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Synopsis 

Balance control serves as a prerequisite for motor development and refers to the ability of a 

child to achieve, maintain and restore body stability in static and dynamic situations. This 

requires perception of body and head position in space in relation to the environment, as well 

as perception of the position of body segments in relation to each other. This sensory 

information, obtained through the auditory, visual, vestibular and somatosensory systems, is 

processed in the brain, involving the selection of an appropriate balance strategy leading to 

adequate motor output. The output is provided by the motor system, which is responsible for 

the activation of the appropriate movement patterns in response to perturbations.  

During the preschool years (age 3 to 6) balance strategies are crucial as children then learn 

more complex motor skills. One of the systems that drives these strategies is the vestibular 

system. The vestibular system has a sensory role, providing the brain with information on head 

and body position in gravitational space, but also a motor role through the activation of 

vestibular reflexes, such as the vestibulo-collic and vestibulo-spinal reflex. These reflexes act 

on the neck musculature to stabilise the head and body and generate compensatory body 

movements. By maintaining head and postural stability to prevent the child from falling, these 

reflexes play an important role in balance control. The importance to assess vestibular 

function and balance control has been recognized in literature, but which tests to be used 

remains unclear, specifically in preschool children. The aim of this study was to identify 

adequate assessment tools for the evaluation of vestibular function and balance control in 

preschool children.  

In the first section of this thesis the emphasis is on the assessment of vestibular function in 

children. The choice of an adequate test is determined by its diagnostic accuracy and its 

feasibility in children. In children with sensorineural hearing loss, vestibular dysfunction serves 

as the primary cause of balance deficits and motor delay, because of the close embryological 

and anatomical relationship between vestibulum and the cochlea. The systematic review, 

presented in Chapter 1, on the diagnostic accuracy of vestibular function tests and the applied 

protocols, revealed that the Dynamic Visual Acuity test (DVA) could have potential as an 

alternative for more invasive and expensive tests such as the caloric test and the rotational 

chair test. In Chapter 2, the DVA was applied in typically developing preschoolers to 

investigate whether this test is suitable for these children, as only limited research on this 

specific age group was available. The results pointed out that the classic horizontal DVA was 

too difficult for these children, leading to false positive results. However, the adjusted protocol 

for vertical DVA on treadmill can be used for children aged 5 and older. Nevertheless, to assess 

vestibular function in the entire age group of preschoolers, both the horizontal and vertical 

DVA seem to be unfeasible. 

In the second section of this thesis, suitable balance tests for preschool children were 

investigated. Two broad types of balance tests can be administered: functional and technical 
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tests. Functional balance tests comprise functional tasks such as standing on one leg, reaching 

forward or walking a predefined distance. With such tests, the administrator quantifies the 

quality of movement through observation using predefined criteria or determines the time 

necessary to perform the task. Technical tests comprise postural sway measurements and gait 

analysis. With postural sway the exact body movements are registered while the child stands 

quietly, providing accurate quantitative information on the amount of body sway. With gait 

analysis, spatio-temporal parameters of gait are registered, also providing an accurate 

quantification of the gait pattern. Although both types of assessment tools were often applied 

in scientific literature to address balance control in children, it remained unclear which tests 

were suitable for preschool children. 

In Chapter 3, a conceptual framework concerning functional balance tests was designed to 

determine which aspects of balance control (achieving, maintaining and restoring) are tested 

and in which type of situation (static versus (quasi-)dynamic). Furthermore, reliability, validity 

and responsiveness of the reported tests were mapped. Taking the conceptual framework and 

the investigated psychometric properties into account, a combination of the Timed Up and Go 

test (TUG) and the Pediatric Balance Scale (PBS) was suggested to be most suited to address 

balance control in preschool children. Subsequently, a modified TUG protocol for preschoolers 

was defined to improve motivation. Furthermore, corresponding age-specific reference values 

for Flemish preschool children were gathered and reported in Chapter 4. The usability of the 

PBS in Flemish preschool children, presented in Chapter 5, was assessed to determine 

whether the available American reference values are applicable for Flemish preschoolers and 

whether the test items are suited for all preschoolers. Unfortunately, Flemish preschoolers 

perform poorer than their American peers, indicating Flemish reference values would be 

necessary to determine the presence of balance deficits in these children. More in-depth 

analysis of the item difficulty level showed that not all items are relevant for preschoolers. If 

less than 90% of typically developing children is able to perform a specific task, the item under 

consideration is too difficult and the diagnostic value of such an item is therefore 

compromised. These results highlighted that age-specific items are necessary in preschool 

children and that a revised version of the PBS or the development of a new functional balance 

test is necessary. 

In Chapter 6, available reference values for the amount of postural sway in children were 

extracted from literature. Although static posturography is an often applied technique to 

assess balance control, reference values in literature are scarce, especially when it comes to 

young children. Therefore, in Chapter 7, the usefulness of postural sway in the assessment of 

balance control in preschoolers is declared. One of the major advantages of postural sway is 

that the influence of different sensory systems to maintain a stable posture can be 

determined. All preschoolers showed difficulties in maintaining their body position in more 

difficult sensory conditions, but if they were able to do so, their motor output was similar 

shown by the absence of age effects on the amount of postural sway. Thus, the results of this 

study revealed that time the children can maintain a position is age-related, but not the quality 
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of the movement as assessed by the amount of postural sway. This study also pointed out that 

preschoolers are highly dependent upon visual information as they show difficulty in 

maintaining body stability during quiet bipedal stance when they can only rely on 

somatosensory and/or vestibular info. These findings highlighted that these tasks can be 

useful to assess balance control. However, the time a child is able to maintain a certain posture 

should be measured as this provides more information than the movement quality. 

Regarding the assessment of the gait pattern, principal component analysis revealed the 

presence of three components of gait (Chapter 8): maturation (mean step length, age in 

months, leg length, walking speed and step time variability), variability (step length- and step 

width variability) and robustness (Body Mass Index, mean step width and mean step time). To 

determine whether one of these components contributes to the assessment of balance 

control and to which degree, they were correlated to z-scored performances on the TUG and 

the PBS. Robustness correlated weak but significant with the z-scores on the PBS, suggesting 

complementarity of these measures in the assessment of balance control. 

The results of this thesis showed that far more research is necessary to determine an adequate 

non-invasive vestibular function test in preschool children. Although such tests can be 

administered by physiotherapists, the first step is to validate potential alternatives, for which 

experts in the field of vestibular function testing are needed, such as audiologists, 

otorhinolaryngologist, physicists etc.  

Regarding the assessment of balance control in preschoolers, many new insights were gained. 

To address the entire construct of balance control, none of the available tests suffice. Although 

a combination of tests could be useful to address the entire construct, the current results 

indicate that the composition of a new functional balance test is necessary due to the 

shortcomings of the existing ones. Results of this thesis indicate this test can comprise the 

following aspects: 1) timed quiet bipedal stance in different sensory conditions, 2) the 

modified TUG, 3) age-specific items of the PBS and 4) a translation of the component 

robustness into an easy measurable functional tasks, for example an obstacle walking course. 
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“ I am in preschool. 

I am not built to 

sit still, 

keep my hands to myself, 

take turns, 

be patient, 

stand in line, 

or keep quiet 

all of the time. 

I need 

motion, 

novelty, 

adventure 

and to 

engage the world with my whole body. 

Let me play 

(trust me, I’m learning)” 

 

(Author unknown) 
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In this general introduction the influence of vestibular function and balance control on motor 

development will be explained to clarify the importance of their assessment in preschool 

children. In literature, several definitions for balance control are used. Therefore, in a first 

part, the concept of balance control and the corresponding definitions are introduced. 

