmerries tot gevolg? Catan kan
meedogenloos zijn. We hebben zo ontzettend veel samen meegemaakt, en dit had
allemaal zo ontzettend weinig te maken met m’n onderzoek. Toch heb ik geen moment
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getwijfeld om jullie te vragen. Jullie weten (ieder op je eigen manier) een balans te
vinden tussen intens van het leven genieten en ijzeren discipline. Een schijnbare
tegenstrijdigheid. Vooral doen wat je leuk vindt, maar dan wel goed. Een mooi ideaal.
Dank dat jullie er waren de afgelopen jaren, en op de toekomst.
Mijn vrienden. Enerzijds de vrienden uit Amsterdam die met enige regelmaat de moeite
nemen om de tocht naar het zuiden te maken. Anderzijds de vrienden die ervoor
hebben gezorgd dat ik ‘goed ben geland’ in Maastricht en er met veel plezier mijn leven
heb opgebouwd. Dank voor de herinneringen aan onvergetelijke avonden, wedstrijden,
reizen, diensten, braais, spelletjes, en de bijbehorende gesprekken.
Mijn familie. Mams, pa, Mark, en Kris. Dank voor jullie onvoorwaardelijke steun,
interesse, en geduld. Zonder jullie was dit een erg lastig verhaal geworden. Veronica,
Steven, Sima, Ron, Rietje, en Romina, jullie bijdrage is wellicht wat meer indirect van
aard, maar desalniettemin zeer gewaardeerd. Dank.
Mijn thuis. Kyra. Ik ben zo ontzettend blij dat ik jou heb leren kennen. Iedere avond val ik
met een glimlach in slaap, en (bijna) iedere ochtend word ik met een glimlach wakker. Ik
vind het heerlijk om samen met je te zijn, het maakt eigenlijk niet zo veel uit wat we
doen. Dankjewel voor je onvoorwaardelijke steun en begrip als ik weer aan m’n
onderzoek wilde werken. En ook voor de talloze intercepties als Charlie op schoot kroop
met de ambitie om Woezel & Pip te gaan kijken. We hebben echt een geweldig
mannetje. Hoewel er een spannende tijd aankomt, weet ik zeker dat we het samen gaan
regelen. Kump goot. Ik hou van jou.
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CURRICULUM VITAE
Duncan Paul Fransz was born on the 25th of February 1981 in
Amstelveen, the Netherlands. He is the eldest child to Duncan
(sr.) and Gerrie, and brother to Mark and Kristin. After high
school graduation at the Keizer Karel College (gymnasium) in
Amstelveen in 1999, he moved to Delft to study Architecture
at the Technische Universiteit. The following year he moved
back to Amsterdam and started his study Human Movement
Sciences at the Vrije Universiteit (VU), to receive his Master
degree in 2007. In the meantime he started his study
Medicine at the VU Medical Center in 2006, and received his
Medical degree in 2011.
While studying Medicine his interest in research grew, which resulted in the ambition to
further improve his research skills and obtain a PhD degree. On the other hand, his
determination to become an orthopaedic surgeon was strengthened during his clinical
rotations. To achieve both these goals, he gained clinical experience as resident (not in
training) at the Department of Orthopaedic Surgery in at the VU Medical Center (2012)
and laid the foundation for the current thesis at the Faculty of Human Movement
Sciences and AFC Ajax (2013).
In 2014 he started his training in General Surgery at the Zuyderland Medical Center in
Heerlen (supervision: dr. Meindert Sosef and dr. Rob Welten). In 2016 he continued his
training in Orthopaedic Surgery at the same hospital (supervision: prof. dr. Ide Heyligers
and dr. Steven Samijo), and at the Maastricht University Medical Center (supervision: dr.
Heleen Staal and prof. dr. Lodewijk van Rhijn). In 2019 he returned to the Zuyderland
Medical Center for the final two years of his training (supervision: prof. dr. Ide Heyligers
and dr. Edwin Jansen), thus aiming to finish at the start of 2021.
During his surgical training, he met Kyra Hermans. In fact, their first encounter was in the
operating room. They live together in Maastricht, with their son Charlie (2017).
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