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1. Standing balance in sports 

In sports, testing of functional performance of players is commonly applied, for instance 
to evaluate training progress, rehabilitation progress, or to assess qualities of a player. All 
this data is used to optimize the sport performance of a player or a team, and to minimize 
the risk and burden of injuries. A wide range of functional determinants can be considered 
important for sports performance. Therefore, evaluated qualities of a player commonly 
encompass physiological characteristics (e.g., aerobic and anaerobic capacity), general 
motor abilities (e.g., flexibility, speed, agility, strength), sport specific technical skills, and 
sport-specific perceptual-cognitive skills (e.g., decision making) [1–5]. In addition to these 
qualities, a possibly important general motor ability is the total body sensorimotor control 
[6,7]. However, assessments of sensorimotor control are not commonly applied during 
monitoring of athletes. 

The sensorimotor control system relies on feedback mechanisms to accurately coordinate 
the timing and magnitude of corrective motor actions [8,16]. The coordination of corrective 
motor actions is considered particularly important to control the body during demanding, 
rapid or unexpected movement [8], to protect joint ligaments [6,9,10] and to avoid 
traumatic injury in sports [11]. Therefore, sensorimotor training is an important aspect of 
standard training and warming up routines in athletes [12–14] and of rehabilitation after 
injuries such as ankle sprains and anterior cruciate ligament (ACL) ruptures [9,10,15]. Total 
body sensorimotor control is the result of continuous interaction of sensory reception (i.e., 
visual, vestibular, proprioceptive), central nervous system (CNS) processing, movement 
planning, and peripheral motor output (Figure 1) [6]. The model shown in Figure 1 implies 
that many aspects of the control system can result in limitations of the motor output. 
Given that the motor output is the net result of the different aspects of the control system, 
it is also to some extent possible that specific impairments are compensated by other 
parts of the system. Therefore, tests at the level of the motor output aim to assess the 
performance of the entire sensorimotor control system. 

Figure 1 | Adapted from Witchalls et al. (2012). Model of sensorimotor control.
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For many years, tests have been employed to assess the sensorimotor control system. 
In clinical practice, balance tasks are most commonly applied to this end. For instance, 
in neurological examinations, the Romberg test identifies strong impairments of 
sensorimotor control, when a person cannot stand on two legs with the eyes closed. 
Similarly, this test is also applied on one leg (eyes open or closed), to identify impairments 
among physically active individuals in the practice of physical therapy. However, these 
tests do not show a degree of performance and can only detect strong impairments, which 
limits their applicability [17]. In laboratory setting, sophisticated measurement of balance 
performance is possible by means of 3D kinematics and/or force plate recordings during 
a balance task, which allows accurate assessment of balance performance. In laboratory 
testing, many different balance tasks have been used to assess sensorimotor control. 
Related to sports, the majority of studies employed unperturbed single-leg stance (SLS) 
on firm ground [18–21]. The instruction in the SLS is to stand as motionless as possible, 
while force plate or kinematics recordings are used to describe the motion of the body 
during stance. Obviously, a SLS differs from the highly dynamic motor behavior during 
sports. However, the test aims to test the sensorimotor control system in a standardized 
and reproducible manner. As such, SLS performance can be considered a basic attribute 
of a player, within the category general motor ability. Variations of the SLS test include a 
reduction of sensory input (eyes closed), an increase in difficulty (eyes closed, unstable 
surface, jump landing, Star Excursion Balance Test (SEBT), or an improvement of the 
ecological validity (ball-kick movement, jump landing) [22–25]. All of these variations 
introduce extra sources of variance and target to some extent other aspects of the 
neuromuscular system than the unperturbed SLS [22,26]. 

Kiers et al. (2013) performed a systematic review on the relationship between balance 
performance and physical activity level. Balance performance was quantified by center 
of pressure (COP) excursions recorded with a force plate, which will be explained in more 
detail in paragraph 2. The tasks included were standing on both legs or on one leg, on 
firm or unstable surfaces, with and without visual input. It was shown that unperturbed 
bipedal stance has limited sensitivity to detect differences between groups of healthy 
individuals. For SLS, the COP sway parameters were lower in sport-practitioners compared 
to controls, as well as in high-level athletes compared to low-level athletes. Therefore, it 
was advised to employ SLS instead of bipedal stance when healthy individuals are to 
be evaluated. The type of sport most often included was soccer. Compared to controls, 
soccer players performed better on the SLS with eyes open. This was corroborated in 
a large sample (n=185) of soccer players among all levels (eleven) of the Italian soccer 
leagues [7]. Even within the professional levels with a similar training intensity the test 
was discriminative, with better SLS performance of the players in higher leagues. There is 
also evidence that soccer training itself improves SLS performance [27]. Additionally, Kiers 
et al. (2013) reported sport-specific differences in SLS performance between athletes. 
It was postulated that these differences could be related to sport-specific alterations in 
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postural control. For instance, differences in SLS performance between rifle shooters and 
non-shooter controls increased when an aiming position was taken. In addition, dancers 
showed better SLS performance with visual input, but worse SLS performance without 
vision, compared to controls [18]. 

Due to the complexity of the sensorimotor system, SLS performance can be responsive 
to changes or to suboptimal functioning of many parts of the control system. In athletes, 
impaired SLS performance has been found after the occurrence of ankle sprains, chronic 
ankle instability, ACL ruptures, concussions and fatigue [21,28–31]. Most studies assessing 
SLS performance focused on ankle sprains or chronic ankle instability [19,20,32]. Tropp 
et al. (1984) demonstrated a clear relation between ankle joint motion, m. peroneus 
activity and postural sway during SLS [32]. A causal relationship between ankle sprains 
and impaired SLS performance was assumed. Proposed mechanisms of ankle sprains 
leading to limited SLS performance are damage of the n. peroneus, impaired ligament 
proprioception and limited range of flexion/extension motion. Indeed, during the acute 
phase (< 6 weeks) of an ankle sprain, the SLS performance of the injured leg is impaired 
compared to the non-injured leg [33,34]. However, this could also be due to inactivity of 
the affected leg, or to an arthrogenic muscle response to pain, damage and edema [35–
37], which might affect postural control strategies. The latter is supported by the repeated 
observation that the SLS performance of the contralateral leg is impaired as well [38,39]. 

There is also evidence that the SLS test targets aspects of physical functioning that are 
important in the aetiology of ankle sprains. A meta-analysis of prospective data on first-time 
ankle sprain incidence identified low SLS performance as a risk factor [6]. This strengthens 
the general assumption that the coordination of corrective motor actions is important 
to protect joint ligaments. Firstly, the functional control of the ankle is provided by the 
interaction between the active restraint from the ankle muscles and the passive stability 
of the non-contractile soft tissues (e.g. joint ligaments) and bony geometry [6]. Therefore, 
fast and adequate corrective motor control at the level of the ankle can reduce the load of 
joint ligaments, possibly avoiding a strain or tear of ligaments. Secondly, movement of the 
relatively large mass above the ankle can result in large moments around the ankle joint. 
As a consequence, adequate control of this body mass during sport movements is likely to 
minimize the load on both the active and passive system of the ankle. 

It was also shown that training of sensorimotor control (consisting of a number of balance 
tasks) during the first six months after an ankle sprain reduced the ankle sprain recurrence 
in individuals who had already returned to pre-injury level of activity [10]. It is unknown 
whether this effect of sensorimotor training is related to the existence of impairments 
in sensorimotor control, and whether these impairments are due to the previous ankle 
sprain. Therefore, it is also possible that sensorimotor training will reduce the risk of ankle 
sprains regardless of the pre-training level of functioning. 
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Negahban et al. (2014) showed in a systematic review (12 studies) that SLS performance 
was impaired in both legs after an ACL rupture without surgical repair [21]. A difference 
between the injured and non-injured legs was only found in SLS with the eyes closed, 
which may be due to the stronger dependence on proprioceptive information in the eyes 
closed condition. In addition, in a group of individuals with an ACL rupture after surgical 
repair, impaired balance performance on an unstable platform (BIODEX) was a risk factor 
for recurrence [9]. It was proposed that larger sway of the upper body during dynamic 
activity leads to higher shear forces in the knee and hence a higher risk of ACL ruptures. 

Finally, diffuse effects of concussive injuries on brain function often lead to deficits in 
sensorimotor control [28,31,40,41]. Sensorimotor control deficits after a concussion have 
been attributed to failure to integrate sensory vestibular and visual information. It was 
shown that a balance composite score was diminished up to ten days after concussion 
compared to controls, while at that time the reported symptoms had vanished [40]. 
Therefore, a SLS test is recommended as part of a concussion-assessment tool for athletes 
[28]. However, to date, at the individual level, there is no guidance on how to interpret test 
results and normative data are lacking. 

2. Quantification of balance task performance

Postural stability and balance performance are common denotations for the performance 
of a balance task. However, it may be argued that a degree of postural stability or 
balance performance does not exist, since a person is either stable/in balance, or not 
[16]. Nevertheless, throughout this thesis and in the vast majority of studies, postural 
stability and balance performance are considered interchangeable concepts to denote 
the performance on a balance task. Given that the purpose of a standing task (e.g., bipedal 
stance and SLS) is to stand as motionless as possible, more movement of the body can 
be considered a poorer performance. With respect to dynamic balance tasks, the aim is 
to decrease the movement of the body as fast as possible following a perturbation (e.g., 
jump landing). Therefore, performance assessment is more complex than for SLS, requiring 
analysis of body movement as a function of time relative to the onset of the perturbation. 

It is generally accepted to take the center of mass (COM; the point representing the 
mean position of the matter in a system) of the human system. Hence, the movement of 
the COM during balance tasks should reflect the performance on that balance task. The 
movement of the COM could be quantified by (1) the average or standard deviation of the 
COM excursions around a setpoint or attractor (estimated as the averaged COM location), 
or by (2) the mean velocity or acceleration of the COM trajectory [42]. The assumption is 
that a higher mean distance of the COM to the estimated setpoint, a higher mean absolute 
velocity and a higher mean absolute acceleration all indicate poorer performance in 
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balance tasks. However, due to the base of support in SLS, the location of the setpoint/
attractor can vary over time [43,44]. Therefore, it seems preferable to use the speed (or 
acceleration) of the COM rather than the COM excursions around a single setpoint [42]. 
Furthermore, it has been suggested to assess the SLS performance by means of the joint 
angular motions [45]. Especially when subjects are instructed to keep their hands on 
their pelvis to limit arm movement, the lower extremity joints (ankle, knee and hip) have 
been shown to comprise most of the movement of the body during SLS [45]. It could be 
that measurements of angular motion of the ankle and the hip are more responsive to 
movement of the body than COM assessments. 

A drawback of assessing SLS performance by means of COM or angular motion is the 
necessity of performing laborious measurements of 3D kinematics. Therefore, center of 
pressure (COP) recordings by means of a force plate have most often been applied for the 
quantification of balance performance. The COP is the point of application of the ground 
reaction force (GRF), which is equal and opposite to the contact force exerted by the body 
on the ground. In a passive system, the COP is exactly located under the COM. In an active 
system motor actions can alter the COP location with respect to the COM location. The 
larger the distance between COP and COM location in the horizontal plane, the larger the 
horizontal COM acceleration. This is due to the moment of the vertical component of the 
GRF around the COM (Figure 2A). 

Figure 2 | Adapted from Hof et al. (2007). The ‘moving the COP’ mechanism (a) and the ‘counter-rotation’ mechanism 
(b) to modulate the COM and to perform a single-leg stance as motionless as possible. CoP: center of pressure; CoM’: 
vertical projection of center of mass on the ground; FGy: ground reaction force vertical component; maxz: mass · 
acceleration; H: derivative of the angular momentum (H) around the COM, which is equal to the moment due to the 
accelerations of all segments with respect to the CoM.

The mechanism of altering the COP location to modulate the COM is denoted as the 
‘moving the COP’ mechanism [44,46]. This is thought to be mainly due to muscle actions 
around the ankle joint, hence has been traditionally classified as ‘ankle strategy’ [47]. 
During SLS, another mechanism to accommodate COM acceleration is used as well [46]. 
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This mechanism encompasses the rotational acceleration of body segments around 
the COM, such as trunk movements (Figure 2B), and is denoted as the ‘counter-rotation’ 
mechanism [46]. Due to conservation of angular momentum, the rotational acceleration 
of body segments around the COM result in rotation of the whole body in the opposite 
direction. The ‘hip strategy’ refers to the counter-rotation movements of the trunk [47]. In 
addition, the contralateral leg can be used for counter-rotations as well, or to move the 
COP [42]. In an active system, the COP trajectory reflects the ‘moving the COP’ mechanism 
and the movement of the COM. Therefore, COP movement encompasses both the cause 
and effect of the performance. Although this could complicate things, with the aim of a 
motionless stance, more COP movement can be considered a poorer performance. Keep 
in mind that the ‘counter-rotation’ mechanism is not directly reflected in COP movement, 
but only indirectly via the resulting COM movement. 

Many parameters have been used to characterize the COP trajectory: the deviation of the 
COP around the average COP (maximum range, standard deviation, root-mean-square, 
total (ellipse) area), mean speed (or total path length), mean frequency, and various non-
linear parameters [43,48]. The anteroposterior (AP) and mediolateral (ML) directions are 
often considered separately. For two-legged stance, there seems to be a clear functional 
difference in control strategy, that is reflected in the AP and ML directions of the COP 
parameters [46,49]. However, during the SLS task, the control mechanism is different, 
mainly due to a different base of support and the inability to perform a load-offload 
strategy of the two legs [44,46]. Therefore, it is not evident that the functional meaning of 
the AP and ML distinction in two-legged stance can be generalized to the SLS assessments. 

In general, COP parameters and directions seem to provide very similar information in 
terms of movement during a static balance task. However, there are some differences 
in reproducibility [43,48], which likely affects the ability of the test to detect changes or 
differences between groups. The mean COP speed (COPspeed) has consistently been 
shown to possess very high reliability and is generally most sensitive to group differences 
[27,43,50–52]. COP excursion parameters (distance to a setpoint/attractor) are widely 
applied, but they have shown lower reproducibility compared to COPspeed [43,48,53,54]. 
As there may not be a gold standard for balance performance of SLS, it is challenging to 
compare the validity of various COP parameters. 

Another parameter of the force plate recordings that has been considered as a measure 
of SLS performance is the magnitude of the horizontal GRF normalized to body weight 
(HGRF) [52,55]. This magnitude directly represents the COM acceleration in the horizontal 
plane. It assesses the net effect on COM acceleration of the ‘moving the COP’ mechanism 
(difference between COP and COM) and the ‘counter-rotation’ mechanism. When only the 
‘moving the COP’ mechanism is applied, the GRF is always pointing exactly to the COM. 
However, when counter-rotation mechanisms are performed, the additional moment 
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around the COM results in additive horizontal forces. Hence, the GRF is not pointing 
towards the COM (Figure 3) [46]. Therefore, the HGRF may be the only force plate measure 
that adequately reflects the net effect of both the ‘ankle strategy’ and the ‘hip strategy’. 
As such, HGRF could be a good measure to quantify SLS performance. The larger the 
magnitude of the HGRF, the worse the performance. To date, only few studies have applied 
the HGRF for static balance task performances [52,55]. Ross et al. (2009) [52] showed that, 
out of various force plate parameters, HGRF best detected differences in SLS performance 
between a group of participants with functional ankle instability and a control group.

Figure 3 | Adapted from Hof et al. (2006). The GRF (FG, FGy, FGx) in the situation when counter-rotation mechanism is 
applied, with additional horizontal forces. CoM: center of mass; CoP: center of pressure; CoM’: vertical projection of 
CoM on the ground, FE: external force; H: angular momentum around the CoM; Xa: horizontal acceleration of CoM 
in mediolateral direction; Xh: horizontal acceleration of CoM due to H; Xe: horizontal acceleration of CoM due to Fe; l: 
height of CoM .
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3. Thesis outline

The aim of this thesis was to improve the testing of the single-leg stance (SLS) balance 
performance and lay the foundation for practical applications in sport. This to bridge 
the gap between laboratory tests and practical applications of SLS performance. The 
ultimate goal is to help optimizing physical performance, sports performance and injury 
prevention and management. 

Leg preference is believed to be a factor affecting SLS performance, and research designs 
are often controlled for it. However, literature on this subject is at least ambiguous. 
Chapter 2 therefore focuses on the effect of different outcomes of leg preference tasks on 
the SLS performance of competitive field hockey players. 

In Chapter 3, we have attempted to determine limitations in SLS performance among 
field hockey players who recovered from ankle sprain injury in the previous six months 
and to identify characteristics of the subset of players with limited SLS performance. 

Large-scale longitudinal monitoring of SLS performance can be useful for identifying 
players in need of additional sensorimotor training, to demonstrate temporary limitations, 
and to monitor the progress of rehabilitation. Given the large number of academies 
for male elite youth soccer players, it would be worthwhile to apply the SLS test to this 
specific group of athletes. To date, reference data are missing, while such data is essential 
for interpretation. Previous studies suggest that age can be an important factor for 
SLS performance in young soccer players. Therefore, Chapter 4 provides age-matched 
z-scores of SLS performance for male elite youth soccer players from 9 to18 years old and 
also includes reference of abnormal change in longitudinal monitoring. 

In SLS, the assessment of the validity and reliability of force plate parameters (HGRF, 
COPspeed, COPsway) and parameters that record the angular movement of the ankle, 
knee and hip has not yet been performed. Chapter 5 attempts to assess validity and 
reliability of these parameters in a sample of field hockey players, to guide future selection 
of parameters. 

A single-leg drop jump landing (DJ) test has been put forward as an alternative to the SLS-
test. It has been shown that the landing kinetics of participants after an ankle sprain [56] 
or ACL rupture [57] were different than with healthy controls. In addition, it can be argued 
that the ability to handle postural movements following a drop jump landing is more 
sensitive to disturbances in sensorimotor control than static balance. On the other hand, 
SLS is easier to standardize and probably more reliable. If the DJ-test can be extended 
with a static phase after the dynamic phase, it may be possible to test the landing itself, 
the dynamic balance and the static balance. This would improve the practical applicability 
of the DJ-test, and would make additional testing of SLS unnecessary. This can reduce the 
burden on players and coaches. Therefore, Chapter 6 assesses in physically active adults 
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whether a static phase after a single-leg drop jump landing can be used as a proxy for SLS 
performance. If that is the case, both tests can be combined in one task. 

In a DJ-test, common postural stability parameters are the time-to-stabilisation (TTS) and 
the dynamic postural stability index (DPSI). However, it is currently unknown how these 
outcome measures are interrelated and how they relate to landing kinetics and postural 
sway of dynamic and static time periods. Therefore, Chapter 7 determines those relations 
in elite soccer players of 9 to 33 years old. The aim is to better understand the dynamic 
outcome measures of the DJ-test to improve interpretation and translation to functional 
impairments. 

The applicability of large-scale implementation of SLS performance in different sport 
types can be hampered by the availability of expensive laboratory grade force plates. That 
is why in Chapter 8.1 the COP recordings of different SLS tasks were compared between 
a widely available mobile Wii Balance Board and a laboratory grade force plate. Chapter 
8.2 provides our response on a critical appraisal by Pagnacco et al. of the study reported 
in Chapter 8.1. 

Chapter 9 provides a summary, general discussion of the thesis, and future perspectives. 



General introduction

1

17

References

1.  Höner O, Votteler A. Prognostic relevance of motor talent predictors in early adolescence: A group- and 
individual-based evaluation considering different levels of achievement in youth football. J Sports Sci. 
2016;34: 2269–2278.

2.  Lago-Peñas C, Rey E, Casáis L, Gómez-López M. Relationship between performance characteristics and the 
selection process in youth soccer players. J Hum Kinet. 2014;40: 189–199.

3.  Mirkov D, Nedeljkovic A, Kukolj M, Ugarkovic D, Jaric S. Evaluation of the reliability of soccer-specific field 
tests. J Strength Cond Res. 2008;22: 1046–1050.

4.  O’Connor D, Larkin P, Mark Williams A. Talent identification and selection in elite youth football: An 
Australian context. Eur J Sport Sci. 2016;16: 837–844.

5.  Unnithan V, White J, Georgiou A, Iga J, Drust B. Talent identification in youth soccer. J Sports Sci. 2012;30: 
1719–1726.

6.  Witchalls J, Blanch P, Waddington G, Adams R. Intrinsic functional deficits associated with increased risk of 
ankle injuries: a systematic review with meta-analysis. Br J Sports Med. 2012;46: 515–552.

7.  Ricotti L, Rigosa J, Niosi A, Menciassi A. Analysis of balance, rapidity, force and reaction times of soccer 
players at different levels of competition. PLoS One. 2013;8: e77264.

8.  Sekulic D, Spasic M, Mirkov D, Cavar M, Sattler T. Gender-specific influences of balance, speed, and power 
on agility performance. J Strength Cond Res. 2013;27: 802–811.

9.  Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer GD, Huang B, et al. Biomechanical measures during landing 
and postural stability predict second anterior cruciate ligament injury after anterior cruciate ligament 
reconstruction and return to sport. Am J Sports Med. 2010;38: 1968–1978.

10.  Hupperets MDW, Verhagen EALM, van Mechelen W. Effect of unsupervised home based proprioceptive 
training on recurrences of ankle sprain: randomised controlled trial. BMJ. 2009;339: b2684.

11.  van der Sluis A, Elferink-Gemser MT, Coelho-e-Silva MJ, Nijboer JA, Brink MS, Visscher C. Sport injuries 
aligned to peak height velocity in talented pubertal soccer players. Int J Sports Med. 2014;35: 351–355.

12.  Bizzini M, Junge A, Dvorak J. Implementation of the FIFA 11+ football warm up program: how to approach 
and convince the Football associations to invest in prevention. Br J Sports Med. 2013;47: 803–806.

13.  Impellizzeri FM, Bizzini M, Dvorak J, Pellegrini B, Schena F, Junge A. Physiological and performance 
responses to the FIFA 11+ (part 2): a randomised controlled trial on the training effects. J Sports Sci. 
2013;31: 1491–1502.

14.  Hrysomallis C. Relationship between balance ability, training and sports injury risk. Sports Med. 2007;37: 
547–556.

15.  Grant JA. Updating Recommendations for Rehabilitation after ACL Reconstruction: a Review. Clin J Sport 
Med. 2013;23: 501–502.

16.  Reeves PN, Narendra KS, Cholewicki J. Spine stability: The six blind men and the elephant. Clin Biomech. 
2007;22: 266–274.

17.  Pasma JH, Bijlsma AY, van der Bij MDW, Arendzen JH, Meskers CGM, Maier AB. Age-related differences in 
quality of standing balance using a composite score. Gerontology. 2014;60: 306–314.

18.  Kiers H, van Dieën J, Dekkers H, Wittink H, Vanhees L. A systematic review of the relationship between 
physical activities in sports or daily life and postural sway in upright stance. Sports Med. 2013;43: 1171–
1189.

19.  Witchalls J, Blanch P, Waddington G, Adams R. Intrinsic functional deficits associated with increased risk of 
ankle injuries: a systematic review with meta-analysis. Br J Sports Med. 2012;46: 515–523.

20.  de Noronha M, Refshauge KM, Herbert RD, Kilbreath SL, Hertel J. Do voluntary strength, proprioception, 
range of motion, or postural sway predict occurrence of lateral ankle sprain? Br J Sports Med. 2006;40: 
824–8; discussion 828.