Subsequently, developmental periods of motor development and the role of both balance 

control and vestibular function in these specific developmental periods are explained. Next, 

the importance of adequate assessment of each of these functions, especially in preschool 

children, will be addressed. Finally, research aims and questions of this doctoral thesis are 

presented. 

BALANCE CONTROL 
Balance control has been defined by Huxham and colleagues as the ‘foundation for all 

voluntary motor skills’, and therefore serves as an integral component of functioning.1 In their 

point of view, balance control is the umbrella that comprises the control of posture and the 

control of equilibrium. Postural control can be defined as achieving a desired body position 

against gravity and maintaining this position in any static or dynamic situation.1-7 Postural 

control in a static situation is easy to comprehend, as it refers to any posture such as sitting or 

standing independently. But also in dynamic situations, for instance walking, the upright 

posture must be maintained. The amount of postural control needed, is determined by the 

base of support. A larger base of support requires less postural control, whereas more postural 

control is needed when the base of support decreases. Equilibrium control refers to 

maintaining intersegmental stability of the body and its parts despite the forces acting on it.3 

The required amount of equilibrium control depends upon the magnitude of the perturbation 

as shown in Figure I.1.  

For example, small perturbations cause (a) small movement(s) of the centre of mass within 

the base of support, leading to righting reactions. Moderate perturbations cause the centre 

Figure I.1: Overview of perturbation magnitude and the corresponding reaction, adopted from Tecklin JS 
“Pediatric Physical Therapy”. 
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of mass to move to the edges of the base of support resulting in equilibrium reactions or tilting 

reactions depending on the type of perturbation.8 Direct moderate perturbation by pushing a 

child towards one side results in an equilibrium reaction: the child will push off towards the 

opposite side to remain stable. An indirect moderate perturbation, for example lifting a mat 

on which the child is seated, will result in a tilting reaction as the child will lean towards the 

opposite side as well. In case of extreme perturbations, where the centre of mass exceeds the 

base of support, protective reactions must occur to prevent the child from falling. Although 

Figure I.1 provides an overview of these equilibrium reactions in a static situation, they will 

occur in (more or less) dynamic situations as well. For example, when a child is asked to reach 

forward as far as possible without moving its feet, it is in fact asked to move towards the edges 

of the base of support. In this case the perturbation is self-induced regarding the relative 

position of the centre of mass to the base of support, but the child will also have to react 

adequately on forces acting upon both the trunk and the outstretched arm by providing 

stability around trunk and shoulder girdle. If the child reaches too far it would need to 

generate protective reactions by placing one foot forward to prevent a fall (stepping strategy). 

In case of a locomotor task, the child has to move from one base of support to the next without 

falling, therefore equilibrium control will play a crucial role in these tasks as well. Thus, to 

attain any posture or perform any movement, adequate reactions to destabilising forces are 

required.1-7 
In conclusion, the combination of both postural and equilibrium control is a necessity to 

ensure stability of the body during widely differing motor tasks thereby allowing skilled 

movement.1 This requires perception of body and head position in space in relation to the 

environment, as well as perception of the position of body segments in relation to each 

other.1,2 This sensory information, obtained through the auditory, visual, vestibular and 

somatosensory systems, is processed in the brain, involving the selection of an appropriate 

balance strategy leading to an adequate motor output.1 The output or action is provided by 

the motor system, which is responsible for the activation of the appropriate movement 

patterns in response to perturbations of balance.1-6 Such actions are required for the 

acquisition of each motor skill, suggesting balance control is involved in each step of motor 

development.8 

MOTOR DEVELOPMENT 
Clark and Whitall (1989) defined motor development as the changes in motor behaviour over 

the lifespan and the process(es) which underlie these changes.9 Clark & Metcalfe (2002) 

described motor development as a metaphorical mountain that a child has to climb to reach 

motor skilfulness (Figure I.2).10 Based on this mountain, typical motor development can be 

divided into five developmental periods across the lifespan: 1) a reflexive period, 2) a 

preadapted period, 3) a fundamental motor patterns period, 4) a context specific period, 5) 

a period of skilfulness (Figure I.2).10 Due to ageing in adults or pathology in children, a 6th 

period,  compensation, has been described. These six developmental periods will be discussed 

in the following paragraphs. 
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During the reflexive period, motor behaviour is characterised by reflex-induced movements, 

evoked by sensory stimuli. For example, touching the cheek of a new-born elicits the rooting 

reflex. From a developmental point of view, three types of reflexes can be distinguished: static 

reflexes, primitive- or primary reflexes and postural reflexes or -reactions.11 They mainly differ 

from each other in their function and presence over time as shown in Figure I.3.11  

Static reflexes are, although somewhat more excitable in new-borns, stable across the 

lifespan.11 These reflexes represent the most primitive and caudal manifestations of the 

central nervous system as they are predominantly processed in the spinal cord and in some 

cases in the brainstem.11 Examples of these reflexes are the deep tendon reflexes, such as the 

biceps reflex, but also the pupillary and acoustic blink reflexes.11 Primary reflexes are present 

at birth and will be inhibited by the developing central nervous system over time.11 Examples 

of these reflexes are the rooting reflex, sucking reflex, the Moro reflex, the Asymmetric Tonic 

Neck Reflex, palmar grasping reflex, plantar grasping reflex, etc. Primary reflexes can be 

classified into survival reflexes and precursors. Survival reflexes such as the rooting and 

sucking reflex exclusively ensure survival of the helpless infant. The precursor reflexes are 

thought to influence development of movement later in childhood. For example, when the 

Figure I.2: The course of motor development described in 5 developmental periods with the corresponding motor 
behaviour and the developing aspects of balance control that influence the process of motor development. 

Figure I.3: Development of reflexes, adopted from Pedroso 2008. 

27



stepping reflex is elicited (Figure I.4), the alternating flexion and extension movements of the 

lower limbs serve as a precursor for the later developing walking pattern. The stepping reflex 

can no longer be elicited at six weeks of age due to an increased ratio of leg weight-to-

strength. However, the movement pattern of alternating flexion and extension reappears as 

voluntary behaviour around the age of eight months to one year. 

Postural reflexes or reactions on the other hand serve as the foundation for all 

voluntary movements.11 These reactions will enhance the emergence of righting against 

gravity but also reaction to perturbations and remain, once emerged, part of the unconscious 

motor repertoire throughout the lifespan.2 Figure I.5 clearly shows that postural reactions 

emerge in the first months of life and should be present at 12 months of age, thereby 

enhancing the emergence of motor actions through righting against gravity. 

Reflex-mediated righting against gravity is ensured by the labyrinthine righting reflex which 

uses information, provided by the vestibular system, on the position of the head in 

gravitational space.2 This means that even in this early stage of motor development, especially 

when it comes to righting against gravity, the vestibular system plays a crucial role. Thus, 

through these postural reflexes, the child passes to the next stage of motor development: the 

preadapted period. Clark and Metcalfe (2002) described the onset of postural reflexes pre- 

Figure I.4: Stepping 
reflex in a new-born.