21.  Negahban H, Mazaheri M, Kingma I, van Dieën JH. A systematic review of postural control during single-leg 
stance in patients with untreated anterior cruciate ligament injury. Knee Surg Sports Traumatol Arthrosc. 
2014;22: 1491–1504.



Chapter 1

1

18

22.  Riemann BL, Schmitz R. The relationship between various modes of single leg postural control assessment. 
Int J Sports Phys Ther. 2012;7: 257–266.

23.  Read PJ, Oliver JL, Croix MBDS, Myer GD, Lloyd RS. Consistency of field-based measures of neuromuscular 
control using force-plate diagnostics in elite male youth soccer players. J Strength Cond Res. 2016;30: 
3304–3311.

24.  Teixeira LA, de Oliveira DL, Romano RG, Correa SC. Leg preference and interlateral asymmetry of balance 
stability in soccer players. Res Q Exerc Sport. 2011;82: 21–27.

25.  Matsuda S, Demura S, Nagasawa Y. Static one-legged balance in soccer players during use of a lifted leg. 
Percept Mot Skills. 2010;111: 167–177.

26.  Pau M, Arippa F, Leban B, Corona F, Ibba G, Todde F, et al. Relationship between static and dynamic balance 
abilities in Italian professional and youth league soccer players. Phys Ther Sport. 2015;16: 236–241.

27.  Jakobsen MD, Sundstrup E, Krustrup P, Aagaard P. The effect of recreational soccer training and running on 
postural balance in untrained men. Eur J Appl Physiol. 2011;111: 521–530.

28.  Broglio SP, Cantu RC, Gioia GA, Guskiewicz KM, Kutcher J, Palm M, et al. National Athletic Trainers’ 
Association position statement: management of sport concussion. J Athl Train. 2014;49: 245–265.

29.  Huurnink A, Fransz DP, Kingma I, Verhagen EALM, van Dieën JH. Postural stability and ankle sprain history 
in athletes compared to uninjured controls. Clin Biomech. 2014;29: 183–188.

30.  Pau M, Ibba G, Attene G. Fatigue-induced balance impairment in young soccer players. J Athl Train. 2014;49: 
454–461.

31.  Powers KC, Kalmar JM, Cinelli ME. Recovery of static stability following a concussion. Gait Posture. 2014;39: 
611–614.

32.  Tropp H, Ekstran J, Guilquist J. Stabilometry in functional instability of the ankle and its value in predicting 
injury. Med Sci Sports Exerc. 1984;16: 64–66.

33.  Holme E, Magnusson SP, Becher K, Bieler T, Aagaard P, Kjaer M. The effect of supervised rehabilitation on 
strength, postural sway, position sense and re-injury risk after acute ankle ligament sprain. Scand J Med Sci 
Sports. 1999;9: 104–109.

34.  Leanderson J, Eriksson E, Nilsson C, Wykman A. Proprioception in classical ballet dancers. A prospective 
study of the influence of an ankle sprain on proprioception in the ankle joint. Am J Sports Med. 1996;24: 
370–374.

35.  Palmieri RM, Ingersoll CD, Hoffman MA, Cordova ML, Porter DA, Edwards JE, et al. Arthrogenic muscle 
response to a simulated ankle joint effusion. Br J Sports Med. 2004;38: 26–30.

36.  Tourné Y, Besse JL, Mabit C. Chronic ankle instability. Which tests to assess the lesions? Which therapeutic 
options? Orthop Traumatol Surg Res. 2010;96: 433–446.

37.  Yammine K, Fathi Y. Ankle “sprains” during sport activities with normal radiographs: incidence of associated 
bone and tendon injuries on MRI findings and its clinical impact. Foot. 2011;21: 176–178.

38.  McKeon PO, Hertel J. Spatiotemporal postural control deficits are present in those with chronic ankle 
instability. BMC Musculoskelet Disord. 2008;9: 76.

39.  Wikstrom EA, Naik S, Lodha N, Cauraugh JH. Bilateral balance impairments after lateral ankle trauma: a 
systematic review and meta-analysis. Gait Posture. 2010;31: 407–414.

40.  McCrea M, Guskiewicz KM, Marshall SW, Barr W, Randolph C, Cantu RC, et al. Acute effects and recovery 
time following concussion in collegiate football players: the NCAA Concussion Study. JAMA. 2003;290: 
2556–2563.

41.  Dorman JC, Valentine VD, Munce TA, Tjarks BJ, Thompson PA, Bergeron MF. Tracking postural stability of 
young concussion patients using dual-task interference. J Sci Med Sport. 2015;18: 2–7.

42.  van Dieën JH, van Leeuwen M, Faber GS. Learning to balance on one leg: motor strategy and sensory 
weighting. J Neurophysiol. 2015;114: 2967–2982.

43.  Raymakers JA, Samson MM, Verhaar HJJ. The assessment of body sway and the choice of the stability 
parameter(s). Gait Posture. 2005;21: 48–58.

44.  Tropp H, Odenrick P. Postural control in single-limb stance. J Orthop Res. 1988;6: 833–839.



General introduction

1

19

45.  Riemann BL, Myers JB, Lephart SM. Comparison of the ankle, knee, hip, and trunk corrective action shown 
during single-leg stance on firm, foam, and multiaxial surfaces. Arch Phys Med Rehabil. 2003;84: 90–95.

46.  Hof AL. The equations of motion for a standing human reveal three mechanisms for balance. J Biomech. 
2007;40: 451–457.

47.  Runge CF, Shupert CL, Horak FB, Zajac FE. Ankle and hip postural strategies defined by joint torques. Gait 
Posture. 1999;10: 161–170.

48.  van Dieën JH, Koppes LLJ, Twisk JWR. Postural sway parameters in seated balancing; their reliability and 
relationship with balancing performance. Gait Posture. 2010;31: 42–46.

49.  Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified theory regarding A/P and M/L balance in quiet 
stance. J Neurophysiol. 1996;75: 2334–2343.

50.  Prieto TE, Myklebust JB, Hoffmann RG, Lovett EG, Myklebust BM. Measures of postural steadiness: 
differences between healthy young and elderly adults. IEEE Trans Biomed Eng. 1996;43: 956–966.

51.  Wikstrom EA, Fournier KA, McKeon PO. Postural control differs between those with and without chronic 
ankle instability. Gait Posture. 2010;32: 82–86.

52.  Ross SE, Guskiewicz KM, Gross MT, Yu B. Balance measures for discriminating between functionally unstable 
and stable ankles. Med Sci Sports Exerc. 2009;41: 399–407.

53.  Doyle RJ, Hsiao-Wecksler ET, Ragan BG, Rosengren KS. Generalizability of center of pressure measures of 
quiet standing. Gait Posture. 2007;25: 166–171.

54.  Hertel J, Olmsted-Kramer LC, Challis JH. Time-to-boundary measures of postural control during single leg 
quiet standing. J Appl Biomech. 2006;22: 67–73.

55.  Pintsaar A, Brynhildsen J, Tropp H. Postural corrections after standardised perturbations of single limb 
stance: effect of training and orthotic devices in patients with ankle instability. Br J Sports Med. 1996;30: 
151–155.

56.  Fransz DP, Huurnink A, Kingma I, Verhagen EALM, van Dieën JH. A systematic review and meta-analysis of 
dynamic tests and related force plate parameters used to evaluate neuromusculoskeletal function in foot 
and ankle pathology. Clin Biomech. 2013;28: 591–601.

57.  Paterno MV, Ford KR, Myer GD, Heyl R, Hewett TE. Limb asymmetries in landing and jumping 2 years 
following anterior cruciate ligament reconstruction. Clin J Sport Med. 2007;17: 258–262.





Chapter 2

The effect of leg preference on postural stability 
in healthy athletes

Authors

Arnold Huurnink
Duncan P. Fransz
Idsart Kingma 
Maarten D.W. Hupperets
Jaap H. van Dieën

J Biomech. 2014;47: 308-312



Chapter 2

2

22

Abstract

In research regarding postural stability, leg preference is often tested and controlled for. 
However, leg preference may vary between tasks. As athletes are a group of interest for 
postural stability testing, we evaluated the effect of five leg preference tasks categorization 
(step up, hop, ball kick, balance, pick up) on single-leg postural stability of 16 field hockey 
athletes. The ‘center of pressure speed’ was calculated as the primary outcome variable 
of single-leg postural stability. Secondary variables were ‘mean length of the GRF vector 
in the horizontal plane’, ‘mean length of the ankle angular velocity vector’, and ‘mean 
length of the hip angular velocity vector’, as well as the separate outcomes per degree of 
freedom. Results showed that leg preference was inconsistent between leg preference 
tasks. Moreover, the primary and secondary variables yielded no significant difference 
between the preferred and non-preferred legs, regardless of the applied leg preference 
task categorization (p>0.05). The present findings do not support the usability of leg 
preference tasks in controlling for bias of postural stability. In conclusion, none of the 
applied leg preference tasks revealed a significant effect on postural stability in healthy 
field hockey athletes.
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1. Introduction 

Diminished postural stability is associated with primary and secondary ankle and knee 
injuries [1–3]. Single-leg stance is the most frequently used method to test postural 
stability. However, asymmetry in single-leg stance postural control that is independent 
of injury, may reduce the usability of comparisons between the injured and uninjured 
legs, and may bias group comparisons as well. Various factors have been put forward as 
a cause of asymmetrical postural stability, such as asymmetrical training, morphological 
differences, or differential neuroanatomic organization [4–6]. It has been proposed that 
one leg is tuned for mobilizing features and the other leg for postural stability [7], while 
others argue that one leg is predominantly used for the most difficult aspect of a task [8]. 
As the etiology of leg dominancy and leg preference is not yet elucidated [9], the common 
employment of leg preference as a control variable in designing experiments may lead to 
bias and limit experimental design options. 

As athletes are a group of interest for postural stability testing, the aim of the present 
study was to evaluate if leg preference should be considered as a control variable in static 
single-leg postural stability testing in athletes. Hence, the effect of leg preference on 
static single-leg postural stability was considered in field hockey athletes by means of 
force plate and kinematics outcome measures and five leg preference tasks that differ 
in features of functional behaviour of the lower extremities [10]: step up, hop, ball kick, 
balance and pick up. As field hockey does not involve specific asymmetrical training of 
single-leg standing, we hypothesized that none of our leg preference tasks would have 
significant effects on static single-leg postural stability. 

2. Methods

2.1 Participants
Sixteen field hockey athletes (8 men, 8 women; mean±SD; age 19.1±1.96 years; height 
174±9.3 cm; body mass 66.9±9.12 kg) participated voluntarily in the present study. All 
participants competed in the Dutch field hockey competition at either inter-district or 
national level, and had at least six years of field hockey experience. A sample of field 
hockey athletes was recruited, since field hockey encompasses high incidence rates of 
ankle and knee injuries [11]. Comparable to many other sports (e.g., tennis, volleyball, 
basketball), field hockey may involve some asymmetrical behaviour which could originate 
from the handling of the hockey stick. However, in contrast to soccer, there is no specific 
asymmetrical training of single-leg standing. 

All participants were healthy and did not report any (history of) neuromusculoskeletal 
injuries or other diseases that may affect balance performance. Furthermore, none of the 
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participants reported any experience with balance training in particular. 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 
local ethics committee. A priori estimated sample size for β = 0.80 with α = 0.05 was 
calculated based on ‘center of pressure speed’ data from Hoffman et al. (1998) [12]. For a 
detectable difference of 10% of the mean outcome, at least 12 participants were needed.

2.2 Testing procedures
The participants performed five different motor tasks to evaluate leg preference 
[8,10,12,13]: (1) step up; step onto a 25 cm high box, (2) hop; stand on one leg and hop as 
high as possible, (3) ball kick; kick a soccer ball with maximal accuracy at a 1 m wide goal, 
10 m from the participant, (4) balance; balance on a wobble board on one leg during 10 
s, and (5) pick up; pick up and place three marbles into a cup, one by one, using the toes 
while sitting on a chair. The leg that was used to step up, hop, kick a ball, balance or pick 
up marbles was recorded as the outcome. Each task was performed three times and tasks 
were performed in random order. When participants switched legs within a task, a fourth 
attempt was carried out. Hence, there was a possibility of a ‘mixed’ outcome. All tasks 
were performed barefoot. To ensure that preference tasks were carried out with as little 
contemplation on leg preference as possible, the participants were told that the tasks 
graded their general motor skills and thus had to be performed at maximum effort. These 
motor tasks were chosen as they adequately represent important features of functional 
behaviour of the lower extremities, i.e. motor tasks with fine, unilateral non-fine, and 
bilateral non-fine features [10].

Subsequently, three valid single-leg standing trials of 20 s with the eyes open for each 
leg were carried out [14], during which ground reaction forces and motion capture 
measurements were performed. The foot orientation was aligned to a marked line on 
the force plate. Participants had to stand as still as possible and keep their hands on their 
hips. A trial was considered invalid if a participant displaced his/her standing leg, touched 
the floor with the contralateral leg or if a hand was used to regain balance. All trials were 
performed barefoot. Participants were given two practice opportunities with each leg 
before actual testing commenced. The initial testing leg was randomly assigned, and 
counterbalanced.

2.3 Data acquisition
Ground reaction force (GRF) data were collected with a 60 by 40 cm force plate (type 
9218B, Kistler Instrument Corp, Winterthur, Switzerland) and sampled at 1000 Hz. 
Furthermore, motion capture data of the lower extremity were collected with the 
OPTOTRAK® optoelectronic camera system (Northern Digital Inc, Waterloo CA), which 
consisted of two cameras containing three sensors each. The Optotrak system measures 
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the three-dimensional position of light-emitting diodes (LEDs) in a global reference frame 
with random errors < 0.05 mm. The sample frequency was 200 Hz. Ten LED markers were 
attached to the participants’ skin on positions with minimal soft tissue deformations during 
movement (Figure 1). Additionally, a custom-made aluminum object with three LED 
markers was positioned over the sacrum. Prior to stance testing, while participants stood 
upright, facing the positive X-axis of the system, bony landmarks were digitized using 
a pointing device. The locations of these landmark relative to the technical coordinate 
system based on the cluster LED markers locations during task execution, were used to 
construct an anatomical axis system at each instant of time for each body segment [15]. 

Figure 1 | Typical LED marker positioning on the lower extremity.

2.4 Data analysis
A custom MATLAB (The Mathworks, Natick, RI, USA) program was designed for data 
analysis. The GRF and motion capture data were filtered with a second order Butterworth 
low-pass filter with estimated optimal cut-off frequencies of 43 Hz and 16 Hz, respectively 
[16,17]. Center of pressure (CoP) calculations were based on vertical and horizontal 
GRF in accordance with the manufacturer’s manual. Joint angular velocity vectors were 
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calculated from the instantaneous distal relative to the proximal segment anatomical 
axes orientation matrices according to Berme et al. (1990) [18].

Our primary outcome measure of postural stability was the resultant ‘CoP speed’ (total 
CoP path length divided by trial time). The ‘CoP speed’ has been shown to be reliable 
[19], and discriminative concerning single-leg stance balance [14,20–22]. Additionally, 
the following resultant parameters were added as secondary outcome measures: the 
‘horizontal GRF’ (mean length of the GRF vector in the horizontal plane), the ‘ankle 
angular velocity’ (mean length of the ankle angular velocity vector), and the ‘hip angular 
velocity’ (mean length of the hip angular velocity vector). The ‘horizontal GRF’ is related 
to the amount of sway of the center of mass and to the corrective shear forces due to 
counter rotation acceleration of the trunk [23,24]. This parameter has been shown in few 
studies to be discriminative as well [14,24]. Angular velocities of the ankle and the hip 
were added since most motor corrections in single-leg stance are made by ankle and hip/
trunk movements [23,25,26]. As separate analyses of direction might provide additional 
information [27], all outcome measures were analyzed for each degree of freedom as well.

For each leg, the postural stability parameter outcomes were averaged over the three 
single-leg stance trials. Subsequently, after checking normal distribution of the data, 
comparisons between the preferred and non-preferred leg were performed using a paired 
two-way student t-test. The preferred and non-preferred leg may change according to the 
preference task evaluated. Since five leg preference tasks were performed, the postural 
stability outcome was analyzed according to five ways of categorizing the preferred and 
non-preferred leg. As the statistical analyses were performed for each categorization 
separately, five statistical tests were performed for the primary outcome measure. 
Participants with a ‘mixed’ outcome on a leg preference task were removed from 
analysis with respect to that leg preference task categorization. In view of the purpose 
and hypothesis of the present study, we chose not to correct the P-value for the multiple 
testing, as it would increase the chance of type 2 errors. Nevertheless, it is obvious that 
possible significant findings should be interpreted with the family wise error in mind. 

3. Results

The results of the preference tasks are shown in Table 1 and indicate that leg preference 
was not consistent across tasks. The postural stability parameters are outlined in Table 2, 
and present the difference between the preferred and non-preferred leg, while grouping 
of legs was performed according to each preference task outcome. The primary outcome 
measure, resultant ‘CoP speed’, as well as the secondary outcome measures, were not 
significantly different (P>0.100) between the preferred and non-preferred legs, regardless 
of the employed leg preference task. Figure 2 illustrates the effect sizes (% of mean) and 
95% confidence intervals per leg preference task categorization.
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Table 1 | Leg preference tasks.

  p01 p02 p03 p04 p05 p06 p07 p08 p09 p10 p11 p12 p13 p14 p15 p16

Step up L M M R R L R R R R R L R R R R

Hop R R L L R L R M R R M R R R R R

Ball kick R R L L R R R R R R R R R R R R

Balance L R L L R L R R R R R L R R R R

Pick up L M L L R R R R R R R L R R R R

p, participant number; R, right leg preference; L, left leg preference; M, mixed preference; Step up, stepping onto a box 
with one leg; Hop, maximal vertical hop with one leg; Ball kick, kicking a ball on goal; Balance, single-leg balancing on 
a wobble board; Pick up, picking up marbles and putting them into a cup using the toes of one leg.

Figure 2 | Differences (as % of the mean outcome) 
between preferred (P) and non-preferred (NP) legs in 
static single-leg postural stability, whereas a positive 
difference indicate higher postural stability outcome in 
the preferred legs. The legs are categorized in P and NP 
based on leg preference tasks: step up (2A), hop (2B), ball 
kick (2C), balance (2D), and pick up (2E). The error bars 
illustrate the 95% confidence intervals of the difference 
(as % of the mean outcome). ‘Hip vel/Ankle vel’: mean 
absolute hip/ankle angular velocity; ‘Hor GRF’: mean 
absolute horizontal ground reaction force; ‘CoP speed’: 
mean center of pressure speed.
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Table 2 | Difference in single-leg stance postural stability between the preferred (P) and non-preferred (NP) leg based 
on step up, hop, ball kick, balance, or pick-up preference task. 

STEP UP
P vs NP

HOP
P vs NP

BALL KICK
P vs NP

BALANCE
P vs NP 

PICK UP
P vs NP

Primary outcome measure n=14 n=14 n=16 n=16 n=15

Mean CoP speed RES Diff 7.1% -3.0% -2.8% 4.4% 3.8%

mean ± SD (mm s-1) 48.0 ± 13.3 SD of diff 17.2% 18.5% 17.4% 17.0% 17.6%

P-value 0.15 0.54 0.53 0.31 0.42

Secondary outcome measures a

Mean CoP speed AP Diff 9.3% -5.0% -3.8% 6.2% 5.0%

mean ± SD (mm s-1) 31.4 ± 9.4 SD of diff 24.2% 25.8% 24.4% 23.9% 24.7%

Mean CoP speed ML Diff 4.9% -0.2% -1.3% 2.6% 2.5%

mean ± SD (mm s-1) 30.1 ± 8.0 SD of diff 12.9% 13.8% 13.5% 13.3% 13.8%

|Mean| horizontal GRF RES Diff 6.4% -9.7% -1.7% 3.7% 9,5%

mean ± SD (N) 3.6 ± 1.2 SD of diff 30.1% 28.8% 28.7% 28.5% 28.0%

|Mean| horizontal GRF AP Diff 8.3% -6.0% -2.4% 4.5% 6.4%

mean ± SD (N) 2.0 ± 0.5 SD of diff 25.0% 25.4% 24.7% 24.4% 24.8%

|Mean| horizontal GRF ML Diff 5.8% -11.6% -1.4% 3.7% 11.8%

mean ± SD (N) 2.6 ± 1.0 SD of diff 35.0% 33.1% 33.1% 32.9% 31.9%

|Mean| ANKLE angular velocity RES Diff 9.1% -4.3% -9.9% 4.2% -1.8%

mean ± SD (° s-1) 8.9 ± 4.1 SD of diff 26.2% 28.0% 25.1% 26.8% 27.9%

|Mean| ANKLE angular velocity F/E Diff 11.3% -8.7% -14.2% 1.5% -2.5%

mean ± SD (° s-1) 2.3 ± 0.7 SD of diff 36.5% 38.4% 33.8% 36.8% 36.9%

|Mean| ANKLE angular velocity Ab/Ad Diff 8.4% -4.3% -14.1% 5.0% -8.1%

mean ± SD (° s-1) 5.1 ± 2.9 SD of diff 37.7% 38.6% 33.5% 36.1% 36.4%

|Mean| ANKLE angular velocity End/Exo Diff 9.1% -1.8% -5.2% 4.2% 2.3%

mean ± SD (° s-1) 5.8 ± 3.0 SD of diff 29.1% 31.8% 30.4% 30.5% 31.7%

|Mean| HIP angular velocity RES Diff 12.2% -10.3% -10.5% 3.0% 2,2%

mean ± SD (° s-1) 5.6 ± 2.9 SD of diff 29.1% 31.0% 34.2% 32.2% 33.8%

|Mean| HIP angular velocity F/E Diff 11.4% -9.9% -6.1% 1.7% 0.4%

mean ± SD (° s-1) 2.0 ± 1.2 SD of diff 37.0% 36.0% 40.2% 40.6% 40.4%

|Mean| HIP angular velocity Ab/Ad Diff 12.5% -18.4% -12.9% 5.7% 7.9%

mean ± SD (° s-1) 2.0 ± 1.1 SD of diff 41.4% 39.6% 40.1% 41.9% 42.4%

|Mean| HIP angular velocity End/Exo Diff 14.0% -6.9% -10.2% 3.2% 0.6%

mean ± SD (° s-1) 4.2 ± 2.1 SD of diff 31.7% 35.6% 32.4% 34.1% 34.6%

mean ± SD: mean outcome ± standard deviation concerning all legs, after averaging over 3 trials per leg; CoP: 
center of pressure; GRF: ground reaction force; |Mean|: mean of the absolute; RES: resultant vector; ML: mediolateral 
direction; AP: anteroposterior direction; F/E: flexion/extension; Ab/Ad: abduction/ adduction; End/Exo: endorotation/ 
exorotation; Diff: difference between preferred and non-preferred legs (preferred minus non-preferred leg) as % of the 
mean value; SD of diff: standard deviation of differences between both legs; n: number of participants, which vary 
across preference tasks due to ‘mixed’ outcomes; P-value applies to the t-test comparison between the outcome of 
postural stability parameter on the preferred and non-preferred legs. 
a secondary outcome measures all revealed a P-value > 0.100
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4. Discussion

The main finding of the present study is that we did not find an effect of leg preference 
on postural stability in healthy field hockey athletes, regardless of the applied leg 
preference task. Additionally, the outcomes on the preference tasks (Table 1) suggest 
that leg preference is task dependent and there is no such thing as ‘the preferred’ or ‘the 
dominant’ leg. The common right limb preference outcome (88%) on the ball kick task, and 
a marked decrease of right limb preference (to 69%) when the non-mobilizing preference 
tasks were taken into account, are in agreement with previous research [28,29]. The same 
applies to the higher consistency of preference outcomes in right-footed individuals 
compared to left-footed individuals [29]. Therefore, the present sample can be seen as a 
valid representation of leg preference distribution throughout the population.