Figure I.5: Development of reflexes and motor actions through time.
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and immediately postnatal and the inhibition of primary reflexes at 2 weeks of age, thereby 

categorizing them in the reflexive period.10 However, it is well recognized in literature as 

shown in Figure I.3 and Figure I.5, that primary reflexes can remain visible until the age of 6 

months and that the postural reflexes can become visible somewhat later. For example at the 

age of 3 months, the child lifts its head against gravity in the prone lying position.8,11 This 

suggests that even though different periods of motor development can be identified, the 

reflexive period and the preadapted period merge into one another. During the preadapted 

period the child develops from supine lying towards walking independently. To attain the 

different milestones of rolling over, sitting independently, crawling, standing and walking 

independently, sufficient postural control is necessary. During the process of acquiring specific 

body postures such as sitting or standing, the child learns to cope with gravity, i.e. postural 

control, through adequate reactions to perturbations, i.e. equilibrium control. Usually 99% of 

the children have acquired the major motor milestone of independent walking around the age 

of 18 months.12 Subsequently, fundamental motor skills are acquired in the fundamental 

motor patterns period.10 There are three domains of motor behaviour that emerge during this 

period: 1) locomotor patterns, 2) object projection and interception and 3) fine motor 

manipulative patterns.10 This means that the basic acquired movement patterns and postures 

have to be adjusted to specific tasks and environments. For example, the child will learn to 

jump or run. To do so, equilibrium control is crucial.  

The fundamental motor patterns period starts around the first year of life (at the latest 

at 18 months of age) and generally ends at the age of 7, the age at which children start to 

acquire context-specific skills.10 For example, where the child learned to jump in the earlier 

stage of motor development, it may now learn to high jump during movement classes and 

may show skillfulness for high jumping in athletics later in adolescence. However, the ability 

to reach skilfulness depends upon how well the first three periods of motor development have 

been acquired and should therefore be considered the foundation of all context specific skills. 

Moreover, research on the effect of “the Multimove for kids”, a fundamental motor skills 

intervention, showed that until the age of 8, training of fundamental motor skills should be 

preferred over context-specific training.13 This type of training provides the child with a large 

variety of movements patterns and thereby a very rich motor repertoire, which increases its 

ability to learn context-specific movements after the age of 8 years.13 In other words, these 

fundamental motor skills and more specifically their quality will determine a child’s motor 

abilities later in life, highlighting the absolute necessity of thorough training of such motor 

skills.  

According to Clark and Metcalfe (2002) the sixth developmental period comprises 

compensation. In children, this period occurs when pathology is present. Compensation refers 

to “a part of a system is not performing up to standard and the rest of the system must adapt 

in order to accomplish the goal”.10 This compensation may be injury-induced or associated 

with ageing. In case of motor development, compensation refers to injury of any kind and 

induces behavioural reorganisation to allow function.10 Thus, the motor skills level depends 

upon the underlying pathology, which determines the type of motor development.  
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In general, four types of motor development can be distinguished as can be seen in the 

graphical overview in Figure I.6: 1) normal or typical motor development, 2) delayed motor 

development, 3) motor development with a plateau and 4) regressive motor development. 

Normal development is characterised by a more or less fixed sequence of the acquisition of 

motor milestones and motor skills, but also by its variability in age of acquisition, hence the 

presentation of a range of developmental progress. Delayed motor development is slow 

compared to normal motor development, but there is still a steady progress. Children with a 

delayed motor development will eventually acquire most motor skills that typically developing 

children present with, but later in life. Examples of this type of motor development are most 

often neurodevelopmental disorders such as Developmental Coordination Disorder, but also 

the majority of hearing impaired children. Children that present with a plateau will show 

motor delay compared to typically developing children but will also be confronted with a 

ceiling effect on their abilities, e.g. non-progressive (neurological) disorders such as cerebral 

palsy. In these cases, the motor abilities will depend upon the timing at which the plateau 

manifests (for example (not) being able to sit). Very often, the motor skills level can be situated 

in the third period of the mountain of motor development, the fundamental motor patterns 

period, or even earlier. Regressive motor development or regression is characterized by 

development of motor skills until a certain point in time, followed by a decrease in motor 

abilities, e.g. progressive (neurological) disorders such as Duchenne’s muscular dystrophy. 

Most neurodevelopmental and neurological disorders present with some degree of 

impaired balance control, which influences their motor development and subsequently their 

level of self-efficiency during activities in daily life.6,14,15 This highlights the need to identify 

Figure I.6: Overview of different types of motor 
development. (In: In: Illustrated Textbook of Paediatrics, 4th 
edition. P49-52)
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balance deficits early-on, which will be discussed in the following parts of this general 

introduction. 

ASSESSMENT OF BALANCE CONTROL 
The complexity of balance control, similar to motor development, can be clarified using the 

dynamic systems theory, a multi-factorial model that takes the imposed task, the influence of 

the environment and the characteristics of the individual into account.2 The imposed task 

refers to the type of situation, static or (more) dynamic. In this case we distinguish three broad 

types of tasks: static – quasi-dynamic – dynamic. Static tasks are those tasks that require the 

achievement and maintenance of a certain posture such as standing independently during a 

predefined time. During quasi-dynamic tasks the child performs a kind of movement, in which 

the base of support remains more or less the same. For example, moving from a sitting 

position towards a standing position or reaching forward are considered to be quasi-dynamic. 

Dynamic tasks are those tasks in which locomotion occurs, moving from one base of support 

to the next in a rhythmic manner, which is the case in for example walking. Environmental 

factors can be either (un)predictable and/or (in)directly induce perturbations. A predictable 

environmental factor could be a visible obstacle on a walking course that a child has to cross. 

An environmental factor becomes unpredictable when it interferes with the task in an 

unforeseen manner, like a ball that crosses that same walking course that a child has to 

negotiate on the spot during walking. However, the type of task and the amount of 

Figure I.7: Overview of the individual-specific characteristics, based on the dynamic systems theory as proposed by 
Shumway-Cook & Woollacott. 
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environmental factors a child can cope with are determined by the characteristics of the 

individual, as these are prone to development and maturation.  

As shown in Figure I.7, three main individual-specific characteristics can be distinguished: 

perception, action and cognition. Perception refers to the development of both individual 

sensory systems (e.g. vestibular function) and sensory strategies (e.g. dependence on vision). 

For instance, a deaf child with vestibular dysfunction, has a higher risk of presenting with a 

balance deficit which induces motor delay. Action relates to both peripheral structures and 

functions (e.g. muscle strength) and central systems (e.g. internal representation of body parts 

on the motor cortex). For example, a child with spina bifida, will have insufficient muscle 

strength due to a spinal cord lesion, which influences its abilities in balance control and motor 

development. Finally, cognitive functions such as attention, planning, problem solving, 

motivation and emotions thrive  the child’s (motor) performance. 

In most cases, balance deficits are a result of impairments in more than one of the individual-

specific characteristics. If motor development is characterised by a plateau or regression, 

children will present with a large variety of individual-specific deficits due to their underlying 

pathology. For example, children with cerebral palsy (plateau), present with several deficits 

on the level of perception, action and/or cognition. Children with Duchenne’s muscular 

dystrophy (regression) will mainly present with deficits on the action level. However, despite 

the nature of the deficits, in all these children it is highly likely that balance control is 

disturbed, but merely as a representation of other underlying motor deficits due to their 

pathology and thus of secondary nature. Therefore, in these children the assessment of 

balance control is not to “diagnose” a balance deficit, but rather to map the deficit and use it 

for treatment planning in order to eventually provide safety during movements and thereby 

influencing the activities of daily living and participation level of these children. On the other 

hand, if an underlying vestibular dysfunction causes deficits in balance control, it serves as the 

primary cause of motor delay. In these cases, the assessment of balance control can be used 

for diagnostic purposes.  

Therefore, the underlying cause of the deficit will determine the nature or goal of the balance 

assessment as they relate to the type of motor development. Thus, adequate assessment of 

balance control seems inevitable to determine motor delay in children and can also be used 

for rehabilitation planning. However, it remains unclear which assessment tools can be used 

to evaluate balance control in preschool children. Because balance control is a multifactorial 

phenomenon that requires perception of body and head position in space in relation to the 

environment, as well as perception of the position of body segments in relation to each other, 

mapping sensory function, e.g. vestibular function is crucial as well.  

ASSESSMENT OF VESTIBULAR FUNCTION 
As described above, vestibular function plays an important role in early motor development 

as shown by reflex-mediated actions in infants, but also in balance control, which on its turn 

has a major impact on motor development. Vestibular function is provided by the vestibular 

system. The vestibular system comprises the peripheral vestibular apparatus or labyrinth, 
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located in the inner ear, the vestibulocochlear nerve, the vestibular nuclei in the brainstem 

and motor tracts that provide reflex-mediated motor output. Thus, the vestibular system has 

both a sensory and a motor function. Sensory information is registered in both left and right 

labyrinth, each comprising 5 structures that register sensory information: 3 semi-circular 

canals and 2 otoliths.16 The three semi-circular canals are oriented 90° to each other to 

maximally detect angular rotation.16 The otoliths detect gravity and linear accelerations of the 

head in space.14 The vestibular organs and their functions are presented in Figure I.8. 
This information is sent to vestibular nuclei in the brainstem through the n. 

vestibulocochlearis. Subsequently, the obtained vestibular sensory information is processed 

in the central nervous system, together with somatosensory and visual information originating 

from respectively skin, tendons, muscles, joints and the eyes to estimate head and body 

orientation and if necessary to generate reflex-mediated motor output.16 The output of the 

central vestibular system goes to the extra-ocular muscles and spinal cord to serve three 

important reflexes, the vestibulo-collic reflex (VCR), the vestibulo-spinal reflex (VSR) and the 

vestibulo-ocular reflex (VOR), as shown in Figure I.9.16 As the VCR acts on the neck 

musculature to stabilise the head and body, the VSR generates compensatory body 

movement. In order to maintain head and postural stability to prevent from falling, these 

reflexes play an important role in balance control. The VOR on the other hand generates eye 

movements that enable stable vision while the head is in motion.16 

Figure I.8: Sensors of the vestibular apparatus, figure adopted from ©2011 Pearson Education, Inc. 

Figure I.9: Functionality of the vestibular system. 
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As evidenced by numerous studies, children with vestibular dysfunction, despite the 

underlying cause, present with motor delay.16-22 In infants this vestibular dysfunction is 

expressed through delayed acquisition of motor milestones.18,21,22 From preschool age until 

adolescence children perform poorer on balance tests, which is reflected in overall gross 

motor performance as well.19,20,22-25 This underlines the importance of the identification of 

vestibular dysfunction early in childhood and thus the absolute necessity of an adequate 

vestibular function test.16,22,26  

Based on the mountain of motor development (Figure I.2), early assessment of vestibular 

function and balance control should be performed between birth and age 6. In order to 

perform both assessments (vestibular function and balance control), children have to 

understand instructions (cognition), perform specific motor tasks (controlled motor output), 

such as standing with eyes closed during a predefined timeframe, and need to stay focused 

during assessment (attention). Therefore, children between birth and age 2 are difficult to 

fully assess. Thus the population of interest in this doctoral thesis comprises children who are 

preschoolers, age 3 to 6. 

RESEARCH AIMS AND QUESTIONS 
The aim of this research project is to identify adequate assessment tools for the evaluation of 

vestibular function and balance control in children who are preschoolers. Initially, the ultimate 

goal of this research project was to map these two functions in children who are preschoolers 

that present with sensorineural hearing loss (SNHL). As shown in Figure I.10, a close 

embryological and anatomical relationship between cochlea and vestibulum exists. In children 

with SNHL, an isolated vestibular deficit can occur in addition to the hearing loss, resulting in 

balance deficits and motor delay, primarily caused by the vestibular dysfunction.18,23 

Therefore, this population was chosen, as this way the applied vestibular tests could provide 

valuable information on the sensitivity and specificity of the administered balance tests in 

these children. However, to determine these properties for balance tests in children with 

SNHL, first an adequate vestibular function test needs to be identified. For this reason, the 

following research questions were formulated: 

Figure I.10:  Classification of hearing loss according to the 
localization of the deficit. Conductive hearing loss emerges due 
to middle and/or outer ear involvement, whereas sensorineural 
hearing loss involves the inner ear. 
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1 What is the prevalence of vestibular dysfunction in children with sensorineural 

hearing loss and what is the diagnostic accuracy of the applied vestibular tests? 

2 Is the Dynamic Visual Acuity test feasible in children who are preschoolers with 

typical development? 

These questions are addressed in Section A. The first question is answered with a systematic 

literature review on the prevalence of vestibular (dys)function in children with SNHL. 

Literature suggests the Dynamic Visual Acuity test (DVA) can have potential as it is an easy to 

administer, non-invasive, well-tolerated alternative for the caloric test and rotational chair 

test. The second question is answered with a clinical study. However, some difficulties were 

encountered. The DVA seemed very promising27-29, but its use in preschoolers did not satisfy 

the requirements and was therefore considered unfeasible for these children. Unfortunately, 

if a test is unfeasible in children with typical development, it is very likely to cause even more 

limitations in children with an underlying pathology (e.g. remaining focused during testing). 

Because of the nature of the results in this part of the study, the emphasis of this thesis shifted 

towards the second aim of this study, the identification of an adequate balance test for use in 

preschoolers. Although the assessment of balance control in children is of great interest to 

many researchers and clinicians, at the start of this thesis, it remained unclear which balance 

tests were available and appropriate for preschool children.  

In general two broad measuring techniques can be distinguished: functional versus technical 

balance measures.  

Functional balance tests can be divided into global developmental motor scales with a 

balance subtest and specific functional balance tests. Although several global developmental 

motor scales with a balance subtest or subscale are available, we chose not to further 

investigate these tests for several reasons. First, only a limited number of tests are developed 

to assess the entire preschool years, age 3 until 6.30 Moreover, those that do, such as the 

Peabody Developmental Motor Scales – 2nd edition (PDMS-2) and the Movement Assessment 

Battery for Children – 2nd edition (MABC-2) have other important disadvantages. In case of the 

PDMS-2, no Flemish and/or Dutch normative data are available, only Canadian and American, 

suggesting cultural differences can influence the diagnostic accuracy of the PDMS-2.30 

Although diagnostic accuracy of the total scores, that are used to determine whether motor 

delay is present, is not influenced by these cultural differences, the subscales are.30 Therefore, 

to determine a balance deficit, the balance subscales are unreliable. In contrast, Dutch and 

Flemish normative data are available for the MABC(-2), but with the balance subscale not all 

task constraints are being assessed, i.e. dynamic body stability. As discussed above, we 

suggest that to assess balance control, all task constraints should be taken into account. This 

means that if we would choose the MABC-2, an additional specific functional balance tests 

should be administered in order to assess the entire construct of balance control. Therefore, 

the usefulness of specific functional balance tests are investigated and the following research 

questions are put forth: 
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3 Which functional balance tests are available in literature and to what extent have 

their psychometric properties been investigated in children? 

4 Are age-specific reference values for the Timed Up and Go test necessary in children 

who are preschoolers? 

5 Is the Pediatric Balance Scale an adequate assessment tool to measure balance 

control in children who are preschoolers? 