The novelty of the present study is that a variety of preference tasks were taken into 
account, and that the leg preference effect on postural stability was assessed by use of 
both force plate and kinematics parameters. Concerning the absence of an effect of leg 
preference on single-leg stance stability, our findings are in accordance with previous 
studies that have focused on the ball kick task [30–33], and on the combination of the ball 
kick, step up, and balance recovery task [12,13,25]. Only one study reported a significant 
effect of leg preference on single-leg stance stability: a lower CoP velocity in AP direction 
for the non-preferred leg on the ball kick task in physically active individuals [27]. Our 
findings further strengthen the idea of Hoffman et al. (1998) that little rationale exists 
for the incorporation of any kind of leg preference testing in postural stability research 
with regard to sports or sports medicine. However, it should be noted that the present 
findings are most applicable to field hockey athletes. The findings may be generalized to 
other sports without obvious asymmetric proficiency of single-leg standing (e.g., tennis, 
volleyball, basketball, and rugby), but it is well possible that findings would be different 
in sports like soccer [4,7,34]. Additionally, the level of sports participation of the present 
participants was moderate, i.e. on average 6 hours per week. It has been suggested 
that athletes possess less asymmetrical skills, due to motor skill training of both legs 
[7]. Therefore, the present findings are likely to hold for elite athletes, but might not be 
generalized to untrained individuals. However, these suggestions should be verified in 
future research. 

In view of the substantial inter-limb variances, it is important to realize that we cannot rule 
out the existence of small effects of leg preference due to the possibility of type II errors. 
However, our primary outcome measure, resultant ‘CoP speed’, showed differences 
between legs of -3.0% to 7.1% depending on leg preference task categorization. Figure 2 
illustrates that the 95% confidence interval of the resultant ‘CoP speed’ was approximately 
±10% of the mean outcome, which is considerably smaller than the variance between 
subjects and effect sizes with respect to injuries such as ankle sprains or anterior cruciate 
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ligament ruptures [1,3,14,22]. Moreover, if small effects are considered to be of importance 
in the context of a specific research question, the inconsistency between leg preference 
task outcome may hinder the usability of a ‘preferred leg’ construct as a control variable. 
For the joint angular velocities it is difficult to interpret the ‘random’ variance between 
legs, as to our knowledge, this is the first study to employ those measures for single-
leg stance, hence the variance cannot be related to previous effect sizes of injuries or 
impairments. More research is needed to evaluate the sensitivity of those measures in 
sports medicine. Additionally, in spite of our careful selection of relevant postural stability 
parameters, we cannot rule out that other parameters of postural stability might differ 
between the preferred and non-preferred legs. 

In conclusion, the present findings suggest that the possible effect of leg preference on 
postural stability in healthy field hockey athletes is, irrespective of leg preference task, 
absent or small, and that inter-limb variance is largely independent of leg preference. 
Furthermore, leg preference tasks are inconsistent in characterizing ‘the preferred leg’. 
Therefore, it is difficult to control for leg preference, and, at least in field hockey athletes, 
not controlling for leg preference is unlikely to significantly bias static postural stability 
outcomes. 
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Abstract 

Background. Diminished postural stability is a risk factor for ankle sprain occurrence and 
ankle sprains result in impaired postural stability. To date, ankle sprain history has not 
been taken into account as a determinant of postural stability, while it could possibly 
specify subgroups of interest.

Methods. Postural stability was compared between 18 field hockey athletes who had 
recovered from an ankle sprain (mean (SD); 3.6 (1.5) months post-injury), and 16 uninjured 
controls. Force plate and kinematics parameters were calculated during single-leg 
standing: mean center of pressure speed, mean absolute horizontal ground reaction 
force, mean absolute ankle angular velocity, and mean absolute hip angular velocity. 
Additionally, cluster analysis was applied to the ‘injured’ participants, and the cluster 
with diminished postural stability was compared to the other participants with respect to 
ankle sprain history.

Findings. MANCOVA showed no significant difference between groups in postural stability 
(P=0.68). A self-reported history of an (partial) ankle ligament rupture was typically present 
in the cluster with diminished postural stability. Subsequently, a ‘preceding rupture’ was 
added as a factor in the MANCOVA, which showed a significant association between 
diminished postural stability and a ‘preceding rupture’ (P=0.01), for all four individual 
parameters (P: 0.001-0.029; Cohen’s d: 0.93-2.23). 

Interpretation. Diminished postural stability is not apparent in all previously injured 
athletes. However, our analysis suggests that a (mild) ankle sprain with a preceding severe 
ankle sprain is associated with impaired balance ability. Therefore, sensorimotor training 
may be emphasized in this particular group and caution is warranted in return to play 
decisions. 
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1. Introduction

Ankle sprains are the most common injuries in sports, and can lead to a decreased ability 
to participate in sports and to a decreased quality of life [1]. In addition, an ankle sprain 
can become chronic with symptoms of pain, recurring sprains and a subjective feeling of 
instability, also referred to as chronic ankle instability (CAI), which may eventually cause 
ankle osteoarthritis [2,3]. Despite a substantial body of research, the etiology of ankle 
sprains and chronic ankle instability is not yet elucidated. However, evidence suggests 
the existence of a relation between postural stability (throughout this paper this refers to 
static single-leg stance on a force plate) and ankle sprain risk. Recently, a meta-analysis 
showed that decreased postural stability is prospectively related to first-time ankle sprain 
incidence [4]. Additionally, an earlier meta-analysis provided evidence that diminished 
postural stability is also prospectively related to overall ankle sprain incidence (first-time 
and recurrent sprains pooled) [5]. It should be noted that postural stability is considered to 
be a reflection of total body sensorimotor function [4]. As various sensory modalities are 
used to apply feedback corrections around multiple joints [6,7], it is difficult to pinpoint 
specific factors leading to both diminished postural stability and increased risk of ankle 
sprains.

It is also clear that an ankle sprain could lead to diminished postural stability. During 
the acute phase (< 6 weeks) of an ankle sprain, the postural stability in the injured leg 
is impaired compared to the non-injured leg [8,9]. This may be due to a combination of 
pathology of ankle structures (ligaments, joint capsule, cartilage, tendons and nerves), 
inactivity of the affected leg, and/or an arthrogenic muscle response due to pain, damage 
and oedema [10–12]. Furthermore, a diminished postural stability has been found in 
individuals with CAI [13,14], and also in ballet dancers recovered from an ankle sprain 
in the past year [15]. The latter finding still needs confirmation for athletes other than 
dancers, but it could explain the marked increase in incidence during the first 6 months 
post-injury [16], as well as the decrease in recurrence risk when sensorimotor training 
is applied to ‘recovered’ individuals [17]. Previously, De Vries et al. (2010b) have shown 
that postural stability lacks sensitivity for clinical management of ankle sprains when 
variables such as age, sport type, sport level, length and weight are not controlled for [18]. 
Therefore, a study in a more strictly defined population of previously injured athletes and 
matched controls is needed. 

Additionally, details of the ankle sprain history may be of importance with regard to the 
recurrence risk and postural stability. To date, ankle sprain history has not been taken 
into account in studies on postural stability after ankle sprain injury. As such, a more 
comprehensive evaluation could indicate specific factors of importance or could specify 
subgroups in terms of recurrence risk and treatment required.
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Therefore, the aim of the present study was (1) to compare postural stability between 
field hockey athletes with a previous ankle sprain - within 6 months, fully recovered 
and returned to their pre-injury level of sports participation - and uninjured controls. 
Furthermore, (2) we aimed to identify characteristics of ankle sprain history present in a 
subgroup of ‘recovered’ athletes with strongly affected postural stability.

2. Methods

2.1 Participant recruitment
Inclusion. The age cut-off for entry was 16 to 35 years. As sports type and competition 
level are confounders of single-leg stance postural stability [19–21], all participants were 
included from one sports type (i.e., field hockey) and had to perform at either inter-
district or national level of the official competition. We contacted 26 field hockey teams 
for recruiting purposes. All coaches of these teams, in consultation with their physical 
therapist, provided contact information of those players who had endured an ankle sprain 
in the first 6 months of the season. Subsequently, the researchers contacted these players.

Players who had sustained a self-reported lateral ankle sprain in the past 1 to 6 months, 
which resulted in at least two days off work or two missed sports sessions, were eligible 
for inclusion in the ‘previously injured’ group. Any form of therapy had to be finished, 
and a full return to pre-injury sport level participation had to be achieved at the time of 
inclusion. Players who did not suffer from an ankle sprain in the past five years were eligible 
for inclusion in the ‘uninjured’ group. Written informed consent was obtained once the 
purpose, nature and potential risks had been explained to the volunteers. 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 Amsterdam.

Exclusion. The volunteers were screened for the following exclusion criteria: (a history 
of) musculoskeletal injuries (other than ankle sprain), any other disease that may affect 
balance performance, head injury in the previous 6 months, and any use of medication 
that would affect balance. 

Power. A minimal effect size of 1 standard deviation was considered to be clinically 
relevant. Consequently, a minimum of 16 participants in each group was considered 
sufficient.

Participants. Eighteen participants were included in the ‘previously injured’ (ankle sprain) 
group, as illustrated by the inclusion-exclusion flow chart (Figure 1). The timing of 
measurement was 3.6 (SD 1.5) months post-injury. Sixteen participants were included in 
the ‘uninjured’ group. Table 1 outlines the demographic and ankle sprain characteristics. 
With regard to ankle sprain severity, if a participant went to see a (allied) medical 
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practitioner, the diagnosis made was adopted. If no medical care was sought, a mild 
sprain (grade I) was assumed, after verification that these participants had been able to 
walk within 7 days post-injury, and had not noticed any signs of haematoma discoloration 
[22]. 

Figure 1 | Typical example of the LEDs positioning on the foot (4 LEDs), thigh (3 LEDs) and shank (3 LEDs).
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Table 1 | Demographic and ankle sprain characteristics.

uninjured injured b

men (n) 8 10

women (n) 8 8

age (years)a 19.1 (2.0) 20.7 (4.4)

length (m)a  1.75 (0.09)  1.80 (0.09)

weight (kg)a 66.9 (9.1)  74.6 (12.5)

experience (years)a 12.4 (2.8) 13.5 (4.5)

balance therapy past year (%) 0 39

brace/tape past year (%) 0 72

preceding (partial) rupture (%) 0 39

> 5 sprains past 5 years (%) 0 17

3-5 sprains past 5 years (%) 0 39

1-2 sprains past 5 years (%) 0 44

bilateral sprains past 2 years (%) 0 39

medical care (%)c NA 39

grade II/III sprain (%)c NA 22

right leg affected (%)c NA 39
a mean (SD); b recent ankle sprain past 6 months;
 c with regard to recent ankle sprain

2.2 Experimental task
Participants were asked to perform three valid single-leg stance trials of 20 s with the eyes 
open for each leg. Participants had to stand as still as possible and keep their hands on their 
hips. A trial was considered invalid if a participant displaced his/her standing leg, touched 
the floor with the contralateral leg or if a hand was used to regain balance. All trials were 
performed with bare feet. All participants were given two practice opportunities with 
each leg before actual testing commenced. The initial testing leg was randomly assigned, 
and counterbalanced between the groups. 

2.3 Instrumentation
Ground reaction forces (GRF) were sampled at 1000 Hz by a 60 by 40 cm force plate (type 
9218B, Kistler Instrument Corp, Winterthur, Switzerland), which was mounted flush with 
the laboratory floor. A line on the force plate was used to align the foot during the balance 
tasks. Motion capture data of the lower extremity were collected with the OPTOTRAK® 
optoelectronic camera system (Northern Digital Inc, Waterloo CA), which consisted of 
two cameras containing three sensors each. The Optotrak system measures the three-
dimensional position of light-emitting diodes (LEDs) in a global reference frame. Ten 
LED markers were attached to the participants’ skin on positions with minimal soft tissue 
deformations during movement (Figure 2). Additionally, a custom-made aluminium 
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object with three LED markers was positioned over the sacrum. While participants stood 
upright, facing the positive X-axis of the system, the anatomical coordinate system for 
each body segment was established by means of digitized bony landmarks [23].

Figure 2 | Flow chart representing inclusion of participants with a previous ankle sprain.

2.4 Outcome measures
We assessed postural stability using the following parameters: (1) the ‘center of pressure 
(CoP) speed’; total CoP path length divided by trial time, (2) ‘horizontal GRF’; mean 
length of the GRF vector in the horizontal plane, (3) ‘ankle angular velocity’; mean length 
of the ankle angular velocity vector, and (4) ‘hip angular velocity’; mean length of the 
hip angular velocity vector. The ‘CoP speed’ has been shown to be reliable [24], and 
discriminative concerning single-leg stance balance [14,20,21,25,26]. The ‘horizontal 
GRF’ is related to the amount of sway of the center of mass and to the corrective shear 
forces due to counter rotation acceleration of the trunk [6,27]. This parameter has been 
shown to be discriminative as well [26,27]. Angular velocities of the ankle and the hip 
were added since most motor corrections in single leg stance are made by ankle and hip/
trunk movements [6,7,15]. The ankle sprain characteristics used for subgroup analyses 
were retrieved through a questionnaire that was completed on the test day, after the 
experimental testing procedures were finished.

2.5 Data analysis
A custom MATLAB (The Mathworks, Natick, RI, USA) program was written for data reduction. 
Force plate data and OPTOTRAK data were filtered with a second order Butterworth low-
pass filter with estimated optimal cut-off frequencies of 43 Hz and 16 Hz, respectively 
[28,29]. CoP calculations were based on vertical and horizontal forces in accordance 
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with the manufacturer’s manual. Joint angular velocity vectors were calculated from 
the instantaneous orientation matrices of the distal relative to the proximal segments 
according to Berme et al. (1990) [30]. Subsequently, the mean angular velocity of a joint 
was calculated as the average length of these vectors for that joint.

The inter-trial reliability (3 trials) of postural stability measures was determined with the 
intraclass correlation (ICC2.3 ) analysis for both legs. All four outcome measures showed 
desirable reliability (> 0.80) [24], with all ICC2.3 values above 0.920. Subsequently, the 
calculated outcome measures were averaged over three trials per leg. A preliminary 
analysis showed no statistical difference between the left and right leg of the uninjured 
group (P > 0.05), therefore, these outcomes were averaged over both legs. With regard 
to the previously injured group, only the leg with the most recent ankle sprain was 
considered for analysis. All outcomes were transferred into the Statistical Program for Social 
Sciences (version 17.0, SPSS Inc., Chicago, IL, USA) for further statistical analysis. Pearson’s 
correlation across all participants showed that the four postural stability parameters were 
related, but not redundant, with values ranging from 0.70 to 0.88. Therefore, comparison 
between the previously injured group and the uninjured controls was performed by 
means of a MANCOVA with the four parameters reflecting postural stability. Since the 
two groups were not matched for length and weight, both variables were added as a 
covariate. The Wilks’ Lambda test statistic was used, and statistical significance was set at 
a P-value below 0.05. Furthermore, for each of the postural stability parameters, a follow-
up univariate analysis was performed. 

To identify a subgroup of previously injured participants with pronounced postural 
instability, a k-means cluster analysis (function kmeans in MATLAB) was applied to classify 
previously injured participants in two clusters [31]. As the k-means cluster analysis allows 
to include an infinite number of variables, the outcomes of ‘CoP speed’, ‘horizontal GRF’, 
‘ankle angular velocity’, and ‘hip angular velocity’ were all included in the analysis. This 
resulted in a cluster with ‘low’ values and a cluster with ‘high’ values. The ‘high value’ 
cluster represents a group of previously injured participants with higher postural 
instability. Consequently, we compared ankle sprain history between both clusters, to 
explore whether this cluster differed in terms of details of their ankle sprain history. To that 
end, we determined the percentage of participants showing a specific characteristic in the 
‘high value’ cluster. Based on these values, the most important ankle sprain characteristic 
was identified and added as a fixed factor into the MANCOVA to verify the relation with 
postural stability. 
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3. Results

The MANCOVA (Table 2) Wilks’ Lambda revealed no significant effect of a previous ankle 
sprain in the past 6 months on the postural stability (P = 0.683). With a grand total of 4 
failed trials in the ‘previously injured’ group with regard to the affected leg, and 7 failed 
trials in the ‘uninjured’ group concerning either leg, a bias due to failed trials is very 
unlikely. 

Cluster analysis identified a ‘high value’ cluster consisting of 8 ‘previously injured’ 
participants (Figure 3). Per self-reported ankle sprain characteristic, Figure 4 depicts the 
percentage of participants belonging to the ‘high value’ cluster. A self-reported ‘history 
of (partial) ankle ligament rupture’ was most specific to the ‘high value’ cluster, as 86% 
of the participants with a ‘partial’ ligament rupture in the history’ belonged to the ‘high 
value’ cluster. Furthermore, 75% of the participants that belonged to the ‘high value’ 
cluster reported a ‘history of (partial) ankle ligament rupture’. Therefore, the association 
between a ‘history of (partial) ankle ligament rupture’ and a diminished postural stability 
was analyzed by adding this characteristic as a factor to the MANCOVA. The results 
showed that a ‘history of (partial) ankle ligament rupture’ was significantly associated 
with diminished postural stability (P = 0.013). Univariate follow-up analysis of the four 
parameters consistently showed significant effects (P: 0.001-0.029; Table 3). 

Figure 3 | Postural stability parameters outcome related to the cluster analysis (k-means; k=2) of the previously 
injured participants. Figure 3A shows the force plate parameters, and figure 3B the angular velocities of ankle and hip. 
Injured-cluster ‘low’ represents the previously injured participants in the ‘low value’ cluster, and injured-cluster ‘high’ 
represents the previously injured participants in the ‘high value’ cluster, i.e. the cluster with higher postural instability.
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Figure 4 | Ankle sprain characteristics belonging to the ‘high value’ cluster. The number (n) of previously injured 
participants that reported the ankle sprain characteristic are outlined on the y-axis, while the x-axis represents the 
percentage of n that belonged to the ‘high value’ cluster, determined through the k-means (k=2) cluster analysis. 

Table 2 | Postural stability - uninjured versus recovered athletes.

 uninjured
(n=16)

 recovered
 (n=18)

 mean (SD)  mean (SD) difference Cohen’s d P-value a

 Mean CoP speed (mm s-1)  48.02 (12.89)  54.06 (13.94) 12.6% 0.44 0.321

|Mean| horizontal GRF (N)  3.60 (1.10)  4.39 (1.70) 21.9% 0.53 0.509

|Mean| ankle angular velocity (° s-1)  8.94 (3.97) 10.27 (3.30) 14.9% 0.36 0.338

|Mean| hip angular velocity (° s-1)  5.64 (2.77)  6.22 (3.34) 10.3% 0.18 0.656

Wilks’ Lambda 0.683
a P-value following MANCOVA statistics (Wilks’ Lambda) and univariate follow-up analyses

Table 3 | Postural stability - no preceding rupture versus preceding rupture.

no preceding 
rupture
(n=27)

preceding 
rupture

(n=7)

 mean (SD)  mean (SD) difference Cohen’s d P-value a

Mean CoP speed (mm s-1) 47.79 (11.57) 64.45 (13.39) 34.9% 1.36 0.003

|Mean| horizontal GRF (N) 3.50 (0.96) 5.99 (1.54) 71.1% 2.23 0.001

|Mean| ankle angular velocity (° s-1) 8.96 (3.44) 12.32 (3.33) 37.5% 0.96 0.029

|Mean| hip angular velocity (° s-1) 5.27 (2.32) 8.58 (4.22) 62.8% 1.16 0.003

Wilks’ Lambda 0.013

a P-value following MANCOVA statistics (Wilks’ Lambda) and univariate follow up analyses.
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4. Discussion

The main findings of the present study are twofold. First, field hockey players who have 
resumed full sports participation after a previous ankle sprain injury (3.6 (SD 1.5) months 
post-injury) did not show diminished postural stability as a group in a static single-leg 
stance test compared to uninjured controls. Therefore, it seems that previously injured 
participants not necessarily have apparent deficits in balance ability. Secondly, our 
subgroup analysis showed that a history of a (partial) ankle ligament rupture (i.e., severe 
ankle sprain) was typically present in a cluster of ‘recovered’ athletes who exhibited 
diminished postural stability. Subsequently, in a group of athletes recovered from a recent 
(mild) ankle sprain, it was shown that a history of a severe ankle sprain was significantly 
associated with diminished postural stability, with consistent significant values for all four 
outcome measures (P: 0.001-0.037). Therefore, athletes with a history of a severe ankle 
sprain may be at increased risk of re-injury and may benefit from sensorimotor training. As 
50% of the current ‘mild’ ankle sprains had a history of a severe ankle sprain, this subgroup 
seems clinically important. 

Our findings may be explained by the greater damage of ankle tissue and a longer 
period of immobilization following a severe ankle sprain, when compared to a mild ankle 
sprain [11,12,22]. Additionally, the prolonged inactivity and an altered ankle function 
might lead to ipsilateral diminished hip functioning, which has been related to CAI and 
diminished postural stability as well [32–35]. It is possible that an ankle sprain recurrence 
most frequently occurs in those individuals who exhibit prolonged diminished postural 
stability following a preceding severe ankle sprain. As one third of all severe ankle sprains 
in athletes who perform strenuous sports, results in recurrence within the first year [36], 
severe ankle sprain could lead to diminished postural stability in a considerable number 
of athletes. Therefore, it seems that those individuals with a ‘severe’ ankle sprain may be 
particularly important to consider for postural stability testing and sensorimotor training. 
Unfortunately, the present data is insufficient to evaluate this assumption. Future research 
may focus on three different groups of ankle sprain patients: (1) a mild ankle sprain with 
no history of a severe ankle sprain, (2) a mild ankle sprain with a history of a severe ankle 
sprain, and (3) a first-time severe ankle sprain. 

The absence of a significantly diminished postural stability in ‘recovered’ field hockey 
players contrasts with the findings of Lin et al. (2011), who showed diminished postural 
stability in ‘recovered’ ballet dancers with a previous ankle sprain compared to uninjured 
controls. A proper comparison between the studies is difficult, as details on ankle 
sprain history, including previous ligament ruptures, were not provided. Our result may 
be explained by our sample that comprised a high rate of ‘mild’ ankle sprains (78%), 
which may not result in detectable impaired balance ability. Secondly, sensorimotor 
training during usual care may have decreased differences between groups, as 38% of 
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our participants reported to have received balance training during usual care. Thirdly, 
our range of inclusion concerning ‘time to injury’ was relatively wide (1 to 6 months). 
It is conceivable that diminished postural stability is most apparent in the first months 
post-injury. However, our sample consisted of individuals who were assumed to be ‘fully’ 
recovered. Therefore, time after injury may be of minor importance, especially in view of 
the high recurrence rate in recovered individuals up to 6 months post-injury [37,38]. 

While we did not find an overall group difference between participants with and without 
a previous ankle sprain, it is important to realize that sensorimotor training does reduce 
ankle sprain recurrence rate in a sample that is comparable to the current sample, in terms 
of usual care, ankle sprain severity and post-injury time-window [37]. These apparent 
contradictory findings may be explained by our subgroup finding, as those athletes, 
recovered from a ‘mild’ ankle sprain with a ‘severe’ ankle sprain in their history, could be 
accountable for the preventive effect of sensorimotor training found in athletes recovered 
from a ‘mild’ ankle sprain [37]. However, other explanatory alternatives do exist: (1) while it 
is intuitively appealing, impaired postural stability might not be necessary for preventive 
sensorimotor training to be effective, (2) the postural stability test might lack sensitivity 
to establish differences in sensorimotor function, (3) despite sample characteristics were 
comparable between studies in terms of ankle sprain severity, usual care and post-injury 
time window, other sample characteristics may have differed between the studies. 
In general, our findings highlight the importance of obtaining a detailed ankle sprain 
history, as it may be useful in interpreting postural stability, recurrence risk and therapy 
evaluations. 

There are a number of limitations concerning the present study that need to be addressed. 
First of all, this study was performed within a cross-sectional design. Therefore, we can 
only demonstrate associations and causality cannot be inferred. In general, a postural 
stability test is considered to be a crude test, as it may be dependent on several factors, 
such as concentration, environmental disturbances, sports type, sports level, age, length 
and weight. Therefore, study designs and practical implications of postural stability should 
be considered in view of these limitations. Furthermore, postural stability is a measure 
of total-body sensorimotor function. Hence, deficiencies of the postural control system 
may be compensated for by other parts of this system [32]. For instance, patients with 
diminished ankle functioning may use a larger contribution of the ‘hip strategy’ in order 
to keep their balance [27]. Therefore, as suggested by Lin et al. (2011), we measured the 
involvement of the hip by means of kinematics. As we found comparable mean angular 
velocities of the hip between the previously injured and uninjured groups, a differential 
involvement of the hip was not apparent. Despite the combination of force plate and 
kinematics parameters, unknown deficiencies of the system related to ankle sprain risk 
still might have gone undetected. Additionally, despite a homogenous sample and 
highly reliable parameters, variance between participants was substantial. Hence, there 
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exists a chance of type II errors when comparing groups. Indeed, the difference between 
previously injured and uninjured controls was consistent, substantial (10-22%), but not 
significant. However, the analyses of ankle sprain history imply that the effect is likely due 
to a specific subgroup, being the participants with a previous ligament rupture.

While it was striking that subjects in the ‘high’ cluster consistently reported a severe 
ankle sprain in the history, the MANCOVA may have suffered from selection circularity. 
Because of this, future research should confirm our subgroup finding in a specifically 
tailored research design. Also, there are some ankle sprain characteristics that could have 
been beneficial for interpretation of our data, but were not determined. The timing of the 
preceding (partial) rupture, and the ankle sprain frequency subsequent to this rupture, 
could have provided relevant information. Additionally, our participants performed 
sports activity at a rather high level, therefore we assumed that the participants did not 
suffer from CAI, hence no CAI forms were completed [39]. However, in view of the ankle 
sprain frequencies found, some participants might have suffered from mild CAI.

Furthermore, since our analysis suggested that a self-reported history of (partial) ankle 
ligament rupture is an important characteristic with regard to diminished postural stability, 
it would have been interesting to know the distribution of mechanical laxity. The most 
appropriate clinical test to examine the mechanical laxity is the anterior drawer test. De 
Vries et al. (2010a) have stated that this test is subjective in nature, and that the high intra- 
and inter-observer variation limits its use, especially for research purposes. Unfortunately, 
a valid, easy to perform, non-invasive, alternative has not yet been established [40,41]. 
Another limitation is that our ankle sprain characteristics are subject to recall bias, as they 
were provided through self-report.

Finally, the generalization of the present findings could be limited to a moderate to high 
sport level participation. It seems fair to extend the generalization to other sport types 
with high ankle sprain incidence rates, like soccer, volleyball and basketball [16,42,43].

5. Conclusions

As the overall group of athletes who have recovered from a recent ankle sprain (1-6 months) 
did not show a significant diminished postural stability compared to uninjured controls, it 
is clear that diminished postural stability is not apparent in all previously injured athletes. 
However, our analysis indicates that a (mild) ankle sprain with a preceding severe ankle 
sprain is associated with impaired balance ability. Therefore, sensorimotor training may 
be emphasized in this particular group and care should be considered for a return to play 
decision. Finally, the present findings highlight the importance of obtaining a detailed 
history on ankle sprains, to establish prognostic criteria and relevant group classification 
of ankle sprains. 
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Abstract

Coordination of corrective motor actions is considered important for soccer performance 
and injury prevention. A single-leg stance test (SLS) assesses the integrity and proficiency 
of the sensorimotor control system, quantified by center of pressure averaged speed 
(COPspeed). We aimed to provide age-matched z-scores for COPspeed in elite male youth 
soccer players. Secondly, we assessed a threshold for abnormal long-term change in 
performance, i.e., critical difference (CD). In a youth academy program, 133 soccer players 
of 9 to 18 years were tested twice for both legs (two repetitions) and one repetition follow-
up was conducted at 5.8 months (SD 2.7). Linear regression between age and COPspeed 
was performed to provide age-matched z-scores. Variance of differences in z-scores 
at baseline and between sessions were used to estimate the CD up to five repetitions. 
Intraclass correlation coefficients (ICC) were assessed within and between sessions. The 
age significantly affected COPspeed (p<0.0001), with lower values in older players (95% 
CI; 3.45–9.17 to 2.88–5.13 cm∙s-1, for 9 and 18 years, respectively). The z-score CD ranged 
from 1.72 (one repetition) to 1.34 (five repetitions). The ICC of z-scores was 0.88 within 
session and 0.81 between sessions. In conclusion, the SLS performance in elite male youth 
soccer players improves with age. We determined age-matched z-scores of COPspeed, 
which reliably determined performance according to age. The CD allows detection of 
abnormal variations in COPspeed to identify players with a (temporary) deterioration of 
sensorimotor function. This could be applied to concussion management, or to detect 
underlying physical impairments.
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1. Introduction 

In soccer, various laboratory and field tests have been applied to characterize potential 
determinants of performance and include general motor abilities (e.g., aerobic and 
anaerobic capacity, flexibility, speed, agility, strength), sport specific technical skills 
(e.g., dribbling and passing), and sport-specific perceptual-cognitive skills (e.g., decision 
making and pattern recognition) [1-5]. Potentially, a test battery could be helpful within a 
multidimensional approach to identify talent at an early age, evaluate functional progress, 
assess injury risk, or identify suboptimal physical functioning [1,6]. The latter could be 
important to guide individual training regimes.

Recently, it was suggested that assessment of single-leg stance tests (SLS) should be 
included in monitoring of elite soccer players and that this monitoring would be most 
valuable during the development of youth players [6]. The SLS is assumed to provide 
information about the total body sensorimotor control system, which consists of the 
detection of sensory information, integration in the central nervous system, and release 
and execution of motor commands [7]. The sensorimotor control during standing on 
one leg depends on feedback [8] to accurately coordinate the timing and magnitude 
of corrective motor actions [9]. In soccer, this coordination of corrective motor actions 
is considered important, for instance, to control the body during demanding, rapidly 
changing or unexpected movement [9], to protect joint ligaments [7,10,11] and avoid 
traumatic injury [12]. In contrast to the highly dynamic motor behaviour during soccer, 
the purpose of the SLS is to stand as motionless as possible. Given no predefined motor 
actions or perturbations are involved, the task is very standardized and aims to specifically 
test the integrity and proficiency of the sensorimotor control system. Therefore, SLS 
performance can be considered a basic attribute of a player within the category of general 
motor ability.

The SLS performance can be quantified by force plate recordings. Commonly, center of 
pressure (COP) trajectory parameters are used, such as the averaged distance to the COP 
origin, a 95% COP area, the averaged COP speed, or various non-linear measures [6,7,13-
17]. In general, these COP parameters provide very similar information [16,18-20]. This is 
important as the application of more outcome measures will reduce the power or increase 
the likelihood of type I errors. Hence, when possible, it is preferable to select as few 
outcome measures as possible. Although all COP parameters are considered sufficiently 
reliable, the averaged COP speed (COPspeed; total COP path length divided by time) was 
consistently among the most reliable ones [16,18,21-23]. Moreover, COPspeed was more 
responsive to training [17,24] and was more sensitive to differences between groups 
[16,22,25-30] than other COP parameters. These findings indicate that the application of 
COPspeed only should suffice to quantify SLS performance. 
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Given that COPspeed reflects the faster COP movements that correct displacements of 
the center of mass of the body [31], COPspeed reflects a combination of body sway and 
the extent of corrective motor actions. With the aim to stand as motionless as possible, 
in general, a lower COPspeed can be considered a better SLS performance. In support of 
this, it was shown that 12 weeks of recreational soccer training in untrained men resulted 
in a larger decrease of COPspeed than 12 weeks of recreational running and no training 
[24]. Furthermore, for soccer players, a lower COPspeed during SLS was associated with 
a higher level of competition [13,32]. This was also found in a comparison of lower and 
higher professional level soccer players with similar training intensity [32]. Conversely, 
fatigue due to repeated sprints induced an increase in COPspeed in young soccer players 
[6]. The same was true after various injuries, such as ankle sprains [33], anterior cruciate 
ligament (ACL) ruptures [14], and concussions [34]. This wide range of conditions reflects 
the responsiveness of the SLS and COPspeed to changes or to suboptimal functioning 
of parts of the control system. Moreover, COPspeed was a significant predictor of ankle 
sprains [7]. This strengthens the general concept that SLS performance (COPspeed) 
reflects the ability to coordinate corrective motor actions, which are presumed important 
to reduce injury risk of for instance ankle sprains [11]. 

To date, guidance on how to employ and interpret SLS performance in sports is lacking, 
especially with regard to the individual level. For successful incorporation of SLS in regular 
monitoring of youth soccer players, specific reference values are needed. In general, to 
identify players with abnormally low or high performance, a population-based reference 
interval may be applied, which is based on a single measurement outcome for each 
individual [35-37]. A 95% interval of the results of a reference population can be deemed 
normal (i.e., the reference interval) [38]. In addition, the detection of abnormal functioning 
may be improved by considering the baseline value of a player [35]. However, to do so, 
it is essential to estimate precision of measurements, systematic changes, and normal 
long-term variations in performance in the specific population of interest. The precision 
of measurement can be determined by the variation of performance during a single test 
session, with the assumption that this variation in performance is irrelevant. Hence, it 
quantifies the minimal detectable difference (MDD). A change in performance above the 
MDD value can be considered significant. However, due to systematic change and normal 
long-term variation in performance, a significant change in performance of a player 
can still be within the reference interval. Therefore, variation in performance between 
sessions over a longer time can be used to assess abnormal change in performance, which 
we denote as the critical difference (CD) (Figure 1) [35].
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Figure 1 | Y-axis represents the absolute difference between 
two measurement outcomes. A difference below the MDD 
can be considered as an error relative to a similar true score. 
A difference between the MDD and CD can be considered 
significant, with a real change in true score. A difference above 
the CD can be considered abnormal over time. 

To our knowledge, reference values and long-term fluctuations in SLS performance 
have not been established for elite male soccer players aged from 9 to 18 years. Among 
elite soccer players, it was shown that young adolescents had higher COPspeed values 
compared to adults [39]. Furthermore, previous studies suggested that, among children, 
differences in SLS performance are present between age groups [40,41]. Therefore, we 
hypothesize that the COPspeed is lower in older players. The aims of the present study 
were 1) to assess age dependent reference values of SLS performance in male elite youth 
soccer players by means of COPspeed, 2) to assess within and between session reliability, 
and 3) to determine MDD and CD for personal development.

2. Methods

2.1 Experimental approach to the problem
The youth academy of AFC Ajax performed regular monitoring of SLS performance on a 
force plate, whereby all players were measured at least twice in a season. From this database 
we retrieved the first two measurement sessions of all youth players available, as well as 
player characteristics such as age, body weight, body length and preferred leg to take a 
penalty at the time of the measurements. The COPspeed for each trial was calculated. The 
purpose of the SLS task was to stand as motionless as possible, hence a higher COPspeed 
value reflects a worse SLS performance. Regression analyses were applied to calculate 
age-matched z-scores of the average outcome value per player for session one. Within 
and between session reliability was assessed by intraclass correlation coefficients (ICC). 
Variability of outcomes within session one was used to estimate the minimal detectable 
difference for one to five repetitions (for both legs). Variability between sessions was used 
to estimate the long-term critical difference for one to five repetitions as a reference of 
abnormal change over time. 

2.2 Subjects
The participants of the present study were 133 elite male youth soccer players (9-18 years), 
who attended the youth academy of AFC Ajax (Table 1). At the time of measurements, all 
participants were fit to perform at the highest standard of competitive soccer matches 
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for their age group. Parental consent and participant assent were collected and ethical 
approval was granted by the ethical review board of the Faculty of Human Movement 
Sciences of the VU (ECB 2014-80) in accordance with the Declaration of Helsinki. 

Table 1 | Player’s characteristics.

Age n Weight (kg) Length (cm)
Between session 
interval (months)

Preferred kicking leg 
(% right)

9-10 26 35.7 (5.4) 1.45 (0.07) 7.9 (1.5) 77%

11-12 24 45.9 (9.8) 1.59 (0.12) 7.2 (3.6) 71%

13-14 30 59.4 (9.0) 1.71 (0.08) 5.8 (2.0) 70%

15-16 25 71.3 (8.6) 1.77 (0.08) 4.7 (1.5) 84%

17-18 28 75.5 (7.6) 1.81 (0.07) 3.7 (2.0) 71%

Total 133 58.0 (17.0) 1.67 (0.16) 5.8 (2.7) 75%

Values presented as mean (SD).

2.3 Procedures
Measurements were performed in a testing facility at the AFC AJAX youth academy. For 
each participant, two consecutive test sessions were analyzed. The initial session consisted 
of two trials of SLS per leg, while the follow-up session consisted of one trial per leg. 
Legs were tested in alternating order, with the left leg being tested first. All participants 
completed the regular warming-up routine (about 15 minutes), which consisted of jogging 
two laps around the pitch, followed by dynamical stretch exercises, and subsequently 
5x50m runs at approximately 80% of maximum pace. For measurements, players were 
asked to stand as motionless as possible on one leg on a force plate for 30 seconds (s), 
with eyes open, hands on the hips, and looking at a black cross (30 x 30 cm) positioned 
on a blank wall 4 meters away [6,32,42]. Employment of 20s to 30s stance duration has 
shown to provide reliable COPspeed results, with high ICC values within a test session 
(ICC > 0.90) [26] and between test sessions (ICC > 0.80) [43]. If a participant touched the 
floor with the other leg, or if arm movement was used to regain balance, the trial was 
discarded and repeated. All trials were performed without shoes. One practice trial per 
leg was performed before actual testing commenced. The player’s leg of preference to 
take a penalty kick was considered as the ‘kicking leg’ and the other leg was denoted as 
the ‘stance leg’.
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2.4 Data processing
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), which was mounted flush with the floor. A custom MATLAB (The Mathworks, Natick, 
RI, USA) program was designed for data reduction. The GRF data were filtered with a 
bidirectional low-pass Butterworth filter with a cut-off frequency of 20 Hz [44]. The COP 
was calculated in accordance with the manufacturer’s manual. The resultant COPspeed 
was calculated by dividing the total COP path length (cm) by trial duration (30 s).

2.5 Statistical analyses
Statistical analyses were performed with SPSS (version 22.0, SPSS Inc., Chicago, IL, USA). 
To test the effect of age, the outcomes at baseline (session one) were averaged. The 
Dixon’s range statistic revealed three outliers, which were removed from further analyses, 
as these would substantially alter the distribution (Figure 2). Since COPspeed was not 
normally distributed (Skewness 1.04; Kurtosis 1.23; Shapiro-Wilk’s W test p<0.001), it was 
transformed by means of the power of -0.5 (COPspeed-0.5) (Skewness -0.04; Kurtosis 0.13; 
Shapiro-Wilk’s W test p=0.40) [45]. Linear regression between the averaged COPspeed-0.5 
per player and age was performed to obtain the age dependent mean value. The 
averaged COPspeed-0.5 per player was used to calculate the z-scores: - ((COPspeed-0.5 – age 
dependent mean COPspeed-0.5) / SD of COPspeed-0.5). Subsequently, the outcomes of all 
trials (three repetitions x two legs) were expressed in age-matched z-scores. The z-score 
is a standardized scoring tool to indicate how many standard deviations an observation 
is above or below the mean of the reference population. As a consequence, the z-scores 
are corrected for age and non-normality. The age-matched z-scores were considered for 
further analyses. 

A repeated measures ANOVA design was used to test the effect of leg (kicking leg versus 
stance leg), repetition (three repetitions), and their interaction. Statistical significance was 
set at p < 0.05 for Wilks lambda. If necessary, for post-hoc comparisons, Sidak’s correction 
for multiple testing was applied. Within-session reliability was assessed by means of the 
ICC based on the four trials (two repetitions) of session one (two-way random model, 
absolute agreement). To express the effect of the number of repetitions, Spearman-
Brown ICC values were calculated for one to five repetitions: ICCS-B = n (number of trials) × 
ICCsingle / (1 + (n-1) × ICCsingle) [46]. The long-term between-session reliability was assessed 
by means of ICCsingle and ICCaverage based on the averaged outcomes of sessions one and 
two.
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Figure 2 | Distribution of the (A) averaged COPspeed-0.5 [(cm∙s-1)-0.5] and (B) averaged COPspeed [cm∙s-1] results at 
baseline. Squared symbols represent values outside the reference interval. 

With regard to the potential to follow personal development, the standard error of 
measurement (SEM), minimal detectable difference (MDD), and long-term critical 
difference (CD) were assessed for the average value of both legs (i.e., one repetition). 
Based on the assumption that the contribution of ‘error’ to the ‘true’ score was similar 
across repetitions [46], the following equations were used to estimate MDD and CD for 
one to five repetitions within a session:
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(equation 1) 
1 
2

SEM σ
=

SEM: standard error of measurement; σ1: variance (SD of difference) between repetitions 
1 and 2 of session 1

(equation 2) 1.96  SEM  2MDD
n

× ×
=

MDD: minimal detectable difference of two consecutive measurements; √2: represents 
the two measurements; √n: represents the number of repetitions used to calculate the 
outcome values

(equation 3) 
2 2

     
1 2

SEM SEMe
n n

σ    
= +   

   
   

σe: expected variance between two measurements, when only ‘error’ (i.e. SEM) accounts 
for variability; n1 and n2: number of repetitions for both outcome values. We make the 
explicit assumption that within session variation in performance is irrelevant biological 
variation.

(equation 4) 
2 2  #   

2 1
SEM SEMeσ    = +   

   
  

σe#: expected variance between the two sessions due to ‘error’ (2 repetitions for session 
1 and 1 repetition for session 2)

(equation 5) 2 2  #t m eσ σ σ= −  

σt: estimated variance between the present two sessions only due to variance in ‘true’ 
score (fixed value); σm: actually measured variance between the two sessions

(equation 6) 2 21.96   CD e tσ σ= × +  

CD: critical difference between two outcome values; σt: estimated variance between 
sessions due to variance in ‘true’ score (see 5); σe: estimated variance between sessions 
due to variance in ‘error’ (dependent on the number of repetitions; see 3)
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3. Results 

3.1 Age effect
After transformation of the COPspeed values of session one, regression analyses between 
age and the averaged transformed data (COPspeed-0.5) revealed a significant association 
(p<0.0001; R2 0.18) (Figure 2A). For a more intuitive interpretation, the 95% prediction 
interval and the data were transformed again to COPspeed, which clearly illustrates a 
lower speed and lower between-subject variance for older players (Figure 2B). The age 
dependent mean of COPspeed-0.5 [(cm∙s-1)-0.5] was 0.383 + 0.008 × age [year] (Figure 2A). 
The SD of COPspeed-0.5 was 0.0518 cm∙s-1. Therefore, the age-matched z-score (Figure 3) 
can be calculated as follows:

z-score = - ((COPspeed-0.5 [cm∙s-1] - (0.383 + 0.008 × age [year])) / 0.0518)

The minus sign was included to correct for the transformation effect (COPspeed values 
higher than the mean are transformed into COPspeed-0.5 values lower than the mean and 
vice versa (Figure 2). The resultant z-scores thus indicate better performance for lower 
scores.

Figure 3 | Within-session reliability of z-score with different number of repetitions. ICC: intraclass correlation. ICC 
measured: single (one repetition with both legs) and average (two repetitions with both legs) value. ICC predicted: ICC 
Spearman-Brown = n (number of trials) × ICCsingle / (1 + (n-1) × ICCsingle. 

3.2 Repetition and leg effect
The repeated measures ANOVA showed a significant effect of repetition (p=0.002), with a 
higher z-score in repetition one compared to repetition two (mean difference: 0.19 (95CI 
0.06 – 0.31)). Session two (repetition three) was similar to session one (repetition one 
(p=0.12) and repetition two (p=0.94)). The z-scores of the kicking leg and stance leg were 
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similar (p=0.16; mean difference: 0.09 (95CI -0.04 – 0.21) higher for the stance leg). There 
was no statistically significant interaction between repetition and leg (p=0.65).

3.3 Reliability of z-score
The four trials in session one (i.e., two repetitions for both legs) resulted in an ICC value 
of 0.88 (95CI 0.84 – 0.91). Separated for kicking leg and stance leg, ICCs for two trials were 
0.87 (95CI 0.81 – 0.91) and 0.84 (95CI 0.77 – 0.89), respectively. The ICCs for one to five 
repetitions based on the Spearman-Brown prediction formula, are illustrated in Figure 3. 
For the between-session reliability (average time span of 5.8 months (SD 2.7)), the z-scores 
were averaged for each session. The ICCsingle (one session) was 0.68 and the ICCaverage (two 
sessions) was 0.81 (95CI 0.73 – 0.87).     

3.4 Standardized reference
The population reference interval of the mean z-scores was set at -1.96 to 1.96; which is 
concordant with a 95% prediction interval. Session one showed 0.8% of the players to have 
z-scores above (outliers included: 3.0%) and 1.5% of the players to have z-scores below 
the reference interval (Figure 4). Even with one repetition, compared to two repetitions 
in session one, the distribution of z-scores of session two was very similar to session one, 
with 0.8% of the players above (outliers included: 3.0%) and 0.8% of the players below the 
reference interval.

Figure 4 | Distribution of age-matched z-scores. Reference lines were set at a z-score of -1.96 and 1.96 (2.5th to 97.5th 
percentile). Squared symbols were values outside the reference interval.
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The SEM of the z-score for one repetition (averaged for both legs) was 0.42. The distribution 
of the differences in age-matched z-scores within and between sessions was similar over 
age (Figure 5). This indicates that the MDD and CD apply to all age groups. The estimated 
MDD ranged from 1.16 for one repetition to 0.52 for five repetitions per session (Figure 
6). The estimated CD ranged from 1.72 for one repetition to 1.34 for five repetitions per 
session (Figure 6).

Figure 5 | (A) Differences between repetition one and two within session one. Lines represent the corresponding 
calculated minimal detectable difference, corrected for the systematic change. (B) Differences between session one 
and two. Lines represent the corresponding calculated critical difference.
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Figure 6 | Estimated effect of number of repetitions (up to five) on the minimal detectable difference and long-term 
critical difference of z-scores.