Technical balance tests comprise posturography and gait analysis. Using posturography the 

amount of body sway is measured during a specific posture, e.g. bipedal stance with or 

without executing focal movements such as lifting an arm or a leg, but also during transitions 

from one posture to another, e.g. moving from sitting to standing. In children, most research 

on postural sway is conducted during quiet upright stance. With this technique, specific 

sensory conditions, for example standing on foam with eyes closed, can be implemented and 

help us determine the influence of the perturbed sensory input – in this case somatosensory 

and visual, leading to dominant information coming from the vestibular system – on balance 

control during standing. Such information is crucial when it comes to the assessment of 

balance control, as the motor output depends upon the amount and adequacy of the available 

sensory input. These measures can therefore enhance the identification of balance deficits in 

children but also provide insights into which sensory input (e.g. vestibular dysfunction in 

children with SNHL) is disturbed but can also reveal problems in central processing (e.g. 

children with DCD)31. However, the first step towards adequate identification of balance 

deficits comprises understanding how such mechanisms work in typically developing children, 

which leads to the following research questions: 

6 Are reference values for static posturography available in literature for children? 

7 Can static posturography be applied to assess balance control in children who are 

preschoolers? 

Gait analysis on the other hand can be used to determine spatiotemporal parameters of gait 

(STP) and joint angles during walking. In literature, STP have been proposed to assess balance 

control.32-39 Redundancy in STP exists, because of the high correlations among them32, and 

therefore components of gait have been identified and reported in literature. These 

components have been derived from the gait patterns of community-dwelling elders, people 

suffering from Parkinson’s disease or mild cognitive impairment and elders after unilateral hip 

fracture.32-39 However, whether similar components can be identified in preschool children is 

still unclear, resulting in the last research question:  

8 Which spatiotemporal parameters should be mapped in children who are 

preschoolers to assess balance control during walking in children between age 3 and 

6? 

The answers to these 6 questions (question 3-8) are presented in Section B. The questions 

were addressed with two literature reviews and four clinical studies, providing many new 

insights into the assessment of balance control in preschoolers. 
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ABSTRACT  

OBJECTIVE: To provide an overview of the prevalence of vestibular dysfunction in children 

with SNHL classified according to the applied test and its corresponding sensitivity and 

specificity.  

DESIGN: Data were gathered using a systematic search query including reference screening.  

Study sample: Pubmed, Web of Science and Embase were searched. Strategy and reporting of 

this review was based on the MOOSE (Meta-analysis of Observational Studies in Epidemiology) 

guidelines. Methodological quality was assessed with the COnsensus‐based Standards for the 

selection of health Measurement INstruments (COSMIN) checklist. 

RESULTS: All studies, regardless the applied vestibular test, showed that vestibular function 

differs significantly between children with hearing loss and normal hearing (p<0.05). 

Compared to caloric testing, sensitivity of the Rotational Chair Test (RCT) varies between 61-

80% and specificity between 21-80%, whereas this was respectively 71-100% and 30-100% for 

collic Vestibular Evoked Myogenic Potentials (cVEMP). Compared to RCT, sensitivity was 88-

100% and specificity 69-100% for the Dynamic Visual Acuity test, respectively 67-100% and 

71-100% for the (video) Head Impulse Test and 83% and 86% for the ocular VEMP.  

CONCLUSIONS: Currently, due to methodological shortcoming, evidence on sensitivity and 

specificity of vestibular tests is unknown to moderate. Future research should focus on 

adequate sample sizes (subgroups >30). 

KEYWORDS: children, sensorineural hearing loss, cochlear implant vestibular loss, prevalence, 

vestibular function test, sensitivity and specificity.
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INTRODUCTION 
In the past ten years, interest into the prevalence of vestibular dysfunction in children with 

hearing loss and its assessment has increased drastically.1‐9 Because of the close anatomical 

relation between cochlea and vestibulum, it is not surprising that children with hearing loss may 

have some degree of vestibular dysfunction. The motor output of the vestibular system goes to 

the ocular muscles and spinal cord to serve three reflexes.10,11 The vestibular‐ocular reflex (VOR) 

is responsible for gaze stability. The vestibulo‐collic reflex (VCR) is responsible for neck stability. 

Finally, the the vestibulo‐spinal reflex (VSR) is responsible for the orientation of the body in 

gravitational space and contributes to the postural tone. Acquiring sufficient control over the 

upright posture is necessary to attain different developmental motor milestones.  

Children with vestibular dysfunction show delayed development of gross motor milestones such 

as standing and walking compared to children without vestibular dysfunction. This underlines the 

great importance of assessment of vestibular function in children.11,12 Many authors report that 

the prevalence of vestibular dysfunction in children with hearing loss ranges from 20 to 

85%.2,3,7,13,14 This variability in prevalence of vestibular dysfunction might be related to the 

different underlying pathologies or the degree of the hearing loss under investigation. Previous 

reports have shown that vestibular dysfunction most likely occurs in children with sensorineural 

hearing loss (SNHL), given the embryological and anatomical connection between the cochlea 

and vestibular end‐organs and their shared sensory microstructure and genetics.15,16 However, 

conflicting results on the relationship between vestibular loss and both aetiology and degree of 

the hearing loss have been published previously and therefore remain unclear.3,13,17,18 

To improve hearing, children with SNHL can receive a cochlear implant (CI). According to Handzel 

et al (2006) cochlear implantation may potentially cause vestibular injury through direct trauma 

to the vestibular sensory structures, alteration of the fluid balance within the inner ear, 

inflammatory reactions, or direct electrical stimulation.19 However, conflicting results regarding 

the influence of cochlear implantation on vestibular function in children have been stated.20‐22  

Apart from these individual‐related confounding factors for the prevalence of vestibular 

dysfunction, the choice of the vestibular test to determine the prevalence of vestibular 

dysfunction might also play a crucial role.2 In this case, the prevalence of vestibular dysfunction 

is determined by the diagnostic accuracy of the test under consideration in which sensitivity and 

specificity are of great importance. Sensitivity can be defined as the ability of a test to correctly 

classify an individual as ′diseased′, whereas specificity refers to the ability of a test to correctly 

classify an individual as ‘disease‐ free’.23 To determine sensitivity and specificity, a gold standard 

or at least a reference test is necessary. In adults, electronystagmography (ENG) or 

videonystagmography (VNG) during oculomotor tasks, positional testing, rotational chair testing 

(RCT) and caloric testing is considered to be the gold standard for vestibular testing. In general, 

vestibular function tests initially developed for adults, are transferred to a paediatric population, 

which is also the case for the gold standard. However, it remains unclear whether these tests are 

also suitable for use in this specific population. Due to the nature of vestibular function tests such 

as testing in a dark room, provoking nystagmus and nausea, they are often not well‐tolerated by 

children and therefore require a child‐friendly test protocol and corresponding paediatric 

43



normative data.3 Thus, the protocol of the applied vestibular function test may also influence its 

sensitivity and specificity. 

Given the many research available on vestibular dysfunction in children with SNHL and the 

ongoing development of new assessment tools, it can be stated that this topic has been and still 

is of great interest to many authors. Therefore it seems necessary to provide an overview on the 

currently available vestibular tests in literature for children with SNHL (with or without CI), the 

prevalence of vestibular dysfunction in this population classified according to the applied test and 

its corresponding sensitivity and specificity. An answer will be sought to the following questions:  

- What vestibular function tests and test protocols (O) are applied in children with SNHL 

(P)? 

- What is the prevalence of vestibular dysfunction (O) in children with SNHL (P) determined 

by vestibular function tests (I)? 

- What is the sensitivity and specificity (O) of different vestibular function tests (I) in 

children with SNHL (P)? 

METHODS 
This systematic review is reported following the MOOSE (Meta-analysis Of Observational Studies 

in Epidemiology) guidelines.24  

Data sources and search strategy 
Two search queries were defined: 1) (children OR adolescent) AND (“hearing loss”[mesh] OR 

"sensorineural hearing impairment" OR “cochlear implantation”[mesh] OR “cochlear 

implantations” OR “cochlear implant” OR “cochlear implants”[mesh]) AND ("vestibular function 

tests"[mesh] OR "vestibular testing" OR "vestibular function test") and 2) (children OR 

adolescent) AND (“hearing loss”[mesh] OR "sensorineural hearing impairment" OR “cochlear 

implantation”[mesh] OR “cochlear implantations” OR “cochlear implant” OR “cochlear 

implants”[mesh]) AND ((vestibulum* OR vestibule* OR vestibular*) AND (assessment OR 

“assessment tool” OR evaluation OR "Outcome Assessment (Health Care)"[mesh])). 

Subsequently, the search queries were ran in PubMed, Web Of Sciences and Embase on October 

2nd 2014 and updated twice, on September 9th 2015 and May 2nd 2016, covering Medline, 

Cochrane Database of Systematic Review, Cochrane Central Register of Controlled Trials, ISI Web 

of Knowledge, Web of Science and the biomedical and pharmacological database of Elsevier. 

Mesh-terminology was only used in Pubmed. Additionally, all references of the included 

literature were screened, to ensure that no relevant literature was overlooked. 

Screening procedure 
Eligibility of the search results was assessed by applying the following inclusion criteria:  

1. Participants were children with SNHL (with/without CI). A child was considered to be within 

the age range of 0-21 years old. Articles combining adults and children needed to present 

results for children separately from those of adults. Studies combining children with SNHL 

and children with normal hearing (controls) were included, but studies exclusively consisting 

of children with normal hearing were not accepted as this was not supported by the search 

queries. 
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2. At least one vestibular function test was used to evaluate vestibular function. A vestibular 

function test was defined as a test that evaluates the VOR or the VCR, such as caloric testing, 

RCT, vestibular evoked myogenic potentials (VEMP), dynamic visual acuity test (DVA), or 

video head impulse test (vHIT). Although Computerized Dynamic Posturography is often 

reported as an assessment tool for the VSR, this assesses far more than solely the VSR. 

Therefore, articles using this technique were excluded. 

3. Studies reported either of the following:  

- prevalence of vestibular dysfunction in the sample under investigation 

- differences in vestibular function between children with normal hearing and children 

with SNHL (with/without CI) or between different groups of children with SNHL (with/ 

without CI) 

- comparison of different vestibular function tests in children with SNHL (with/without CI)  

- sensitivity and/or specificity for the vestibular test under investigation 

4. Original articles written in English, Dutch, French or German. 

The selection of relevant studies was performed by applying the selection criteria on title and 

abstract (phase 1) and on the full text (phase 2). In case of uncertainties, doubts or when there 

was no abstract available, these references were screened on full text in phase two. Both phases 

of screening were performed independently by two researchers (NDB, TM), who both have a 

Bachelor of Science degree in Rehabilitation Sciences and Physical Therapy. After each phase, a 

consensus meeting was held to compare each other’s results and to discuss differences.  

Figure 1.1: Screening procedure. 
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In case of disagreement, the researchers screened the abstract or manuscript a second time and 

differences were discussed. If consensus could not be reached between the two researchers, a 

decisive opinion was provided by a third researcher (EV). All steps of the screening procedure are 

displayed in Figure 1.1.  

Risk of Bias in individual studies 
To evaluate the methodological quality of the articles, the COnsensus-based Standards for the 

selection of health Measurement INstruments (COSMIN) checklist was applied.25 The COSMIN 

checklist was constructed to assess methodological quality of studies investigating the 

psychometric properties of assessment tools. The COSMIN contains one box for each of the 

following psychometric properties: internal consistency, reliability, measurement error, content 

validity, structural validity, hypothesis testing, cross-cultural validity, criterion validity and 

responsiveness. Each box comprises questions which can be answered by “excellent”, “good”, 

“fair” or “poor”. For example, “Was the sample size included in the analysis adequate?”, potential 

answers can be “adequate sample size (≥100) - excellent”, “good sample size (50-99) - good”, 

“moderate sample size (30-49) - fair” or “small sample size (<30) - poor”. The final score of a box 

is determined by its lowest score. The COSMIN provides an objective assessment of sample size 

calculations, handling missing data and the applied statistical analyses, as opposed to mere 

judgements. 

For this review, the box regarding criterion validity (Box H) was relevant, since criterion validity 

refers to the extent to which the vestibular function test under consideration can be compared 

to another vestibular function test, either the gold standard, e.g. caloric testing, or another 

vestibular function test that is not considered the gold standard. Risk of bias in individual studies 

could only be assessed in those articles that investigated sensitivity and specificity of the applied 

vestibular test or in those that mapped vestibular function with two or more vestibular function 

tests, so that sensitivity and specificity could be calculated. In general, the caloric test is 

considered to be the primary reference test for vestibular function testing. Therefore, sensitivity 

and specificity of this test was not calculated and therefore not reported but only used as a 

reference test to calculate sensitivity and specificity for the other vestibular tests. 
The articles were scored independently by two researchers (NDB or TM and EV) who were blind 

for each other’s evaluation until the consensus meeting. To determine the inter-rater reliability 

a Cohen’s Kappa was calculated (𝐾 =
Pr(𝑎)−Pr(𝑒)

1−𝑃𝑟𝑒(𝑒)
 ). 

Data extraction 
For each article included in this review the following data were extracted: study population 

characteristics (children with SNHL: age range, number of children, aetiology of the hearing loss, 

degree of hearing loss, presence of cochlear implant; children with normal hearing: age range 

and number of children), the applied vestibular function test and its methodology, the applied 

reference and cut-off values used to determine the presence of vestibular dysfunction, the 

prevalence of vestibular dysfunction, the drop-outs for each test, and the sensitivity and 

specificity of the vestibular function test. When sensitivity and specificity were not reported in 
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the included literature and the required raw data were available, the authors calculated 

sensitivity and specificity percentages by applying the following formulas: 

 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = 
𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑡𝑟𝑢𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠+𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑓𝑎𝑙𝑠𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
𝑥100 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = 
𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑡𝑟𝑢𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑡𝑟𝑢𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠+𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑓𝑎𝑙𝑠𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
𝑥100  

Level of evidence 
The criteria of the Cochrane Collaboration Back Review Group26 were used to determine the level 

of evidence, but implemented as by Saether and colleagues (2014)27. Based on the number of 

studies, the methodological quality and the consistency of findings, the level of evidence (strong, 

moderate, limited, unknown, conflicting) was assigned (Appendix 3). 

RESULTS 

Study selection 
The database searches revealed a total of 1704 studies. After deduplication 1086 articles were 

screened on title and abstract. After this screening procedure 74 articles were selected for a more 

in-depth second screening (including reference screening, n=3), leading to 38 relevant studies, of 

which data were extracted. The literature collection procedure is presented in Figure 1.1. 