4. Discussion

The present study evaluated the performance on the single-leg stance test (SLS) by means 
of COPspeed over 30 s trials in elite male soccer players of 9 to 18 years. The main finding 
was that COPspeed was significantly associated with age, with lower values and lower 
variance for older players. Therefore, care should be taken to compare or pool COPspeed 
among different age groups. Instead, the current age-matched z-scores may be reliably 
used, with high within-session reliability and acceptable between-session reliability. To 
detect abnormal SLS performance, a population reference limit of -1.96 to 1.96 (2.5th to 
97.5th percentile) can be applied. However, if a baseline value of a player is known, the 
detection of abnormal function can be further improved by the application of the critical 
difference. Although depending on the number of repetitions, a change in performance 
larger than 1.5 (z-score) can be considered as abnormal for two repetitions. 

The significant association between age and COPspeed during SLS is in line with previous 
research concerning bipedal stance [47-49]. Furthermore, Condon et al. (2014) showed 
that older age groups of children were able to sustain a single-leg stance for a longer period 
[40]. Presumably, this increase in performance over age is mainly due to sensorimotor 
development [48,50-54]. Another explanation that has been put forward is a lack of 
concentration in younger players, possibly due to boredom or a lower attention capacity 
[41,53]. In the present sample, only a selected group of players made it through the entire 
youth academy program. Therefore, the lower COPspeed and variance in older players 
might in part be determined by selection bias. In addition, maturation is an important 
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factor to consider [12,55]; more mature players have altered body composition and higher 
muscle strength, but it is unclear how this would affect COPspeed. Nevertheless, given 
that the present upper reference (z-score 1.96) for players of 9 years (9.17 cm∙s-1) would 
correspond to a z-score of around 12 for the players of 18 years, there is an obvious need 
to correct COPspeed values for age. 

The within-session reliability of age-matched z-scores was high (ICC 0.88) for two 
repetitions with both legs, which is comparable to the often applied tests of speed and 
agility, but considerably higher than tests for technical skills and time to stabilization after 
hop landings in a comparable sample of elite male youth soccer players [56,57]. In the 
absence of a significant difference between one leg and the other, one may opt to pool 
the outcome values of both legs in line with Höner et al. (2015). This will improve precision 
of measurement (Figure 3) and likely increase the construct validity to assess total body 
sensorimotor function. However, asymmetrical impairments in SLS performance have 
previously been described following injuries such as ACL ruptures [14].

The between-session reliability (with on average 6 months period between sessions) 
of z-scores was within the acceptable range (ICCsingle 0.68; ICCaverage 0.81) for diagnostic 
use. This could lead to the potential to assess deviant levels of performance and to 
include SLS performance in prognostic studies [1,56]. Again, between-session reliability 
was comparable to running speed and agility [56]. It should be noted that our session 
two only consisted of one repetition, in order to minimize the burden for players and 
coaches. Between-session reliability will improve if two or three repetitions are measured 
(Figures 3 and 6). Only a small systematic decrease of z-scores was observed over the 
two repetitions within session one. This indicates a fast learning effect, which is likely to 
extinguish over a number of repetitions [20]. Until now, it is unknown what the effect of 
long-term repetitive testing is on the COPspeed values. The presented z-scores did not 
demonstrate a systematic effect over three to twelve months.

The z-scores can be used to identify players with unusually low or high SLS performance by 
means of the reference interval [38], but the z-scores can also be applied in a probabilistic 
way [1,58]. For instance, in recreational basketball players a ‘dose response’ relation 
has been shown between SLS performance groups (i.e., low sway: z-score < -0.5; mid 
sway: z-score - 0.5 to 0.5; high sway: z-score > 0.5) and the risk of a first time ankle sprain 
incidence. The 70 players in the ‘high sway’ group had a more than five times increased risk 
compared to the 70 players in the ‘low sway’ group [58]. In general, a low SLS performance 
suggests a low total body sensorimotor control, which could be a concern for the athlete. 
Impairments may lead to a higher susceptibility to injuries and less effective physical 
training [10,59,60]. The z-scores of SLS performance can possibly be used, in combination 
with other tests, to guide talent selection, return-to play decisions, or target the load and 
focus of individual training regimes. 
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The detection of abnormal SLS performance may be improved when baseline values of an 
athlete are taken into account [35]. This assumption is strengthened by the determined 
critical difference of 1.5 in z-score. For instance, a player with an initial z-score of -1, may over 
time develop a z-score of 0.6. This value is well within the population reference interval of 
-1.96 to 1.96, indicating normal SLS performance when compared to the reference data. 
However, the decline by 1.6 points exceeds the critical difference (1.5 for two repetitions), 
hence indicating abnormal change of performance. To date, it is unknown when a decline 
in SLS performance should raise concerns about the state of an athlete. An increase in 
z-score above the critical difference should be considered as an abnormal change in total 
body sensorimotor control, warranting additional evaluation of possible causes. 

One way to estimate the effectiveness of the SLS performance test to identify individuals 
with impaired sensorimotor control, is to compare the present reference interval and 
critical difference with the results of previous studies [7,14,33,34]. However, these studies 
differ considerably in population sample (age, sport type, sport level) and experimental 
setup (distance to visual target, data reduction) compared to the present study, which has 
a strong detrimental effect on the comparisons [13,61]. Huurnink et al. (2013) reported 
COPspeed values of field hockey players (mean age of 19 years, high level of competition), 
whereby all impaired players were above the reference interval, and the other players 
were mostly within the reference interval. In contrast, Holme et al. (1999) reported mean 
COPspeed values of 1.96 to 2.37 cm/s for recreational adult athletes, six weeks after an 
ankle sprain, which are all well below our reference interval. However, important factors 
that could reduce COP movement, such as the distance to a visual target and filtering 
of the force signal, were not reported. As a consequence, these lower COPspeed values 
remain unexplained. Therefore, it may be better to compare the effect sizes of previous 
studies with the current reference intervals. As the Cohen’s d (mean difference / SD) 
is normalized to the SD of the results, these effect sizes are directly comparable to the 
current z-scores (mean / SD). In previous studies, Cohen’s d ranged from 0.7 to 1.4 for 
ACL rupture without reconstruction [14], previous lateral ankle ligament rupture [26], 
concussion [34], and fatigue induced by a repeated sprints protocol [6]. It is likely that these 
averaged effect sizes underestimate the true effect on the individual impaired player, as 
for instance, not all concussions will lead to a diminished sensorimotor control. Despite 
this, the effect sizes indicate that it is possible that the present population reference 
interval (z-scores -1,96 to 1,96) would be insufficient to detect these relevant impairments 
in individual players. Since, as indicated above, it is also possible to apply the z-scores in a 
probabilistic way, future studies could be directed to categorizing players in performance 
groups based on the z-scores [58]. For detecting impairments in sensorimotor control 
that occur after baseline measurements, the Cohen’s d values indicate that the MDD / CD 
of three repetitions (0.67 and 1.43, respectively) would probably suffice to detect most of 
the impaired players.
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The MDD value quantifies the precision of measurement, with the assumption that biological 
variation within a measurement session can be considered as irrelevant. Therefore, a change 
in performance below the MDD should not be considered meaningful. Furthermore, the 
MDD can be used to signify outliers during testing. This would allow to repeat these trials. 
Although within-session reliability was deemed high, the presented MDD values (one to 
five repetitions: 0.52 – 1.16) indicate that the measurement error is substantial within a 
single player. Therefore, when changes in SLS performance within a short-time interval are 
of interest, for instance during the rehabilitation of a concussion or to assess the effect of 
fatigue, it seems preferable to employ more repetitions. Note that conducting more than 
five repetitions per leg is uncommon. Although not fully investigated, fatigue or (reduction 
of) concentration might ameliorate any benefit to precision of measurement.

Several limitations need to be addressed. The present reference values are likely to be 
affected by the employed measurement setup. Especially, a structured visual target placed 
at a shorter distance (currently at 4 meters) will reduce task difficulty [61]. This will result in 
lower COPspeed values and might decrease the sensitivity of the test [61]. The excluded 
three outliers may have been part of the normal distribution, however we feel it was more 
important to protect the distribution from very high non-normality, than to censor the 
data points above the reference interval. In addition, we did not consider history of injuries 
prior to testing or between measurement sessions, hence we cannot rule out that historical 
serious injuries may have influenced the results of some players [14,25,26]. Given that we 
did not exclude individuals based on previous injuries and the relatively large sample size, 
the present results seem representative for male elite youth soccer players who are fit to 
perform at the highest standard of competition. Furthermore, we did not provide the status 
of maturation, which may well be a mediator to impaired functional performance or injury 
risk, especially in the group of 13 to 16 years [12]. It has been postulated that during the 
period of rapid growth the coordinative skill is temporarily decreased [12]. However, we did 
not measure an increase in variance, nor a systematic increase of COPspeed in players from 
13 to 16 years compared to the younger and older players (Figure 2B). The age-matched 
z-scores can be used to assess the independent effect of maturation on sensorimotor 
control. 

The age groups had a different mean follow-up period (Table 1). Therefore, we calculated a 
post hoc Pearson correlation coefficient between time period of follow up and COPspeed 
differences between sessions one and two, for 9 to 12 years and 13 to 18 years. Given the 
correlation coefficients were very low (-0.04 & -0.06, respectively), we think it is unlikely that 
time differences in follow up significantly affected our results. Furthermore, the current 
number of repetitions of SLS was relatively low. This was chosen to minimize the burden 
for players and coaches in view of the regular monitoring. Therefore, the effect on ICC, MDD 
and CD of more repetitions are estimations based on the assumption that the contribution 
of ‘error’ to the ‘true’ score was similar for the repetitions [46]. 
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It has been postulated that there exist sport-specific alterations in postural control [13]. 
Therefore, a SLS test during a ball kick movement of the contralateral leg, as reported by Teixeira 
et al. (2011) [62], may improve ecological validity. Additionally, various other balance tests 
exist, for instance to re-weight relevance of sensory modalities (eyes closed), increase difficulty 
(unstable surface, jump landing, Star Excursion Balance Test (SEBT)), and to improve the 
practical applicability as well (SEBT) [57,62-64]. All these modes of SLS introduce extra sources 
of variance and target to some extent other aspects of the neuromusculoskeletal functioning 
[63,65]. Therefore, generalizing the present results to other balance tasks should be conducted 
with some degree of caution. This is especially true for the SEBT, which was previously shown to 
be unrelated to COPspeed in different modes of SLS [63]. It was postulated the SEBT was more 
dependent on muscle strength and flexibility, which, in view of the maturation of young players, 
seems highly relevant. In addition, the present SLS aims to specifically target the feedback 
corrective sensorimotor control, while other tests also encompass feedforward pre-planned 
motor actions [57]. Therefore, other tests may be included in a test battery to encompass the 
total spectrum of relevant coordinative skills.

We acknowledge that the need of a force plate to measure COPspeed is a drawback for field 
assessments. Despite this, there exist portable force plates and also more readily available ones, 
which might fulfill the needs of a strength and conditioning coach [41,44].

In conclusion, in male elite youth soccer players of 9 to 18 years, COPspeed – assessed with 
two repetitions of SLS for both legs – was age dependent with lower values and lower 
variance for older players. Age-matched z-scores were determined, and within and between 
session reliability appeared to be acceptable to distinguish players with deviant levels of SLS 
performance irrespective of age. Finally, for monitoring personal development of sensorimotor 
control, the critical difference of COPspeed determined here can be used. This in combination 
with baseline values allows for better detection of impairments in sensorimotor control 
compared to a population-based reference interval. 

5. Practical applications

Practitioners and coaches may employ the current age-matched z-scores of COPspeed 
single-leg balance for performance monitoring in relation to peers, as well as to signify 
abnormal total body sensorimotor control (z-score above 1.96). Furthermore, the age-
matched z-scores can be applied to all age groups, which enables monitoring of personal 
development over the years. The presented critical difference allows a better detection 
of abnormal change in performance than a population based reference. For instance, 
the critical difference is essential in concussion management, but can also be used as 
a screening method to detect underlying physical impairments. Finally, with respect to 
other tests or populations, the presented methods could serve as a guidance on how to 
employ and interpret test results. 
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Abstract

Body movement in single-leg stance (SLS) is associated with level of sports performance, 
injury history and ankle sprain risk. However, it is not clear which force plate parameter 
or joint angular motion is the preferred measure of SLS performance. Therefore, our aim 
was to assess reliability and validity of various parameters, to guide selection of outcome 
measures. 

Six SLS trials were performed by 34 field hockey players. Outcome measures were: mean 
center of pressure speed (COPspeed), mean absolute COP deviation (COPsway), mean 
absolute horizontal ground reaction force (HGRF), and mean absolute angular velocity 
(VEL) and variability of ankle, knee and hip angles. Given that the purpose was to stand 
as motionless as possible, any movement was considered a worse performance. Principal 
component analysis (PCA) was used to extract a new variable with maximum overlapping 
information of all parameters. The correlation (r) between parameters and the extracted 
variable was used to estimate the validity. Within-session reliability was assessed by 
intraclass correlation (ICC). 

The first PCA component explained 66% of the variance among participants. The validity 
of parameters was moderate (COPsway anteroposterior: r 0.54) to excellent (HGRF and 
VELhip: r 0.94). ICC ranged from moderate (COPsway anteroposterior: 0.64) to excellent 
(COPspeed: 0.95). HGRF had the highest combined validity (r 0.94) and reliability (ICC 0.94). 

In conclusion, all included parameters provided largely similar information about 
SLS performance. However, relevant differences existed in validity and reliability. It is 
recommended to use HGRF, while COPspeed and the mean angular velocity of ankle or 
hip are second best. 
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1. Introduction

Optimal sensorimotor control is considered important for sports performance and injury 
prevention [1,2]. Postural control is a reflection of total body sensorimotor control and can 
be measured through balance tasks [3,4]. For healthy physically active humans, single-
leg stance tests have been shown to be more discriminative than two-legged stance [5]. 
However, to assess the SLS performance, a broad range of force plate parameters have 
been employed. In general, for balance tasks, most force plate parameters provide largely 
similar information [6,7], but differences exist in their reliability [6–9]. A higher reliability is 
considered to be better, but it is not evident that parameters with the highest reliability do 
reflect SLS performance (i.e., to stand as motionless as possible) best. To avoid type I errors 
or loss of power associated with corrections for multiple testing, it is best to minimize the 
number of parameters. Furthermore, the consistent application of similar parameters will 
improve comparisons among studies and the generalizability of conclusions.

During SLS, substantial corrective movements at the ankle, knee and hip of the standing 
leg have been demonstrated [10–13]. It seems safe to assume that more movement at 
the lower extremity joints [13], more movement of the center of pressure (COP) [14,15] 
and larger magnitude of horizontal ground reaction forces (HGRF) [8,15] reflect a worse 
performance on the SLS task. If various subsets of parameters are included equally, 
to avoid predominance of a specific subset, it can be argued that the overlapping 
information (i.e., shared variance) among those parameters may provide the best estimate 
of SLS performance. Principal component analysis allows to summarize this overlapping 
information into a new variable, which can be used as a reference estimate to assess the 
validity of parameters. Therefore, we aimed to assess reliability and validity of various 
parameters in SLS assessments, including force plate recordings and the angular motion 
of the ankle, knee and hip. For this we use data of a previously reported sample of field 
hockey players [16]. 

2. Methods

2.1 Participants
We recruited 34 field hockey players of regional to national competition level. All players 
reported that they were fit to perform at the level of their competition. Out of 34 players 
(18 males, 16 females; length 1.79 m (1.62–1.94m); weight 69.7 kg (55.8–98.4kg)), 18 
players had suffered an ankle sprain in the last 6 months [16].
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2.2 Single-leg stance
Participants were asked to perform three valid single-leg stance trials of 20 s on each 
leg with their eyes open. Participants were asked to stand as still as possible and keep 
their hands on their hips. A trial was considered invalid if a participant displaced his/her 
standing leg, touched the floor with the contralateral leg or if a hand was used to regain 
balance. All trials were performed with bare feet and on firm ground. All participants were 
given two practice opportunities with each leg before actual testing commenced. The 
initial testing leg was randomly assigned. A line on the force plate was used to align the 
foot during the balance tasks.

2.3 Force plate variables
GRF were sampled at 1000 samples/s by a 60 by 40 cm force plate (type 9218B, Kistler 
Instrument Corp, Winterthur, Switzerland) and data were filtered with a bi-directional 
second order Butterworth low-pass filter with an estimated optimal cut-off frequency 
of 43 Hz [16,17]. The COP calculations were based on vertical and horizontal forces in 
accordance with the manufacturer’s manual. Outcome measures were (1) HGRF: mean 
vector length of the horizontal GRF (N), normalized to body weight (N); (2) COPspeed: 
COP path length divided by trial time (mm/s) normalized to body length (m); COPsway: 
mean COP deviation relative to the origin (averaged COP location) (mm) normalized to 
body length (m). The outcomes were also calculated for the anteroposterior (AP) and 
mediolateral (ML) directions separately. 

2.4 Joint angle variables
Motion capture data of the lower extremity were collected with the OPTOTRAK® 
optoelectronic camera system (Northern Digital Inc., Waterloo, Canada). Ten LED markers 
were attached to the participants’ skin on positions with minimal soft tissue deformations 
during movement, including feet, lower legs and upper legs [16]. Additionally, a custom-
made aluminium object with three LED markers was positioned over the sacrum. While 
participants stood upright, facing the positive X-axis of the system with the Y-axis pointing 
to the left, the anatomical coordinate system for each body segment was established by 
means of digitized bony landmarks [16]. For each joint (ankle, knee, hip), the orientation 
matrix of the distal segment was expressed relative to the proximal segment. Joint angles 
were calculated using Euler decomposition in the order Y-X-Z. Angular velocity vectors were 
calculated from the instantaneous orientation matrices of the distal relative to the proximal 
segments [18]. Subsequently, the mean absolute angular velocity and the standard deviation 
of angular position were calculated for relevant axes of the ankle (dorsiflexion/plantarflexion 
(DF/PF); inversion/eversion (I/E); internal/external rotation (ROT)), knee (flexion/extension 
(F/E)) and hip (F/E; adduction/abduction (Add/Abd); ROT). Additionally, the resultant of the 
angular velocities of the ankle and hip were assessed as well. 
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2.5 Statistical analyses
All statistical analyses were conducted with SPSS (version 22.0, IBM Software, Armonk, 
NY). Outcome values were averaged over the six trials (three per leg) [19]. Within session 
reliability for the six trials was assessed for each of the kinematics and force plate variables 
by means of intraclass correlation (random model; absolute agreement; average measure 
(six trials: three per leg) [20,21].

We applied a principal component analysis (PCA; based on correlation matrix) with all 
parameters (9 force plate parameters; 9 angular velocity parameters; 7 angular position 
variability parameters) as input variables. The PCA is a multivariate technique that 
analyzes a data table of several inter-correlated quantitative dependent variables [22]. Its 
goal is to extract the important information from the table and represent it as a set of new 
orthogonal variables called principal components. A scree plot was used to determine 
the relevant components [22]. The component with the largest explained variance 
among participants (components are always organized in the order of decreasing 
explained variance), was extracted and considered as a reference of SLS performance. The 
correlation between parameters and the first PCA component represented the validity to 
measure SLS performance. Both ICC (reliability) and correlation (validity) were graded as 
follows: <0.5 poor; 0.5-0.75 moderate; 0.75-0.9 good; 0.9-1.0 excellent [23]. We arguably 
consider validity and reliability equally important for outcome measure selection, with 
the proviso that a parameter with excellent validity and good reliability will be preferred 
over a parameter with good validity and excellent reliability. 

3. Results 

The reliability was excellent for HGRF (ICC=0.92-0.93) and COPspeed parameters 
(ICC=0.91-0.95), good to excellent for the angular velocity parameters (ICC=0.83-0.96), 
and moderate to good for the angular position variability parameters (ICC=0.65-0.86) and 
the COPsway parameters (ICC=0.64-0.78) (Table 1).

From the scree plot it is clear that the first component was by far the most relevant 
(eigenvalue=16.5; explained variance=66.0%; Figure 1), while the second component had 
a minor added value (eigenvalue=2.7; explained variance=10.8%; Figure 1). 

The estimated validity (correlation with PCA component one) was strongest for HGRF 
and VELhip (both r=0.94), and was weakest for COPswayAP (r=0.54) (Figure 2). All the 
other parameters correlated between 0.7 and 0.9. In general, a higher reliability coincided 
with a higher validity (Figure 2), but high reliability did not ensure high validity (e.g., 
COPspeedML: ICC=0.95; r=0.72). 
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Table 1 | Joint angular motion of the lower extremity.

mean angular velocity SD around mean position

Joint motion mean (SD) [◦/s] ICC average mean (SD) [◦] ICC average

Ankle DF/PF 2.48 (0.77) 0.83 (0.73-0.91) 0.90 (0.29) 0.65 (0.43-0.80)

Ankle I/E 6.15 (2.81) 0.94 (0.91-0.97) 1.66 (0.73) 0.86 (0.77-0.92)

Ankle ROT 6.49 (2.65) 0.96 (0.94-0.98) 1.52 (0.52) 0.84 (0.75-0.91)

Knee F/E 3.13 (1.44) 0.86 (0.78-0.92) 1.46 (0.72) 0.67 (0.46-0.82)

Hip F/E 2.04 (0.96) 0.87 (0.78-0.93) 1.28 (0.73) 0.67 (0.46-0.82)

Hip Add/Abd 1.99 (0.92) 0.86 (0.78-0.92) 1.33 (0.69) 0.69 (0.49-0.83)

HIP ROT 4.21 (1.74) 0.90 (0.84-0.95) 1.10 (0.39) 0.80 (0.67-0.89)

Ankle res 9.51 (3.38) 0.94 (0.91-0.97) - -

Hip res 5.73 (2.40) 0.89 (0.83-0.94) - -

Joint motions reflected in the averaged angular velocity and variability (SD) around the mean position for the ankle 
in dorsiflexion/plantarflexion (DF/PF), inversion/eversion (I/E), and internal/external rotation (ROT), for the knee in 
flexion/extension (F/E), and for the hip F/E, adduction/abduction (Add/Abd), and ROT. In addition, angular velocity 
was also calculated for the resultant velocity irrespective of joint axes (res). ICC average: intra-class correlation 
(random model; absolute agreement; average measure (six trials: three per leg). 

Figure 1 | Scree plot as a result of the principal component analysis. Eigenvalue represent the contribution of the 
component to the variance among participants. The higher the Eigenvalue, the higher the contribution to the 
variance. Each subsequent component explains an extra part of the variance, which is always orthogonal to all the 
previous components. 
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Figure 2 | Scatter plot with the within-session reliability (intraclass correlation) on the x-axis and the validity 
(correlation with the first component of the PCA) of calculated parameters of force plate recordings (triangles) and 
joint angular motion (circles).

Table 2 | Force plate parameters.

FP parameter Mean (SD)
Normalized values 

Mean (SD)
ICC average

HGRF 3.94 (1.34) N 0.00564 (0.00157) N/N 0.93 (0.89-0.96)

 AP 2.18 (0.65) N 0.00315 (0.00081) N/N 0.92 (0.88-0.96)

 ML 2.82 (1.08) N 0.00402 (0.00126) N/N 0.93 (0.88-0.96)

COPspeed 50.5 (12.7) mm/s 28.4 (7.7) (mm/s)/m 0.94 (0.90-0.97)

 AP 32.9 (8.9) mm/s 18.5 (4.7) (mm/s)/m 0.91 (0.85-0.95)

 ML 31.5 (8.0) mm/s 17.7 (4.2 (mm/s)/m 0.95 (0.92-0.97)

COPsway 9.91 (1.54) mm 5.60 (0.90) mm/m 0.72 (0.55-0.85)

 AP 7.27 (1.38) mm 4.11 (0.82) mm/m 0.64 (0.41-0.80)

 ML 5.26 (0.86) mm 2.97 (0.47) mm/m 0.78 (0.65-0.88)

HGRF: the average length of the ground reaction force vector in the horizontal plane; COPspeed: the COP path length 
divided by trial time; COPsway: the averaged absolute deviation around the averaged COP; AP: anteroposterior 
direction; ML: mediolateral direction. Normalized values: HGRF normalized to body weight (Newton); COPspeed 
and COPsway normalized to body length (meters). ICC average: intra-class correlation (random model; absolute 
agreement; average measure (six trials: three per leg). 
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4. Discussion

We made the explicit assumption that the overlapping information of all included 
parameters could be used as reflective of the true SLS performance . This assumption was 
corroborated by the findings that (1) the first PCA component explained 66% of all the 
variance among participants, and (2) the correlation between the first component and all 
parameters was positive and moderate to excellent. This indicates that higher outcome 
values for all parameters, and the first PCA component, reflected more movement, 
suggesting that a common source of variance was present for all parameters. Our main 
findings were that: (1) HGRF had highest (excellent) combined validity and reliability, 
and (2) in general, parameters derived from deviation around a setpoint showed worse 
validity and reliability compared to the speed/velocity parameters. 

The findings are in line with previous studies concerning two-legged stance [6,24] and 
sitting balance [7], and seem to underscore the assumption that parameters related to 
velocity better reflect body movement than parameters based on deviation around a 
setpoint [6,7,12,24]. If subjects temporarily form new setpoints, which serve as attractors 
to deviations of movement, the deviation around the average position is not a valid 
measure of the amount of movement [6]. Also, when high frequency movements are 
made, velocities can be high while overall displacements are low. 

The findings are also concordant with previous reliability studies of balance tasks, 
showing that COPspeed provides higher reliability than COPsway [6–8,12,24]. Moreover, 
our findings were in line with previous studies that reported group differences in SLS 
performance. The HGRF was most sensitive to impairments associated with functional 
ankle instability [8]. HGRF directly reflects the horizontal COM acceleration, hence shows 
the net effect of both ankle and hip strategies. Furthermore, numerous studies showed 
that COPspeed was more sensitive than COPsway analogues in a wide range of conditions 
and interventions [8,25–29]. Finally, COPswayML was consistently more sensitive than 
COPswayAP [8,25,26,29,30]. To our knowledge, comparative studies with regard to joint 
angular motion are not available. 

A limitation of the present study is that we did not measure the kinematics of all body 
segments. Studies have shown that some additional corrective actions may be present 
in the trunk and the contralateral leg [12,13]. It can be assumed that the instruction to 
the participants to place their hands on their hips, has resulted in a negligible angular 
rotation of the arms. Furthermore, the application of the PCA to estimate a reference 
of SLS performance can be subject to bias. If a subset of parameters is overexpressed 
in the included parameters, the variance explanation between outcomes will be more 
dominated by the overexpressed subset. This will inevitably increase the contribution of 
those parameters to the first PCA component. Conversely, this strengthen the present 
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finding that HGRF was strongest related to PCA component one, as the HGRF parameters 
can be considered a different subset than all the other parameters (COP and joint angles).

In conclusion, COP, HGRF and joint angle motion recordings provide largely similar 
information about the amount of body movement during SLS, hence all reflect SLS 
performance. However, relevant differences existed in estimated validity and reliability. 
Likely, this affects the ability of the outcome measure to detect changes or group 
differences. The HGRF is the preferred parameter with excellent reliability and validity. 
If joint angular motion recordings are available, the angular velocity of the ankle or hip 
can be considered as second best, otherwise the force plate parameter COPspeed can be 
applied. In general, parameters reflecting velocity appear more appropriate to assess SLS 
performance than parameters reflecting deviations around a setpoint. 
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Abstract

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.

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. 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%). In 
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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1. Introduction

Testing of single leg balance has an important place in the evaluation of athletic 
performance [1] and the assessment of injuries such as ankle sprains [2,3] or untreated 
anterior cruciate ligament deficiency [4]. Single leg postural stability is considered 
to reflect total body sensorimotor function [3]. However, it has been suggested that 
demanding tasks, such as a hop landing, may be a better representation of sensorimotor 
functioning [5]. Therefore, an increasing number of studies focus on these dynamic tasks 
[6]. 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 [6]. 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.

2. Methods

2.1 Participants
A convenience sample consisting of twenty-five 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 neuromusculoskeletal 
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.
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2.2 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 
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 barefoot 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 minutes 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 [7].

2.3 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 [2,8]. 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 [9,10].

Postural stability was assessed through three reliable and discriminative outcome 
measures for DJ (5-20 s after landing) and for SLS (15 s):
(1) The mean COP speed (‘COP speed’), which is the total COP path length divided by 

trial time [11–16].
(2) The mean COP sway (‘COP sway’), which is the mean absolute distance of the COP 

trajectory to the average COP position [15,17].
(3) The mean absolute horizontal GRF (‘Horizontal GRF’), which is the mean length of the 

GRF vector in the horizontal plane [2,12].
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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. 

2.4 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 method was employed [18,19]. 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 was calculated for each 
comparison 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 to 10). 

3. Results

Typical examples of COP trajectories (Figure 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 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.
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Figure 1 | Typical COP trajectories during single leg drop jump landing task (1A) and during a single leg stance 
balance task (1B).
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Figure 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). 

Table 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 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 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. 

Bland and Altman plots are presented in Figure 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 2).
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Table 1 | Static postural stability calculated from DJ and SLS tasks.

Outcome measure Task Mean SD within (%) SD between (%)

COP speed (in mm/s) DJ1 48.40 6.81 (14%) 11.6 (24%)

DJ2 47.25 7.14 (15%) 13.7 (29%)

SLS1 47.74 6.01 (13%) 12.2 (26%)

SLS2 44.97 5.92 (13%) 12.6 (28%)

COP sway (in mm) DJ1 8.99 1.31 (15%) 1.78 (20%)

DJ2 8.90 1.43 (16%) 1.75 (20%)

SLS1 9.16 1.39 (15%) 1.68 (18%)

SLS2 8.75 1.39 (16%) 1.73 (20%)

Horizontal GRF (in N) DJ1 3.87 0.70 (18%) 1.12 (29%)

DJ2 3.80 0.77 (20%) 1.32 (35%)

SLS1 3.72 0.54 (14%) 1.06 (29%)

SLS2 3.50 0.53 (15%) 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 250 (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.

Table 2 | The reproducibility and agreement comparisons.

REPRODUCIBILITY

Outcome 
measure

Comparison
Mean diff 

(%)
95% CI 

in %
P-value

SD diff 
(%)

95% LOA
ICC 

(95% CI)

COP speed (in mm/s) DJ1 vs DJ2 1.15 (2.4%) (-2.1 - 6.9) 0.282 5.22 (11%) [-9.07 - 11.4] 0.92 (0.82 - 0.96)

SLS1 vs SLS2 2.78 (6.0%) (1.6 - 10.4) 0.009 4.90 (11%) [-6.83 - 12.3] 0.90 (0.74 - 0.96)

COP sway (in mm) DJ1 vs DJ2 0.09 (1.0%) (-3.4 - 5.5) 0.634 0.96 (11%) [-1.79 - 1.97] 0.86 (0.70 - 0.93)

SLS1 vs SLS2 0.41 (4.6%) (0.6 - 8.6) 0.028 0.88 (10%) [-1.32 - 2.14] 0.85 (0.66 - 0.93)

Horizontal GRF (in N) DJ1 vs DJ2 0.07 (1.9%) (-2.9 - 6.8) 0.430 0.46 (12%) [-0.82 - 0.97] 0.93 (0.85 - 0.97)

SLS1 vs SLS2 0.22 (6.1%) (1.4 - 10.8) 0.013 0.41 (11%) [-0.59 - 1.03] 0.91 (0.77 - 0.96)

AGREEMENT

Outcome measure Comparison
Mean diff 

(%)
95% CI 

in %
P-value

SD diff 
(%)

95% LOA
ICC 

(95% CI)

COP speed (in mm/s) DJ1 vs SLS1 0.66 (1.4%) (-2.8 - 5.6) 0.510 4.88 (10%) [-8.91 - 10.2] 0.92 (0.82 - 0.96)

DJ2 vs SLS2 2.29 (5.0%) (1.0 - 8.9) 0.017 4.45 (10%) [-6.44 - 11.0] 0.93 (0.82 - 0.97)

COP sway (in mm) DJ1 vs SLS1 -0.17 (-1.9%) (-7.4 - 3.6) 0.482 1.21 (13%) [-2.54 - 2.20] 0.76 (0.53 - 0.89)

DJ2 vs SLS2 0.15 (1.7%) (-2.6 - 6.0) 0.434 0.92 (11%) [-1.66 - 1.96] 0.86 (0.71 - 0.94)

Horizontal GRF (in N) DJ1 vs SLS1 0.15 (4.0%) (-2.9 - 10.8) 0.240 0.63 (17%) [-1.08 - 1.38] 0.83 (0.66 - 0.92)

DJ2 vs SLS2 0.30 (8.2%) (3.6 - 12.9) 0.001 0.41 (11%) [-0.50 - 1.10] 0.92 (0.71 - 0.97)

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 * ‘SD diff’ to ‘Mean diff’ + 1.96 * ‘SD diff’); the intraclass correlation coefficient (ICC) is a two way random 
single measures for consistency/absolute agreement (ICC2,1), with the 95% CI.
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Figure 3 | Bland-Altman plots for both reproducibility and agreement comparisons, for ‘COP speed’ (3A), ‘COP sway’ 

(3B) and ‘Horizontal GRF’ (3C).
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Finally, as the individual outcome is usually an average across a number of trials, Figure 
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 4 | The individual error (‘SD within’/√n trials) 
presented as mean and SD across 25 participants for 
‘COP speed’ (4A), ‘COP sway’ (4B) and ‘Horizontal GRF’ 
(4C) 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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4. Discussion

The main finding of the current study is that postural stability calculated from 5-20 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 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 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).

With regard to the generalizability of our findings, it should be noted that the participants 
of the current study were all healthy, physically active individuals. The employed DJ 
task might prove to be too demanding for some individuals, for instance patients 
in the (sub-) acute phase after injury. Moreover, injuries may result in longer time to 
stabilization. Therefore, depending on the population, the analysis of a later time window 
(e.g., 10-25 s) deserves consideration. Furthermore, we are unsure if the current results 
are generalizable to other landing protocols that employ different procedures, such as 
other jump/hop directions or a starting position on two legs or the non-testing leg. It can 
be expected that easier protocols would lead to smaller increases of variance of postural 
stability outcomes, while more difficult protocols would lead to a larger increase. 
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In 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 forces, time to stabilization) and the static aspect (postural stability) of 
sensorimotor functioning.
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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. 

Research question: What is the relation among TTS and DPSI, how are they related to impact 
forces and dynamic postural sway, and how are all these dynamic measures related to 
static postural sway?

Methods: A sample of 190 elite soccer players performed four single-leg drop jump 
landings. 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 0.4-2.4s and 3.0-5.0s following landing. All these measures 
were also correlated to HGRF in the static phase (i.e., 5.3-11.7s). 

Results: The TTS measures were significantly interrelated (r=0.28-0.53), but were not 
significantly correlated to DPSI. TTS was more strongly related to HGRF0.4-2.4s (r=0.54-
0.75) than to HGRF3.0-5.0s (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. 

Significance: 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. The 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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1. Introduction

Balance tests with outcome measures based on ground reaction forces (GRF) have been 
successfully applied to assess sensorimotor control [1–4]. 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 [5–7]. The complexity and sport specificity 
of the jump landing is thought to yield better sensitivity in athletes [5]. 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 [8,9], 
which are not present in the feedback driven sensorimotor control during static balance 
tasks [10]. Furthermore, dependent on the jump direction, the impact of the landing yields 
high vertical and anteroposterior GRF values [11], which may vary between attempts. 

The most commonly applied dynamic postural stability outcome measures are the ‘time 
to stabilization’ (TTS) and the ‘dynamic postural stability index’ (DPSI) [6,9]. 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) [12,13], or to minimize body sway as quickly as possible 
[14]. 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) [11,15–17]. It is 
likely that these differences in calculation methods of TTS explain previous contradictory 
findings, even within studies [12,14]. To overcome some flaws in the calculation of 
TTS, original calculation methods have been modified over time [17]. 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 [16,18]. As 
a consequence, a participant with poorer static single-leg balance would have a higher 
threshold or reference, paradoxically resulting in a shorter TTS [12,17]. To avoid this 
problem, most TTS calculation methods in V direction now use a fixed but normalized to 
body weight reference [15,19], and this has been recently validated and recommended for 
AP and ML directions as well [12]. 

As part of the improvements to overcome the ‘stability paradox’ of previous TTS methods, 
the dynamic postural stability index (DPSI) has been introduced as well [13]. The DPSI 
combines the mean squared deviations of GRF from 0 to 3s following landing in V, AP, 
and ML directions into one comprehensive measure [13]. Both TTS and DPSI have been 
claimed 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 [9,12,13,20], though previous studies did not show a significant 
relation between TTS and DPSI [21,22]. It is currently unknown whether the improved TTS 
measures and DPSI provide related information on drop jump landing performance.
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Most jump tasks consists of a jump movement in vertical and anterior direction, and the 
impact forces in these directions are common outcome measures [6,9]. As these high 
impact GRF specifically yield information about the kinetic energy absorption [23,24], they 
are usually considered separately from dynamic postural stability measures [6,9]. As the 
calculation of DPSI includes the impact forces, DPSI holds information about both kinetic 
energy absorption and the subsequent postural sway up to 3s 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 0.4-2.4s following a single leg drop jump landing holds 
different information compared to the time periods of 0-0.4s and 3.0-5.0s [23]. The time 
period of 0-0.4s was likely affected by the high impact force in anteroposterior direction. 
Between 0.4 and 2.4s the drop in COM accelerations was still rather large, between 3.0 
and 5.0s the drop was small, and after 5s following landing the single-leg stance was 
considered as a static balance [23,25]. 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., 0.4-2.4s and 3.0-
5.0s). 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. 
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2. Methods

2.1 Participants
Data were retrieved from the database of AFC Ajax, a professional soccer 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 1). Participant or parental consent (depending on the age) was 
collected. The local review board granted ethical approval. 

Table 1 | Player characteristics.

 
11-12 yr
(n = 35)

13-14 yr
(n = 46)

15-16 yr
(n = 41)

17-18 yr
(n = 44)

19-33 yr
(n = 24)

Age (yr) 11.8 (0.6) 13.9 (0.5) 15.8 (0.5) 17.7 (0.7) 23.2 (3.2)

Height (m) 1.52 (0.08) 1.66 (0.09) 1.76 (0.08) 1.80 (0.06) 1.82 (0.06)

Mass (kg) 41.2 (6.4) 53.9 (9.3) 65.0 (10.1) 73.5 (7.6) 77.0 (7.5)

Presented as mean (SD).

2.2 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 15s, while 
keeping their hands on the iliac crest [23]. Players were instructed to look at a visual target 
4m 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 [26]. 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.

2.3 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 12s after 
contact and were low pass filtered at 12Hz with a bidirectional second order Butterworth 
filter [3,23]. The GRF were normalized to body weight (BW) by means of GRF (N) / BW (N), 
and expressed as percentage (%BW).
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2.4 Dynamic stability measures

Dynamic stability measures were carefully selected from previous studies, incorporating 
calculation modifications and recommendations for improvement made over time [11–
13,15]:

- 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 1.0s within the time 
period of 0-12s following impact [15,27].

-  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 0-12s following impact [12]. 

-  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 0-12s following impact [12].

-  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 
3s following impact. Note that in V direction 100% BW was subtracted from the GRF 
signal before calculation [13].

The decay function to fit the rectified GRF signal in AP direction was computed in Matlab 
according to Wright et al. [12]: 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 0.1-4s was weighted twice, the error from 4-12s 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 proviso that the signal before 
the highest peak within the first 0.4s was not taken into account and that the reference 
limit was set at 1.23 %BW [12]. 

2.5 Landing and postural sway parameters
Peak forces in vertical (peakV) and anteroposterior direction (peakAP) provided information 
about the impact of the landing [6]. Close inspection of the patterns of GRF in ML direction 
for the first 0.4s showed, in contrast to V and AP directions, inconsistent patterns and very 
low values for the peak force (Figure 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 0-0.4s 
(GRFML0.4).
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The magnitude of the horizontal GRF was considered a proxy for center of mass sway and 
the extent of corrective motor actions [1,3,28,29]. 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 [23,25,28]. Previous 
research has shown that, following a jump-landing task of youth elite soccer players, 
averaging HGRF within time periods of 0.4-2.4s, 3.0-5.0s, 5.3-8.3s and 8.7-11.7s resulted in 
the most optimal data reduction of the total HGRF time series of 0-12s, with minimal loss 
of variance between participants [23]. Figure 2 illustrates the magnitude of HGRF following 
landing, by means of the averaged values of the four representative time periods [23]. In 
accordance with previous studies [23,25], a steady state was reached after 5s, therefore 
the HGRF0.4-2.4s and HGRF3.0-5.0s were used to represent dynamic periods [23], while 
HGRF5.3-11.7s was used as a proxy for static single-leg stance performance [25]. 

A

C

B

Figure 1 | The GRF (%BW) of all trials during 0 to 0.4s 
after contact for vertical direction (A), anteroposterior 
direction (B), and mediolateral direction (C).
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Figure 2 | Box-plot of the horizontal GRF (%BW)) following landing, illustrated by means of the averaged value of 
four time periods for each age group. The box represents the 25 to 75th percentile, or the interquartile distance. 
The line within the box is the median. The range represent 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).

2.6 Data analyses

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 [30]. Therefore, TTS-V, 
TTS-ML, and HGRF were transformed by means of inversion (data -1). Table 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 process of 
z-score calculations. All outcome values were standardized by calculating z-scores: 

   outcome meanz score
SD
−

− =
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2.7 Statistical analyses
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. 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 (HGRF0.4-2.4s and HGRF3.0-
5.0s) were assessed as well. Finally, the correlations between all the dynamic measures 
and static single-leg performance (based on HGRF > 5s) were calculated. To interpret the 
strength of the correlations, for absolute values of r, 0-0.19 is regarded as very weak, 0.2-
0.39 as weak, 0.40-0.59 as moderate, 0.6-0.79 as strong and 0.8-1 as very strong. Given the 
multiple testing, statistical significance was set at a p-value below 0.01.

Table 2 | Descriptive results of the outcome measures.

mean SD min max skewness kurtosis
SW-test

(p-value)
transformation

Dynamic stability 

TTS-V 1.05 0.49 0.41 3.43 1.7 3.8 <0.0001 inversion

TTS-AP 0.90 0.20 0.49 1.49 0.4 0.1 0.037 x

TTS-ML 1.04 0.33 0.50 2.36 1.2 1.9 <0.0001 inversion

DPSI 28.2 3.7 18.7 42.6 0.4 1.3 0.008 x

Impact forces

peakV 270 26 190 346 -0.1 0.5 0.505 x

peakAP 35.5 4.7 24.4 47.5 0.4 -0.1 0.047 x

MLGRF 0-0.4s 4.44 0.86 2.44 7.13 0.4 0.4 0.031 x

Dynamic balance

HGRF 0.4-2.4s 1.61 0.43 0.94 3.39 1.3 2.1 <0.0001 inversion

HGRF 3.0-5.0s 0.81 0.17 0.56 1.58 1.8 4.4 <0.0001 inversion

Static balance

HGRF 5.3-11.7s 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); 
MLGRF0-0.4s: root-mean-square of GRF in mediolateral direction around zero during 0-0.4s 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 distribu-
tion of outcome values for further analyses. 
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3. 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 3A). For TTS measures, the strongest correlation was between TTS-V and 
HGRF0.4-2.4s (r=0.75). All TTS measures were stronger related to HGRF0.4-2.4s (r=0.54-
0.75) than to HGRF3.0-5.0s (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 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 3C). 

Table 3A | Correlations among TTS and DPSI.

TTS-V TTS-AP TTS-ML DPSI

TTS-V x 0.43 0.53 ns

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 3B | TTS and DPSI related to impact forces and dynamic HGRF.

Impact forces Dynamic balance

  peakV peakAP
MLGRF
(0-0.4s)

HGRF
(0.4-2.4s)

HGRF
(3.0-5.0s)

TTS-V ns ns ns 0.75 0.48

TTS-AP -0.26 -0.28 ns 0.54 0.32

TTS-ML ns ns 0.32 0.68 0.54

DPSI 0.85 0.41 0.23 ns 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; MLGRF0-0.4s: root-mean-
square of GRF in mediolateral direction around zero during 0-0.4s post landing; HGRF: mean rectified horizontal 
ground reaction force during 0.4-2.4s and 3.0-5.0s post landing; All outcome values were standardized to 
z-scores before analyses. 
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Table 3C | Dynamic measures related to static balance.

Static balance

TTS-V 0.47

TTS-AP 0.34

TTS-ML 0.54

DPSI ns

peakV ns

peakAP ns

MLGRF (0-0.4s) ns

HGRF (0.4-2.4s) 0.50

HGRF (3.0-5.0s) 0.80

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

4. 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 0.4-2.4s reflect the ability to minimize body motion following landing. In 
contrast, DPSI, peakV and peakAP reflect the fast COM deceleration during impact of the 
landing (<0.4s), 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 0.4-2.4s appeared to be partly associated with static balance performance (Table 
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 [31,32], 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 [20,33]. However, 
both landing kinetics and balance performance have shown to be associated with injuries 
[6,34]. 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.
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Despite the fact that TTS-V and HGRF 0.4-2.4s rely on different dimensions (time versus 
magnitude of force, respectively) and different directions of force (vertical versus 
horizontal, respectively), their relation was strong. Furthermore, the range of the TTS 
outcome values (0.4-3.3s) was in line with previous findings in elite soccer players [7], 
and are in accordance with previous and current observations that the largest decline in 
corrective motor actions occurred within 0.4 to 2.4s (Figure 2) [23,25]. These observations 
further strengthen the validity of TTS and HGRF0.4-2.4s 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 <0.4s could have 
affected the fitted signal of the subsequent 0.4-2.4s 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 [26]. Furthermore, differences in TTS calculation methods 
can have important effects on TTS outcome values [35]. Therefore, the present findings 
might not be generalizable to other TTS calculation methods. We have been consistent 
with previous recommendations about the TTS calculation methods [12,17] and selected 
the most appropriate TTS calculations, but still there might exist better calculation 
methods. 