Risk of Bias in individual studies 
Methodological quality assessment was relevant for 21 of the 38 included studies. Their quality 

for criterion validity (Box H) varied from poor to fair (Table 1.1). The degree of agreement 

between the two independent raters was very good (k=0.70).  
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Data extraction 

Participants 
The populations of all included studies consisted of children with SNHL (with/without CI) within 

the age range of 3 months to 21 years old and 17 studies investigated children with normal 

hearing between 3 months and 18 years old. Table 1.2 contains the population characteristics of 

the included studies. Five studies investigated vestibular function in a sample of children with 

congenital hearing loss14,28-31 and two studies in children with acquired hearing loss due to 

meningitis2,32. The other 31 studies used either a sample with unknown aetiology (1 study), 

unreported aetiology (9 studies) or a heterogeneous sample. The aetiologies of the hearing loss 

in the samples under investigation in the individual studies are presented in Table 1.2. In Figure 

1.2 the number of recruited children for each vestibular function test are graphically presented, 

classified according to their aetiology.  

Figure 1.2: Overview of the applied vestibular tests and the number of recruited children, classified according 

to the aetiology of the hearing loss. 
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Vestibular function tests 

In Table 1.2 the applied vestibular function tests are shown per individual study and the 

corresponding population in which they were administered. The following vestibular function 

tests were applied: the caloric test (17 studies), the RCT (20 studies), the DVA (4 studies), the 

(v)HIT (7 studies), the head shaking test (HST, 1 study), the collic VEMP (cVEMP, 21 studies) and 

the ocular VEMP (oVEMP, 3 studies). In the next paragraphs, for each test, the applied protocol, 

the prevalence of vestibular dysfunction and sensitivity and specificity are presented.  

1 Caloric Test 

Protocol 

As shown in Table 1.2, a total of 1184 children, of which 1107 children with SNHL and 77 children 

with normal hearing, were tested in 17 studies with the caloric test.2,6,14,15,17,18,20-22,30,31,33-38 The 

caloric test serves as a low frequency canal test that maps the sensitivity of each horizontal semi-

circular canal (HSCC). During the caloric test, the subject is positioned supine with the neck flexed 

30°. A thermal gradient across the HSCC of one ear is created by the irrigation of the external 

auditory meatus using warm (44°C) and cool (30°C) water or warm (42°C) and cool (20°C) air to 

induce endolymphatic flow.2,15,17,18,22,33,35-38 A normal reaction is that cool temperature induces 

a nystagmus towards the contralateral side. After warm temperature irrigation the opposite 

response occurs.10 When no reaction can be elicited by warm and cool water, ice water is used 

to identify areflexia.2,15 However, four authors used ice water (4 to 5°C) exclusively and three 

reported application of water at 15-20°C.6,14,,17,30,31,34,36 With the original protocol by Fitzgerald-

Hallpike, alternate bithermal water calorics are applied. However, this technique has shown to 

be uncomfortable for children, leading to excessive subject movement and a virtually unreadable 

recording.32 Therefore, some authors replaced the alternate bithermal calorics with 

simultaneous binaural bithermal stimulation.2,15,18,32,33 This closed-loop irrigation system 

improved the child’s tolerance during the procedure in contrast to the original procedure. In 

adults, the eye movements as a response to irrigation are measured using ENG or VNG. When 

ENG is applied, the corneo‐retinal potentials are measured using electrodes, whereas VNG 

directly measures movements of the pupils using infrared video goggles. 

These techniques are applied in children as well, although several authors, especially when 

assessing young children, report the duration of the nystagmus or the number of beats of the 

nystagmus as an outcome measure (directional preponderance – Formula 1) rather than the 

presence of canal paresis (Jongkees’ formula – Formula 2) or the slow phase velocity of the eye 

movements.39 Directional preponderance indicates that the nystagmus response is greater in one 

direction as compared to the other.39 Canal paresis expresses a weakness in the induced 

nystagmus following caloric stimulation from one ear as compared to those obtained from the 

opposite ear.39  

Directional preponderance = 
(𝑤𝑎𝑟𝑚𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑙𝑒𝑓𝑡𝑒𝑎𝑟)−(𝑤𝑎𝑟𝑚𝑙𝑒𝑓𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟)

(𝑤𝑎𝑟𝑚𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑤𝑎𝑟𝑚𝑙𝑒𝑓𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑙𝑒𝑓𝑡𝑒𝑎𝑟)
 (Formula 1*) 

Jongkees’ formula =  
(𝑤𝑎𝑟𝑚𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟)−(𝑤𝑎𝑟𝑚𝑙𝑒𝑓𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑙𝑒𝑓𝑡𝑒𝑎𝑟)

(𝑤𝑎𝑟𝑚𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑟𝑖𝑔ℎ𝑡𝑒𝑎𝑟+𝑤𝑎𝑟𝑚𝑙𝑒𝑓𝑡𝑒𝑎𝑟+𝑐𝑜𝑙𝑑𝑙𝑒𝑓𝑡𝑒𝑎𝑟)
   (Formula 2*) 

* formulas were derived from the recommended procedures published by the British Society of Audiology.39 
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Table 1.2: Overview of the characteristics of the children investigated in each individual study and the applied vestibular function test. 

Author(s) 
Hearing impaired children Normal hearing children Applied vestibular tests 

Age range Etiology of hearing loss (n) Degree of hearing 
loss 

CI n Age range Semi-circular canals Otoliths 

 C A U N/R caloric  RCT (v)HIT HST DVA cVEMP oVEMP 

Backous & Quigley, 2000 23 m/o - 10 y/o    11  x    x x x    

Bergholtz, 1977 1-16 y/o 3 14 13       x      
Brookhouser, 1982 3-19 y/o    170 Profound    x       

Christy, 2014 6-12 y/o 13  7  Severe-profound  23 6-12 y/o  x x  x x  

Cushing, 2009 4-17 y/o  9   Profound x   x x    x  
Cushing, 2008 3-19 y/o 17 7 16  Severe-profound x   x x    x  
Cyr, 1985 3 m/o  - 6 y/o  21   Severe-profound  83 3 m/o - 6 y/o  x      
De Kegel, 2012 3-12 y/o 25 11 12  Moderate-profound x 41 3-12 y/o  x    x  
Diepeveen & Jensen, 1968 6-15 y/o 9 6 40      x       

Hallmo, 1986 4-15 y/o 7 15 34  Mild-profound    x       
Holderbaum, 1979 11-14 y/o 15  11 5 Moderate-profound    x       
Inoue, 2013 20-97 m/o 94    Profound x   x x    x  
Jacot, 2009 7 m/o - 16 y/o 27 10 52 135 Profound x   x x x   x  
Jafari, 2011 6-9 y/o 30    Profound  30 6-9 y/o      x  
Janky & Givens, 2015 6-17 y/o    11  x 12 6-15 y/o  x x  x x x 
Jin, 2006 2-7 y/o 5   7 Profound x 9 8 m/o - 10 y/o x     x  
Jin, 2008 2-14 y/o    24  x        x  
Kaga, 2008 31-97 m/o 20    Severe-profound    x x    x  
Kaga, 1981 <1-6 y/o 88    Profound  60 <1-6 y/o  x      
Lisboa, 2005 10-14 y/o 8 9 9  Severe-profound    x  x     
Maes, 2014 3-12 y/o 21 8 10  Mild-profound x 48 4-12 y/o  x    x  
Mäki-Torkko & Magnusson, 2005 12-90 m/o    14 Severe-profound     x x     
Martin, 2012 4-13 y/o    32 Mild-profound x 32 4-13 y/o     x   
Masuda & Kaga, 2014 3-37 m/o 94 3   Profound     x      
Potter, 1984 5-8 y/o    34 Moderate-profound     x      
Rine & Braswell, 2003    11  Severe-profound  76 3-15 y/o  x   x   