In 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 soccer players 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

Training and testing of balance have potential applications in sports and medicine. 
Laboratory grade force plates (FP) are considered the gold standard for the 
measurement of balance performance. Measurements in these systems are based on 
the parameterization of center of pressure (CoP) trajectories. Previous research validated 
the inexpensive, widely available and portable Nintendo Wii Balance Board (WBB). The 
novelty of the present study is that FP and WBB are compared on CoP data that was 
collected simultaneously, by placing the WBB on the FP. Fourteen healthy participants 
performed ten sequences of single-leg stance tasks with eyes open (EO), eyes closed (EC) 
and after a sideways hop (HOP). Within trial comparison of the two systems showed small 
root-mean-square differences for the CoP trajectories in the x and y direction during the 
three tasks (mean±SD; EO: 0.33±0.10 and 0.31±0.16 mm; EC: 0.58±0.17 and 0.63±0.19 
mm; HOP: 0.74±0.34 and 0.74±0.27 mm, respectively). Additionally, during all 420 trials, 
comparison of FP and WBB revealed very high Pearson’s correlation coefficients (r) of the 
CoP trajectories (x: 0.999±0.002; y: 0.998±0.003). A general overestimation was found on 
the WBB compared to the FP for ‘CoP path velocity’ (EO: 5.3±1.9%; EC: 4.0±1.4%; HOP: 
4.6±1.6%) and ‘mean absolute CoP sway’ (EO: 3.5±0.7%; EC: 3.7±0.5%; HOP: 3.6±1.0%). This 
overestimation was highly consistent over the 140 trials per task (r>0.996). The present 
findings demonstrate that WBB is sufficiently accurate in quantifying CoP trajectory, and 
overall amplitude and velocity during single-leg stance balance tasks.
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1. Introduction

Training and testing of balance have an important place in research on prevention of 
falls in the elderly, rehabilitation of neurological or orthopedic patients, improvement of 
sports performance, and reduction of injury risk [1–4]. Parameters derived from center 
of pressure (CoP) trajectories measured by a laboratory grade force plate (FP) are the 
gold standard for balance performance. Given the large potential for application of 
balance assessments, an inexpensive, widely available, portable and accurate force plate 
would be a tremendous advancement. The Wii Balance Board (WBB) (Nintendo, Kyoto, 
Japan) is designed to serve as a video game controller, but might satisfy these criteria 
[5]. Compared to a FP, limitations are a low sample rate, the unavailability of horizontal 
forces, a larger amount of noise, an inconsistent sampling interval, occasional glitches in 
the data, and a manufacturer advised maximum load of 1962 N [6]. Previous comparison 
between the assessment of balance with a FP and a WBB showed encouraging results, but 
was performed with separate trials for both instruments [5]. In the present study, the WBB 
was positioned on top of a FP to enable simultaneous measurements of the CoP, which 
eliminated within subject variability.

2. Methods

2.1 Participants
Fourteen healthy volunteers were recruited from the members of staff at the Faculty of 
Human Movement Sciences (6 males, 8 females; mean (range); age 28.0 (24–34) years; 
height 175.3 (165–197) cm; body weight 67.2 (55–85) kg). The local Ethics Committee 
approved the study and all participants provided informed consent.

2.2 Measurement setup
A WBB (45×26.5 cm in the x and y direction, respectively) was placed upon a FP (Kistler 
model 9218B), which measured 60×40 cm and was mounted flush with the laboratory 
floor. The WBB has four strain gauge load sensors and is only able to measure vertical 
forces. The WBB was connected wirelessly to a laptop computer via Bluetooth. The 
WBB data were sampled at 35 sample∙s-1 [6] and retrieved with custom-written software 
(Labview 8.5 National Instruments, Austin, TX, U.S.A.). The FP data were sampled at 1000 
sample∙s-1. 

The validity of static CoP measurement was verified with a 10 kg load for twelve known 
positions (25 mm in between) and with a 60 kg load for nine positions (50 mm in between). 
This resulted in root-mean-square (RMS) differences between the two systems in x and y 
directions of 0.59 mm and 0.67 mm for the 10 kg load, and 0.73 mm and 0.58 mm for the 
60 kg load. 
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2.3 Procedures
Prior to our measurements, dead weight noise tests of 55 to 80 kg were performed to 
estimate the amount of noise disturbance of the FP and WBB [6]. Participants performed 
ten series of three balance tasks of 10 s in a single session: single-leg stance with eyes 
open (EO) and closed (EC), and single-leg stance after a short sideways hop (HOP). The hop 
was performed in lateral direction and was commenced while standing with both legs 
next to the WBB. Participants were instructed to perform all tasks on their preferred leg 
and barefoot. Participants were asked to stand as still as possible, to keep their hands on 
their hips and to focus on a point 2 m ahead. A trial was considered invalid if participants 
displaced their standing leg or touched the floor with the contralateral leg. 

2.4 Data processing
A custom MATLAB (The Mathworks, Natick, RI, USA) program was designed for data 
reduction. Our data showed that the time interval between samples of WBB data was 
inconsistent (SD: 0.42 ms), therefore linear interpolation of the raw signals for the four 
WBB load sensors was applied to obtain a regular sample rate of 1000 sample∙s-1 [7]. The 
data were filtered with a second order Butterworth low-pass filter. Close examination 
of the WBB CoP signal frequency distribution and the WBB noise effects have led to an 
estimated optimal cutoff frequency of 12 Hz, which was similar to Clark et al. (2010). 
FP signals processed with a low-pass filter up to a cutoff frequency of 12 Hz, faithfully 
represented single-leg stance balance assessments [8]. This was corroborated in our data. 
For instance, the FP ‘CoP path velocity’ value derived from the signal below 12 Hz, was 
98% of the ‘CoP path velocity’ value derived from the signal up to 20 Hz. Therefore, we 
decided to be consistent across both systems with regards to the low-pass filter cutoff 
frequency. To synchronize the onset of measurements, the time lags between FP and 
WBB were corrected with a time series covariance function of the vertical force data. CoP 
calculations for the WBB were performed with vertical forces of the four load sensors, 
and the distance between a load sensor and the middle of the WBB (21.6×11.8 cm, in the 
x (anteroposterior) and y (mediolateral) direction, respectively). CoP calculations for the 
FP were based on vertical and horizontal forces in accordance with the manufacturer’s 
manual. However, the moment arm of the horizontal forces was adapted to take the 
height of the WBB into account. Within each trial, for both FP and WBB, the mean CoP was 
considered as the origin. 
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2.5 Data analysis
The total trial length was analyzed for the EO and EC tasks, while for the HOP task only the 
data from 0.5 to 3.5 s after initial contact (vertical force > 10N) were taken into account. To 
quantify the horizontal ground reaction force (GRF), both mean and maximum value of 
the (absolute) total vector horizontal GRF were calculated per trial. 

The RMS error and Pearson’s correlation coefficient (r) between FP and WBB were 
calculated for CoP trajectories in x and y direction during each trial [9]. Additionally, two 
common CoP parameters (i.e., ‘CoP path velocity’ and ‘mean CoP sway’), which are axis 
independent, were calculated for the FP and WBB [4,5]. The ‘mean CoP sway’ represents 
the mean absolute distance from the CoP trajectory to the origin. Furthermore, for each 
balance task, r was calculated over all trials between the FP and WBB CoP parameter values. 

3. Results

Table 1 presents the results of the dead weight noise testing, which showed the effect 
of noise on the FP and WBB systems for ‘mean CoP sway’ (0.03–0.04 and 0.12–0.16 
mm, respectively) and ‘CoP path velocity’ (0.5–1.0 and 4.1–5.7 mm∙s-1, respectively). 
CoP trajectories from a representative participant are shown in Figure 1. Although the 
magnitude of the horizontal GRF varied greatly across trials, the CoP trajectories measured 
during the three balance tasks were similar for FP and WBB systems (mean RMS: 0.31–0.74 
mm; mean r 0.997–0.999; see Table 2).

Table 1 | Dead weight noise testing for FP and WBB.

‘mean CoP sway’ (mm) ‘CoP path velocity’ (mm∙s-1)

Weight (kg) FP WBB FP WBB

55 0.040 0.153 0.988 5.326

60 0.036 0.158 0.922 5.662

65 0.038 0.141 0.718 5.026

70 0.034 0.133 0.565 4.801

75 0.031 0.130 0.537 4.799

80 0.029 0.116 0.598 4.143

The dead weight noise measurements were conducted with synchronous CoP data collection for FP and WBB during 
10 s trials, subsequently data were low-pass filtered at 12 Hz. 

The WBB measurements overestimated the ‘CoP path velocity’ and ‘mean CoP sway’ 
averaged outcomes of FP by 3.5 to 5.3% (SD < 2%). For both balance measures, outcomes 
were highly correlated between FP and WBB over 140 trials per task (r > 0.996). Figure 
2 presents scatter plots of the two balance measures for all 420 trials (14 subjects×10 
trials×3 tasks). 
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Figure 1 |Typical example of center of pressure 
trajectories for WBB and FP data on EO (1A), 
EC (1B), and HOP (1C). Presented trials were 
comparable with the mean outcome and mean 
differences of the present sample. 

Figure 2 | Scatter plot of WBB and FP outcomes on EO, EC, and HOP concerning the balance measures ‘mean CoP 
sway’ (2A) and ‘CoP path velocity’ (2B) for all 420 trials (14 × 10 × 3). 
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Table 2 | Force plate recordings of single-leg stance tasks.

  EO EC HOP

Horizontal GRF a FP FP FP

Absolute mean (|N|) 3.2 (0.9; 0.9) 6.9 (2.7; 1.6) 8.9 (3.3; 0.7)

Absolute max (|N|) 9.3 (3.7; 3.0) 25.1 (14.5; 8.3) 39.2 (16.5; 11.8)

CoP trajectory a,b FP vs WBB FP vs WBB FP vs WBB

RMS - x (mm) 0.33 (0.10; 0.05) 0.58 (0.17; 0.11) 0.74 (0.34; 0.14)

RMS - y (mm) 0.31 (0.16; 0.06) 0.63 (0.19; 0.12) 0.74 (0.27; 0.09)

r - x 0.999 (0.001; 0.000) 0.999 (0.000; 0.000) 0.999 (0.003; 0.001)

r - y 0.998 (0.001; 0.001) 0.999 (0.000; 0.000) 0.997 (0.005; 0.002)

‘CoP path velocity’ c FP WBB FP WBB FP WBB

Outcome (mm∙s-1) a
32.3 

(6.5; 5.1)
34.0 

(6.5; 5.1)
75.5 

(21.3; 14.7)
78.4 

(22.2; 15.0)
74.1 

(20.4; 10.3)
77.5 

(21.4; 10.7)

Difference (%) a  5.3 (1.9; 1.4)  4.0 (1.4; 1.1)  4.6 (1.6; 0.8)

r 0.997 0.999 0.998

‘mean CoP sway’ c FP WBB FP WBB FP WBB

Outcome (mm) a
7.1 

(1.7; 1.1)
7.3 

(1.8; 1.1)
13.6 

(3.9; 2.2)
14.1 

(4.0; 2.3)
13.7 

(5.4; 2.5)
14.2 

(5.5; 2.6)

Difference (%) a  3.5 (0.7; 0.3)  3.7 (0.5; 0.3)  3.6 (1.0; 0.3)

r 1.000 1.000 1.000
a Presented as mean (SD over all trials; SD over subjects after averaging over 10 trials)
b Within trial analysis for x and y directions 
c Analysis over 140 data points (14 subjects × 10 trials) per task  
RMS, root-mean-square error between WBB and FP data
r, Pearson’s correlation coefficient between WBB and FP data
Diff, difference as percentage relative to FP value.

4. Discussion

In line with results of Clark et al. (2010), we found good correspondence between balance 
measures obtained with FP and WBB. In addition, we showed that instantaneous estimates 
of CoP location obtained with a WBB are very similar to those obtained with a FP. The 
latter adds significantly to the literature, since comparable outcomes between FP and 
WBB on averaged measures, such as ‘CoP path velocity’, do not necessarily generalize to 
other balance measures. Within the range of tasks evaluated, the good correspondence 
between CoP trajectories suggests that any balance measure based on a WBB CoP 
trajectory can be considered sufficiently accurate. 

The present findings seem a thorough validation for further exploitation of the WBB 
in the design and control of tasks that train or test balance. An elegant approach was 
investigated by Young et al. (2011) [10], who incorporated real-time visual feedback of 
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CoP into virtual environments (i.e., serious gaming) in order to create custom diagnostic or 
training programs. By, for instance, implementing such systems in (home-based) training 
regimes, compliance and effectiveness of balance training might be improved. Various 
disciplines (e.g., sports, sports medicine and rehabilitation medicine) might benefit from 
large-scale implementation of the low-cost WBB. 

As the WBB might be employed in the field of sports, sports medicine or rehabilitation 
medicine, it is of necessity to thoroughly consider the limitations of the WBB. The results 
of the present dead weight noise testing indicate that the ‘CoP path velocity’ noise of the 
WBB (4.1–5.3 mm∙s-1) is considerable, which is in accordance with Pagnacco et al. (2011). 
The higher noise levels compared to FP (0.6–1.0 mm∙s-1) are most likely due to hardware 
configuration [6]. Furthermore, the low sample rate might have further increased the 
noise as a consequence of aliasing the high frequency noise [11]. Estimations can be made 
from the result of the FP (RFP) and dead weight noise measurements (NFP and NWBB) 
on how noise could have affected the WBB result (RWBB). According to the equation 
RWBB = √(RFP2 + NWBB2 – NFP2) [6] and the outcomes presented in Tables 1 and 2, it 
can be calculated that the present noise levels did cause an overestimation of the WBB 
‘CoP path velocity’ values compared to FP by 0.8 to 1.3% for EO and 0.1 to 0.3% for EC 
and HOP. Although this is marginal for the present study, the noise driven overestimation 
might become more relevant when balance testing comprises considerably lower 
CoP velocities. Additionally, the results presented in Table 1 suggest that the noise is 
dependent on weight. Consequently, there might be an increase in noise bias on the WBB 
when CoP velocities are low. For example, bipedal stance with the eyes open has been 
reported to show CoP velocities of approximately 10 mm∙s-1 [12]. A ‘CoP path velocity’ of 
10 mm∙s-1 measured on the FP, would equate to an overestimation on the WBB of 15% for 
a participant with a weight of 60 kg, but only 8% for a participant with a weight of 80 kg 
(see Table 1). As actual measurement conditions and inter-device variations may affect 
noise levels as well, we would advise to routinely perform deadweight noise testing in the 
actual measurement environment and to relate this to the expected ‘CoP path velocity’. 
The latter also provides opportunities to correct ‘CoP path velocity’ outcomes for noise 
effects. It should be noted that the effect of noise on CoP position measures, such as 
‘mean CoP sway’, is negligible. 

In addition to noise effects, the overestimation of WBB ‘CoP path velocity’ (4.0–5.3%) 
is likely to be caused by a negligence of horizontal forces. The latter accounts for the 
overestimation of WBB ‘mean CoP sway’ values (~ 3.5%). Finally, the low sample rate 
restricts the applicability of the WBB to measurements in the relatively low frequency 
domain. However, this seems not to be of importance concerning standing balance 
assessments [8,13]. 
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Despite the limitations of the WBB, we found that the present balance measures showed 
very high Pearson’s correlations and small differences in error between FP and WBB. 
This indicates linearity and consistency of measurement outcomes. In addition, Figure 
2 reveals that the WBB measurement error is consistent over the present ranges of ‘CoP 
path velocity’ and ‘mean CoP sway’. Therefore, it is unlikely that errors of WBB estimates 
in single-leg balance tests will lead to false conclusions. However, this should be verified 
for populations and tests that differ from the ranges of the present study, especially 
concerning body weight and ‘CoP path velocity’ values.

In conclusion, the WBB is sufficiently accurate for quantifying CoP trajectory, and overall 
amplitude and velocity during single-leg stance balance tasks. 
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Dear editor in chief 

We thank Pagnacco and colleagues for their interest in our work, but we have to disagree 
with their conclusions [1]. Below we will argue that the rhetorical question in the title of 
their letter can be answered in the affirmative. Pagnacco and colleagues raise concerns 
about the methodology of our study, and even claim that the conclusions offered are 
misleading and unsupported. We agree that the two devices (laboratory grade force 
plate (FP) and Wii balance Board (WBB)) cannot be considered interchangeable, but 
this is not what we state in our paper. In fact, the limitations of the WBB are extensively 
presented and discussed in the paper. We did, however, conclude that the WBB is 
sufficiently accurate to be used for sway measures of single-leg stance, as used in the 
field of sports medicine and sports rehabilitation. Although not exactly equal, the center 
of pressure (CoP) measurements with the WBB were shown to provide very good proxies 
for parameters derived from more accurately measured CoP data. For more information 
about the specifications and durability of the WBB, we would like to advise the recent 
work of Bartlett et al. (2014) [2].  

To support our conclusion, we have presented comprehensive results on the agreement 
between the WBB and FP in 420 trials. In our work, we have performed two analyses 
to evaluate the agreement between WBB and FP: 1) a comparison of CoP trajectories 
(time series), and 2) a comparison of commonly used parameters calculated from these 
trajectories (CoP path velocity, mean CoP sway). 

1) To evaluate the similarity of CoP trajectories, both time series data sets (WBB and FP) 
were compared using the Pearson’s correlation coefficient (r), and the root-mean-square 
(RMS) technique. In contrast to Lee et al. (1989) (cited in the letter by Pagnacco et al.) [3] , 
the study by Derrick et al. (1994) (cited in our paper) [4] comprehensively investigated the 
pros and cons of the use of r to assess similarity between two time series. They showed 
that r is sensitive to differences in both amplitude and timing. Advantages are that it is 
easy to use and can be used to evaluate the entire curve. Derrick et al. (1994) concluded 
that a very high correlation is always indicative of temporal similarity, however, a low 
correlation does not guarantee a lack of temporal similarity. Obviously, a high r does 
not guarantee absence of amplitude differences. This is why we also calculated the root-
mean-squared differences between CoP trajectories of FP and WBB. Since our Pearson’s 
correlation coefficients were consistently very high (mean r > 0.996), and our root-mean-
square differences were consistently very low (mean RMS < 0.74 mm), we are confident in 
concluding that the CoP trajectory of FP and WBB possess similar characteristics. 

2) The CoP parameters derived from the CoP trajectories were compared between FP 
and WBB by means of Pearson’s correlation coefficient (linearity), the mean difference 
(systematic bias), and the standard deviation of the difference (consistency). We dispute 
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the insinuation of Pagnacco et al. that we exclusively used r to verify the consistency 
between the measures obtained from the FP and the WBB, or used r as a single indicator 
of agreement. In our work, we state in the discussion section: 

“Despite the limitations of the WBB, we found that the present balance measures showed 
very high Pearson’s correlations and small differences in error between FP and WBB. 
This indicates linearity and consistency of measurement outcomes. In addition, Figure 
2 reveals that the WBB measurement error is consistent over the present ranges of ‘CoP 
path velocity’ and ‘mean CoP sway’. Therefore, it is unlikely that errors of WBB estimates in 
single-leg balance tests will lead to false conclusions.” 

The r reflects linearity, and the small differences in error (as illustrated by the low standard 
deviation of the error between FP and WBB) reflect consistency. As Lee et al. (1989) correctly 
pointed out, high linearity alone is not sufficient to conclude an agreement between two 
data sets, although calibration would be an option to achieve agreement in case of strong 
linearity. The scatter plots presented in the paper reflect strong linearity and strong 
consistency. As the presented results in our work are clear on the observed systematic 
bias, in our opinion, a statistical comparison is redundant. With very high correlation 
(1.000) between the paired data sets, with the error always in the same direction, a 
statistical comparison obviously indicates a significant bias. However, this surely does not 
signify that the WBB is useless as a surrogate system of CoP measurements to evaluate 
single-leg stance balance. Pagnacco et al. arguably consider the overestimation of WBB 
‘CoP path velocity’ (mean 5.3% (95% confidence interval (CI) 1.6% - 9.0%)) and ‘mean CoP 
sway’ (3.5% (2.1% - 4.9%)) to be very large. Of course this is an important finding of the 
present study and it does indicate that the FP and WBB devices cannot be considered 
interchangeable. However, we would like to point out that our scatter plots illustrate this 
error is small compared to the variance between subjects and trials, and that it is mainly 
due to systematic bias. As we have shown that the CoP trajectories of FP and WBB are 
very similar, the consistency of the error is far more important to assess the usability of 
the WBB in measuring single-leg balance. Additionally, besides to the instrumentation, 
the resulting ‘CoP path velocity’ is dependent on numerous environmental conditions 
and data processing settings (e.g., compared to 12 Hz, a cutoff filter frequency of 20Hz 
or 40Hz would lead to 2% or 5% higher values, respectively). Therefore, instrumentation, 
environmental conditions, and data processing should always be the same when 
comparing groups or experimental conditions within a study. Thus, interchangeability of 
instrumentation is not a necessary requirement within a study. Rather, when comparing 
exact values of an outcome measure between studies, these issues become important. 

Pagnacco et al. propose the use of intra-class correlation (ICC) as a single indicator of 
agreement. We did not calculate the ICC in view of its limitations. The ICC is strongly 
dependent on the variance between subjects. Consequently, the practical implications 
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of the ICC value are not always clear. For this reason, Lee et al. (1989) postulated that an 
extremely useful insight pertaining to the concordance of two data sets could be gained 
by visually examining the pattern of discord. As mentioned before, we performed multiple 
analyses and used the scatter plots to justify our conclusions as well. Therefore, additional 
ICC analyses can be considered redundant. Nevertheless, such ICC values should be in 
line with the above observations and conclusions. Therefore, and considering the serious 
imputation against our scientific approach, we felt obligated to provide the ICC values 
in this letter. The ICC two-way mixed single measures ‘consistency’ values of our CoP 
parameter data was 1.00 (CI 1.00-1.00) for both ‘CoP path velocity’ and ‘mean CoP sway’. 
This is in line with our observation that the error of the WBB parameters outcome is highly 
consistent (note that this is related to the variance of all trial outcomes). Additionally, the 
ICC two-way mixed single measures ‘absolute agreement’ values (this includes systematic 
bias) were 0.99 (CI 0.62-1.00) for ‘CoP path velocity’ and 1.00 (CI 0.63-1.00) for ‘mean CoP 
sway’. This is in line with the observation that the systematic bias is small compared to the 
variance of trials. However, it also indicates that the two devices cannot be considered 
interchangeable within 95% certainty, due to systematic bias, as the 95% lower bound 
confidence interval of the ICC absolute agreement is <0.75 [3]. Additionally, the ICC 
absolute agreement values of 0.99-1.00 also put into perspective the claim by Pagnacco 
et al. that testing the same subjects on the two types of devices would lead to significant 
differences. To which we would add, as argued above, that it is never advisable to use 
different instrumentation, environmental conditions or data processing settings within a 
single study.

A second point of criticism refers to the reference system used. Pagnacco et al. point to 
the existence of force plates specifically designed for balance measurements, which they 
claim to show better performance compared to gait/motion force plates. Although this 
certainly may be true, to our knowledge, no direct comparisons of CoP trajectories of 
those force plates to the type used in our study have been performed. It is important to 
realize that in general specifications of force plate accuracy and precision are obtained 
during static measurements and without the application of horizontal forces, which 
may not be representative for measuring single-leg stance CoP trajectories [5]. For 
instance, Faber et al. (2012) showed precision values (SD) of 0.7-1.0 mm and accuracy 
values (RMS) of 1.4-1.8 mm when different directions of forces were applied to specific 
locations on a laboratory grade force plate, that is, as proposed by Pagnacco et al., 
portable and specifically designed for balance measurements (in this case Kistler type 
9286 AA). Nevertheless, the accuracy (RMS) and precision (SD) of the FP reported in our 
paper was high for static calibration (< 1 mm), which is sufficient for the type of outcome 
measures considered [6,7]. An improvement in accuracy, precision or resolution of the 
instantaneous CoP would have little effect on measures like sway path and the RMS of 
the CoP (see also the equation in our paper used to estimate the effect of precision). It 



Letter to the editor

8.2

123

can even be argued that with a better reference system the differences between the WBB 
and the reference system would be smaller. Making the safe assumption that errors of 
the reference system and WBB are independent, the variance of the differences in CoP 
equals the sum of the errors in both systems. Additionally, we would like to comment on 
the referral of Pagnacco et al. to Scoppa et al. (2013) as a guideline for minimal technical 
specification concerning the use of force plates in balance research. First, the article 
specifically provides recommendations for the Rhomberg test (bipedal stance) [8]. As we 
pointed out in our paper, bipedal stance measurements are more likely to be influenced 
by accuracy and precision than single-leg stance measurements. To illustrate, we made 
a calculation in our Discussion section showing that, in bipedal stance on a WBB with 
a very low ‘CoP path velocity’ value, a participant with low body weight may reach an 
error of 15% in ‘CoP path velocity’ due to noise (which Pagnacco et al. erroneously cited 
in their letter as being the WBB error). Secondly, the paper by Scoppa et al. (2013) does 
not justify the arguments used to reach their recommendations, and the references cited 
therein do recommend far more liberal limitations (accuracy < 1mm, precision < 1mm) 
[6,7]. Therefore, it seems rather premature to characterize a laboratory force plate that 
does not meet the strict technical standards postulated by Scoppa et al. (2013), as an 
inferior device to measure single-leg stance balance.    

Finally, we are grateful that Pagnacco et al. have pointed out two minor errors in our text. 
Indeed, the Nintendo Wii Balance Board (WBB) has a manufacturer advised maximum 
load of 1471 N, in contrast to the 1962 N reported in our paper. Additionally, the ranges 
for the static noise values as described in the Discussion should be exactly similar to the 
ones presented in the Results section. 
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1. Summary

The main aim of this thesis was to improve the testing of the single-leg stance (SLS) balance 
performance and lay the foundation for practical applications in sport. There is a need to 
close the gap between laboratory tests and implementation in sports practice. Chapter 
1, the general introduction, discussed the relationship between force plate recordings 
of balance tests with sports performance and injuries. The unperturbed bipedal stance 
has limited sensitivity to detect differences between groups of healthy individuals, while 
the SLS test distinguished between athletes who exercise at different levels. In addition, 
fatigue and injuries, such as ankle sprains, anterior cruciate ligament (ACL) ruptures and 
concussions, lead to a reduced performance on the SLS test. Even more so, a limited SLS 
performance was associated with ankle sprain risk as well. The literature showed that 
quantifying the balance performance is not easy. Force plate recordings are used in most 
studies, but force signals were processed in multiple ways. The average speed of the center 
of pressure (COPspeed) was consistently one of the most reliable and sensitive measures 
to detect abnormal performance. However, the average magnitude of horizontal ground 
reaction forces normalized to body weight (HGRF) also seems to be a good measure.

In Chapter 2, the effect of leg preference on SLS performance was investigated among 
hockey players who played at a competitive level. We analyzed various methods to assess 
the preferred leg. The participants were instructed to perform the following tasks on 
one leg: to step on a wooden box, hopping as high as possible, kicking a ball on a goal, 
balancing on a wobble board and picking up marbles with the toes to put in a cup. The 
leg that was chosen to perform a task was considered the preferred leg. It was shown 
that the preferred leg was dependent on the leg preference task used, so “the preferred 
leg” does not exist. Furthermore, regardless of the task used to evaluate leg preference, 
there was no significant effect of leg preference on SLS performance. Due to a relatively 
small sample size, we cannot exclude any effect, but confidence intervals showed a small 
effect at most. In conclusion, leg preference is context-dependent and we could not 
demonstrate relevant effects on SLS performance. 

In Chapter 3, the SLS performance was compared between field hockey players who 
recovered from an ankle sprain in the past six months and a control group who had not 
been injured. It was found that there was no difference in SLS performance (COPspeed, 
HGRF and average angular velocities of the ankle and hip) between the two groups. In 
addition, a cluster analysis was performed to identify a group of athletes with reduced 
SLS performance within the group of recovered athletes. The history of the ankle sprain 
was assessed on the basis of a questionnaire. It was shown that a self-reported history 
of (partial) ankle ligament rupture was typically present in the cluster with athletes 
who exhibited poorer SLS performance. These results suggest that athletes who have 
just recovered from an ankle sprain and before that sustained a severe ankle sprain are 
susceptible to limitations in balance performance.
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Reference data is needed to apply the SLS test to assess performance. Because the SLS 
performance depends on age, sport type and sport level, we estimate in Chapter 4 the 
age-matched z-scores of SLS performance (COPspeed) and their reliability in 133 elite 
male youth soccer players (9 to 18 years old) of the AFC AJAX youth academy. A z-score, 
(value - average) / SD, represents the deviation of the performance of the individual from 
the average of the group. The SLS performance was shown to improve with age, with 
lower COPspeed values   and lower variance between players in the older age groups. 
The age-matched z-scores were very reliable, regardless of age. Furthermore, we have 
determined a threshold value for abnormal change in long-term performance (i.e., critical 
difference). We showed that the estimated critical difference of the z-score varied from 
1.72 for one repetition to 1.34 for five repetitions (outcomes of both legs on average). The 
critical difference makes it possible to detect abnormal SLS performance so that players 
with a (temporary) deterioration of the sensorimotor function can be identified.

Chapter 5 elaborates on the choice of performance parameters for SLS with regard to 
force plate recordings (COPspeed, COPsway, HGRF) and joint angles (average angular 
velocity and standard deviation of angles) of the ankle, knee and hip. With an instruction 
to stand on one leg as motionless as possible, it was assumed that all parameters used 
would reflect the SLS performance. Therefore, the extracted overlapping information of 
all parameters, determined by principal component analysis, was used as a reference for 
a validity assessment. In a sample of active field hockey players, it was shown that HGRF 
had the highest (excellent) validity and reliability and should preferably be applied. The 
second best parameters with good to excellent reliability and validity were the average 
angular velocities of the hip and ankle, while COPspeed was the second best force plate 
parameter. Moreover, it does not seem necessary to separate the parameters in orthogonal 
directions. Also, the parameters based on velocity generally showed better validity and 
reliability than the parameters based on deviations around a setpoint.

In addition to SLS, the single-leg jump landing tests (DJ) have become increasingly 
popular. In Chapter 6 we determined whether the static phase after a DJ landing on a force 
platform can serve as a proxy for SLS performance. This would increase the application 
possibilities of the DJ task. Our results showed that, within a sample of physically active 
adults, the balance performance calculated from 5 s to 20 seconds after the DJ landing 
cannot be considered interchangeable with the SLS performance of 15 s. The difference 
seemed to be caused by a lower precision of the COPspeed and HGRF for the DJ task, and 
by a learning effect for the SLS performance, which was absent for the DJ task. However, 
the agreement seems to be sufficient to regard the static phase of a DJ task as a proxy for 
SLS performance.

In DJ tests on a force plate, various ground reaction force parameters are used to describe 
the performance of the participant on the test. Commonly used parameters are the peak 
landing forces, time to stabilization (TTS) and dynamic postural stability index (DPSI). In a 
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previous study, it was shown that following landing the largest reduction in postural sway 
(HGRF) was present during a time period of 0.4-2.4s, while a further small reduction in HGRF 
was observed during 3.0-5.0s. It is currently unknown how TTS, DPSI and HGRF are related 
and how they relate to static balance performance. In Chapter 7, the DJ tasks of 190 elite 
soccer players showed that the three TTS measures (vertical: TTS-V; anteroposterior: TTS-
AP; mediolateral: TTS-ML), and HGRF during dynamic and static time periods provided a 
significant overlap of information. However, the moderate relation between TTS and static 
balance outcome measures indicates that the DJ-test and SLS-test are not redundant. 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.    

In Chapter 8.1 we compared the COP measurement of SLS balance tasks between a 
laboratory grade force platform (FP) and a Nintendo Wii Balance Board (WBB). This was 
done to assess the feasibility of large-scale implementation of SLS-tests. The COP data was 
collected simultaneously by placing the WBB on the FP. Based on three times (eyes open, 
eyes closed, after lateral hop) ten sequences of SLS runs by fourteen healthy individuals, 
it was shown that the COP trajectory was very similar between the two devices. We found 
small mean differences expressed in the quadratic mean difference between FP and WBB. 
The correlation of the COP between the devices was also very high. However, outcome 
measures, such as the average COP speed and COPsway, were constantly overestimated 
by the WBB, probably due to the fact that the WBB does not measure the horizontal 
GRF. Given the variance of the SLS performance within one individual, the WBB can be 
considered sufficiently accurate to assess SLS performance through COP outcomes.

In Chapter 8.2 we respond to a critical assessment by Pagnacco et al. of Chapter 8.1. 
Pagnacco et al. claim that our conclusions in Chapter 8.1 were not justified. Their main 
argument is that the inaccuracy of the WBB compared to FP is relevant and that the WBB 
should therefore not be used in clinical practice. In a response (Chapter 8.2) we state that 
the inaccuracies that we found were small in comparison with the existing within-subject 
and between-subject variability, which is why abnormal performance levels of individuals 
on the SLS test are probably equally well detected by FP or WBB. This could bridge the gap 
between laboratory testing and large-scale longitudinal monitoring of SLS performance. 
It is therefore worth to consider accepting the shortcomings of the WBB in favour of the 
possibility of large-scale on site balance measurements.
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2. Discussion and future perspectives

The main aim of this thesis was to lay the foundation for practical applications of single-
leg balance tests in sport, to help bridge the gap between laboratory tests and practical 
implementation. The ultimate goal is to help optimizing physical performance, sports 
performance and injury prevention and management. To achieve this, it seems necessary 
to apply a large-scale longitudinal monitoring of balance performance. It is likely that 
players in sports that demand high coordinative skills because of fast and unexpected 
motion, such as in soccer and field hockey, will benefit most from such implementation of 
balance monitoring.  

2.1 Considerations on static balance performance measures
To date, different COP parameters have been used to assess the balance performance. 
Previous studies have shown that COPspeed is the most reliable and that it is representative 
of most other COP trajectory parameters [1–3]. This is strengthened by the relatively 
high sensitivity compared to other COP parameters to detect disorders or changes after 
interventions [1,3–6]. However, the findings presented in Chapter 5 indicate that HGRF 
provides a better estimate of the SLS performance. During SLS, it is possible that COPspeed 
primarily reflects the contribution of ankle moments to the control of the COM, while the 
HGRF encompasses all the mechanisms that contribute to balance control. HGRF therefore 
appears to be the most appropriate parameter for SLS performance. As it is still uncertain 
which parameter is the most informative with regard to sport performance, risk of injury 
and injury rehabilitation monitoring, the preference for HGRF over COPspeed should be 
confirmed in future large-scale studies. In addition, the existing body of evidence is much 
larger for COPspeed [7–9]. Chapter 3 provides age-matched z-scores for COPspeed and 
a reference to determine a critical difference during longitudinal monitoring. This is not 
available for HGRF. It is therefore advisable to temporarily apply both measures in future 
studies. A potential problem is that different force plates, especially the less expensive 
devices (such as the Nintendo Wii Balance Board (WBB)), do not measure the horizontal 
forces. Given the high correlations between COPspeed and HGRF [10], the possibility to 
apply balance measurements on a large scale seems to outweigh the benefits of using 
HGRF instead of COPspeed. 

In addition to force plate measurements, it seems worthwhile to integrate segment 
movements and joint angular velocities into outcomes of balance tests. This is because 
the average angular velocity of the hip and ankle, measured by a laboratory 3D kinematics 
system, was very reliable and a good estimate of balance performance (Chapter 5). We 
propose to investigate the usefulness of relatively inexpensive accelerometers in future 
studies [11,12], as this could enable large-scale monitoring of segment movements and 
COM velocities in SLS tests. Furthermore, it would be possible to evaluate coordination 
patterns between joints.
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In general, separation of parameters in AP and ML direction is not recommended when 
quantification of performance is important (Chapter 5). This will reduce reliability and 
does not add significant information. A higher number of parameters increases the 
chance of type I errors or reduces the power after correction for multiple testing. The latter 
is probably the most important argument for applying as few parameters as possible. All 
in all, we currently recommend the use of HGRF (if the instrument permits) and COPspeed 
for large-scale implementation of static balance performance.

2.2 Considerations on dynamic balance performance measures
Balance tasks that contain some kind of perturbation (e.g. Jump landing or force 
plate movement) can be considered as dynamic balance tasks. For dynamic balance 
performance it is more difficult to select appropriate outcome measures. This difficulty 
can hamper the validity and reliability of such tasks. Because it is not certain how dynamic 
balance performance should be measured, it is common to use measurement results 
that have been found to be discriminative between groups. However, this strategy does 
not guarantee validity. In other words, do we measure what we think we measure? 
Validity issues can influence the interpretation and translation of results to underlying 
mechanisms, functional performance, aetiology of injuries and injury management. 
It is important to realize that it is in many ways different to measure dynamic balance 
compared to static balance. 

After a perturbation (which can be a drop jump landing) there is a specific time period 
within which you can measure the reduction in movements. For GRF outcome measures, 
such as COPspeed and HGRF, it is therefore necessary to define this time period. Since the 
optimal time period can vary between tasks and the performance of athletes, this time 
period should ideally be determined for each task and population. This results in a lack of 
robustness and generalizability of the test. To date, research aiming to identify the optimal 
time period after a perturbation has only been conducted for the DJ test of youth soccer 
players. By means of a factor analysis of different time periods along the time series signal, 
it was possible to determine what the most optimal time period should be to be able to 
measure dynamic balance [10]. In contrast, for time-to-stabilization (TTS) there is no need 
to determine a specific time period [13]. The TTS aims to measure the time it takes for an 
individual to reach a normal single-leg stance following a perturbation. Unfortunately, to 
calculate TTS other definitions need to be made, for instance the reference threshold of 
normal stance. Many calculation methods exist, which differ with regard to the direction 
of force, the way the force signal is processed and the applied reference threshold [14]. 
The outcomes of these calculation methods are not necessarily related [14]. Based on 
previous work [15–17], and recent recommendations [17], in Chapter 7 we applied a 
TTS calculation method for each direction of force. The methods appear to be robust, as 
they were applied without problems to elite soccer players with a wide range of age (9-
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33 yr). Furthermore, outcomes were significantly related to each other, to HGRF of 0.4-
2.4s following landing, and to static balance performance. These findings do support the 
assumption that the applied TTS represents the ability to handle postural movement after 
landing [17]. It is important to realize that correctly calculating TTS is difficult, and changes 
in the methods can have substantial impact on the outcomes [14].  

The perturbation itself can also influence the outcome measures, which reduces the 
intended validity. For example, in jump-landing stabilization tests the DPSI (dynamic 
postural stability index) is a frequently used measure. DPSI takes the quadratic average 
of the resulting GRF from 0 to 3s [18]. Although this time period of 0-3s seems to be 
consistent with the time period (0.4-2.4s) determined by Fransz et al. (2016) [10], there is 
an important difference. The DPSI includes the peak forces of the landing. As a result, the 
DPSI primarily reflects the way in which the kinetic energy is absorbed (impact forces), 
rather than the subsequent ability to reduce body movement (Chapter 7). 

Finally, the results of dynamic balance tests will be more variable than static balance tests. 
First, the performance can only be measured over a short period of time, meaning that 
the performance of the balance cannot be averaged over a long period of time. Secondly, 
greater difficulty in performing tasks will lead to higher variability in performance. After 
a drop jump landing, two parameters for dynamic balance were moderately reliable 
(HGRF 0.4-2.4s: ICC 0.50; TTS-V: ICC 0.45; post-hoc analysis Chapter 7; absolute random 
agreement model for the average value), while this was excellent for HGRF during SLS 
(ICC 0.88, Chapter 5). In general, lower reliability will reduce the ability of a test to detect 
differences or changes over time. Therefore, to obtain reliable results, it is necessary to 
increase the number of repetitions, which is not always possible due to time constraints 
or increasing fatigue. 

2.3 Considerations on type of balance tasks
At present, perhaps the most commonly applied balance test in the field is the Star 
Excursion Balance TEST (SEBT). The performance is quantified by the distance a player can 
reach on the ground with the non-standing foot. While the quantity of corrective actions 
is not a direct component of the scoring, it was hypothesized that controlling the COM 
over a fixed base of support was a prerequisite skill of the task execution [19]. However, 
COPspeed of different modes of single-leg stance tasks on a force plate were slightly 
negatively related to SEBT performances [19]. It was postulated that the SEBT relies more 
on muscle strength and range of motion/flexibility [19], than on reactive motor control. 
Therefore, the previously reported association between SEBT and ankle sprain risk [20] 
might be due to deficits other than sensorimotor control impairments. As the SEBT was 
beyond the scope of the present thesis, future studies may focus on elucidating the 
mechanism underlying performance on the SEBT. 
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Among different modes of single-leg stances (eyes open, eyes closed and on an unstable 
surface) COPspeed was moderately related [19]. It is assumed that withholding of visual 
input will reweight the sensory input to a higher reliance on proprioceptive information. 
Also, dynamic balance performance on a DJ task (0.4-2.4s) was moderately related to static 
SLS (Chapter 7). The application of a DJ task may affect performances due to introducing 
feedforward control or an anticipation component, while the common denominator of 
balance performance is based on feedback driven corrective motor actions [21]. This can be 
generalized to all dynamic balance tasks following an expected perturbation. It is unsure 
whether the anticipation component of task execution is relevant concerning sports that 
demand high coordinative skills due to fast and unexpected motion, such as soccer and 
field hockey. At least, care should be taken to consider balance tasks interchangeably. 

The body of evidence that associates performance on a balance task to sports performance, 
to injuries and to injury risk is larger for static balance tests compared to dynamic balance 
tests [7–9,22]. Intuitively, a higher stress on the sensorimotor control system, for instance 
by means of a drop jump landing, would improve the detection of impairments. However, 
validity and reliability issues, as mentioned in paragraph 2.2, may efface the benefits 
of dynamic balance testing. To date, there is no evidence that dynamic balance tasks 
do a better job than static tests. However, we need to keep in mind that many studies 
concerning jump landings stabilization tests use the DPSI as the performance measure, 
which reflects the kinetic energy absorption, rather than the ability to handle excessive 
body motion after a perturbation. As such, these results do likely not encompass the 
possible benefits of a higher stress on sensorimotor control during dynamic versus static 
balancing. Therefore, to date, it is unknown whether the DJ task will add to the SLS task in 
terms of sensorimotor control evaluation.  

With respect to dynamic balance tasks, it might be better to apply more standardized 
and unexpected perturbations to improve reproducibility and minimize the feedforward / 
anticipation component in task execution. For instance, highly standardized perturbations 
by means of unexpected horizontal translations of a force plate might serve such a need 
[23]. If the sensorimotor control, which is then feedback driven, can be stressed to a higher 
extent without loss of reproducibility compared to static balance testing, it is likely that 
detection of impairments in the sensorimotor control system becomes more accurate and 
meaningful. 

2.4 Implications and perspectives
The most important implication of the present findings is that large-scale periodic 
measurements of SLS performance within a specific sport type and level, for instance in elite 
youth soccer players, seems feasible. A WBB is readily available and easy to be connected 
to a laptop with bluetooth (Chapter 8). Chapter 5 provides guidance on how to interpret 
the performance in relation to peers and how to determine abnormal deterioration over 
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time. After injuries, such as an ankle sprain or a concussion, the reference data will help to 
estimate the degree of impairment of the sensorimotor control.  

Only when large-scale longitudinal monitoring is applied, it is possible to assess the actual 
additional value of the proposed tests. To date, balance performance is largely restricted 
to relatively small samples of highly selected athletes with a single measurement session 
within a laboratory setting. A big leap forward would be to provide reliable data on a large 
scale over time in specific groups of athletes. This will substantially improve the potential 
to actually help the coaching and physical therapy staff in decision making. The body of 
evidence concerning SLS tests and the robust force plate outcome measures seems a 
good starting point to begin such a project. Therefore, effort could be directed to large 
scale periodic measurements, rather than to fine tuning laboratory techniques for balance 
measurements. 

With respect to dynamic balance measurements, future studies should better take into 
account the meaning of outcome measures in relation to task execution, in order to 
avoid misconception. The additional value of dynamic balance testing over static balance 
testing still needs to be elucidated. The drop jump landing stabilization test can provide 
information about the execution of landing, dynamic balance and static balance (Chapter 
7). However, this will be at the expense of a lower reliability for static balance performance 
results (Chapter 6). Therefore, it can be recommended to perform both tests. When 
performing both tests, it is, in the DJ test, not necessary to maintain balance after landing 
for more than 5s (Chapter 7). With regards to large-scale implementation, it not possible 
to apply a DJ-test on a WBB, as the reported maximum load of the WBB is 1471 N. 

After gathering large scale longitudinal data, challenging analyses can be performed 
on societal, health and cost-effect economics. Furthermore, it is worth to evaluate the 
periodic measurements as a screening tool. The detected changes in balance performance 
can be caused by the functioning of various parts of the total body sensorimotor control 
system. Therefore, the SLS-test cannot be applied to signify or accurately diagnose 
specific conditions [24]. It is assumed to be a functional measure of the sensorimotor 
control system. It may be possible to highlight dysfunctioning of sensory modalities, 
CNS or corrective motor executions, but it is not possible to differentiate between them. 
Another potential application lays within the assessment of strong and weak qualities 
of a player, which seems a prerequisite to individualize training goals and regimes. For 
this, it is key to compare the results of an athlete with peers, as sports type, sports level 
and age have been shown to be related to the SLS performance [7]. Finally, follow-up 
measurements during rehabilitation could indicate whether the sensorimotor control is 
back on pre-injury level. Intuitively, this seems a prerequisite for return to play, hence this 
knowledge might ease return-to-play decisions. Again, it is important to stress that the 
SLS-test is not a medical test. Within the category of general motor ability, it can be used 
to test the functional performance of total body sensorimotor control. The data in the 
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existing literature should be enough to convince coaches and physical trainers that the 
total body sensorimotor control is important and should preferably be optimized. Testing 
this ability may help to do so. 

A drawback of the outcome measures as applied in this thesis is that they show the extent 
of motion, but they don’t provide information about joint coordination strategies. This 
information is potentially meaningful. A higher contribution of the hip strategy has been 
associated with functional impairments [23,25–27] and is proposed to be causally related 
to ankle sprain risk [23,27]. With the recent widely available inertial measurement unit 
sensors (a combination of accelerometers, gyroscopes and magnetometer), it would be 
possible to add 3D-kinematics in large-scale measurements of balance performance. This 
would enable the assessment of temporal inter-joint coordination patterns, and deserves 
specific attention in future data collection.     

We need to keep in mind that sport performance, fitness and injury risk is highly 
multifactorial. The total body sensorimotor control is only a small part of the puzzle. 
Therefore, the employment of SLS-tests to estimate injury risks at the individual level is 
rather limited. Moreover, data mining should not be restricted to balance measurements. 
Periodic employment of test-batteries with various functional tests in combination with 
other sources of data (i.e., statistics of training and match play) might be needed. The 
‘big data’ is difficult to parse, but new deep learning methods might be a solution [28]. 
In the coming ten years this could be the next big leap forward. For instance, neural net 
learning algorithms are able to perform classification without defined parameters, as the 
neural nets are free to find their own rules of how to decompose features / parameters 
[28]. This would allow to upload complete time series of COP, horizontal GRF and body 
segment velocities of individual players to data centers, and to compare all data with 
peers. The autonomic neural nets may perform better with the existence of more, and 
possibly unstructured data, and are able to identify very complicated patterns connected 
to for instance injury risk or the need of a rest-period. The deep learning methods still 
need a defined outcome of the algorithm, which is probably very challenging in sports. 
Moreover, care should be taken to avoid overfitting of such models [28]. Nevertheless, it is 
exciting what the future may bring.   
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