Sandberg, 1965  72  14 28 Severe-profound    x       

Selz, 1996 8-17 y/o 5 5     5 8-17 y/o  x      
Shall, 2009 4-7 y/o 24 9   Severe-profound x        x  
Shinjo, 2007 31-97 m/o 16 1 3  Severe-profound    x x    x  
Singh, 2012 4-12 y/o  2 13  Severe-profound  10 4-12 y/o      x  
Suonpää, 1988 6-18 y/o 69 19 38 18 Severe-profound  28 7-18 y/o x       
Thierry, 2015 1-17 y/o 26 2 15      x  x   x  
Tribukait, 2004 15-17 y/o 12 1 23  Profound    x x    x  
Xu, 2015 3-14 y/o    43 Profound  20 4-10 y/o      x x 

Xu, 2014 3-12 y/o    31 Severe x 20 4-10 y/o      x x 

Zagolski, 2007 3 m/o 18    Moderate-profound  40 3 m/o x     x  
Zhou, 2009 2-16 y/o 12 1 10  Moderate-profound x 12 4-18 y/o      x  
Total number of children  811 242 378 620   549  1184 1144 160 11 217 1358 137 
Total number of studies  26 20 19 15  14 17  17 20 7 1 4 21 3 

Legend: This table provides an overview of the characteristics of the populations under investigation and the vestibular function tests that were applied in the individual studies. 
Abbreviations:  C: congenital; A: acquired; U: unknown; N/R: not reported or unclear; n: number of children; CI: cochlear implant; RCT: Rotational Chair Test; (v)HIT: (video) Head Impulse Test; HST: Head Shaking 
Test; DVA: Dynamic Visual Acuity test; c-/oVEMP: collic/ocular vestibular evoked myogenic potentials; m/o: months old; y/o: years old 

50



Specifics on methodology applied in the individual studies for the caloric test are presented in 

Table 1.3.  

Prevalence 

Raw values for prevalence of vestibular (dys)function are shown in Appendix 1.1. One study 

compared the prevalence of vestibular loss between children who are deaf and controls. The 

prevalence of unilateral or bilateral vestibular loss in children who are deaf (54%) and controls 

(7%) was significantly different.37 However, no significant difference was found between the 

mean maximal eye velocity of the slow component of the nystagmus in children with SNHL and 

with normal hearing.37 When integrating the results of different studies, 51.3% of the children 

with SNHL had normal results on the caloric test, whereas 10.8% showed unilateral loss, 8.3% 

showed bilateral loss, 27.8% loss without specifications on the affected side(s) and 1.1% dropped 

out. These percentages tend to shift towards higher prevalence of vestibular loss when the 

degree of the hearing loss is taken into account, as shown in Figure 1.2. Quite large differences 

in prevalence have been reported in homogeneous groups of children with SNHL regarding the 

aetiology of the hearing loss. Cushing et al (2009) reported that 62.5% of children with acquired 

SNHL had bilateral vestibular loss whereas 37.5% had unilateral loss, none of the children had 

normal caloric results.2 Regarding congenital SNHL, Inoue et al (2013) showed that 19% had 

bilateral loss and 17,3% had unilateral loss, whereas Kaga et al (2008) reported 35% unilateral 

loss and 50% bilateral loss and Zagolski (2007) 66.7% with vestibular loss without specifications 

on the affected side(s).14,30,31 

Figure 1.2: Prevalence of vestibular (dys)function as a function of the degree of the hearing loss. 
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According to Tribukait et al (2004), 46% of children with acquired or congenital hearing loss had 

normal caloric responses, whereas 24% had asymmetric responses and 15% had bilateral 

hypofunction and 15% areflexia.38  

Regarding vestibular function in children with CI’s, Jin et al (2006) showed that before cochlear 

implantation 40% of the children had normal caloric responses whereas 20% had no responses 

while Shinjo et al (2007) reported that 15% of CI candidates had normal caloric responses and 

40% had no responses at all (Appendix 1.1).6,20 Cushing et al (2008) found no significant 

differences between the implanted and the non-implanted side.15 

Sensitivity and specificity 

In all 11 studies involving the caloric test, it was used as the gold standard. Therefore, no 

sensitivity and specificity for the caloric test is reported.  

2 Rotational Chair Test (RCT) 

Protocol 

The RCT was administered in 1144 children of which 872 children with hearing loss and 272 

children with normal hearing in 20 studies (Table 1.2).1-6,13-15,21,29,30,32,38,40-45 The RCT serves as a 

high frequency canal test that maps the sensitivity of each HSSC. For RCT, the subject is 

positioned in a motorized chair with a head restraint. The rotational axis goes through the centre 

of the head. Usually, the test is performed in the dark and the subject closes the eyes while 

performing mental tasks. Different rotational tests are performed. Both a sinusoidal harmonic 

acceleration (SHA) and step velocity protocols have been reported.3,5,10 

During SHA the chair is accelerated to a peak velocity of 50°/s to 100°/s across frequencies 

varying from 0.01 Hz to 5 Hz both clockwise and counter-clockwise. When step velocity protocols 

are applied, a rapid acceleration of the chair to a constant rotational velocity is followed by a 

deceleration of the chair to rest. The RCT assesses the VOR using gain, phase and asymmetry 

outcome variables in case of SHA and gain, time constant and symmetry in case of step velocity. 

The gain is a measure of VOR performance calculated by the velocity of the correcting eye 

movement divided by the velocity of the head. The phase comprises the angle of the response 

which is a representation of the timing difference between the eye and the chair velocity. 

Asymmetry stands for the differences between VOR gain left and right. The time constant is the 

time that is required for the nystagmus to decrease to a predefined percentage of its original 

strength.10 However, some authors also reported the duration of the nystagmus and the number 

of beats of the post- and/or per-rotatory nystagmus.  

Jacot et al (2009) also used the Off Vertical axis rotation (OVAR), a subtest of the RCT, which 

evaluates otolith responses and more specifically the utricle.21 Christy et al (2014) used the 

modified Emory Clinical Vestibular Chair Test (m-ECVCT), which is a clinical version of the RCT.1 

During the m-ECVCT, there is no sinusoidal acceleration but a rotation of 0.5 Hz for 30 seconds 

to either side with a pause in between to evaluate nystagmus via infrared camera goggles.1 

Specifics on the applied RCT methodology and references to applied paediatric normative values 

are shown in Table 1.4.  
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Table 1.3: Overview of the applied protocols for the caloric test and corresponding cut-off values and prevalence of vestibular 
dysfunction. 
Authors Characteristics of the applied protocol Outcome 

variables 
Interpretation: cut-off to determine loss 

stimulus Eye movements 
Temp. 
(duration) 

Air/ 
water 

specifics ENG/VNG   

Brookhouser, 1982 30°C, 44°C 
  

water closed loop caloric 
irrigation 

ENG 
  

Asymmetry  unilateral loss: asymmetry > 20% 
Slow phase 
velocity  

Bilateral loss: nystagmic response < 7.5°/sec 
per ear  

Cushing, 2009 
Cushing, 2008 

30°C, 44°C, 
ice water 
  

water binaural alternating caloric  
stimulation 

ENG 
  

Asymmetry*  Unilateral loss 

normal: <15%, 

mild: 15-29% 
moderate: 30-50% 
severe: 51-100% 
Areflexia: no response on ice water unilateral 

Slow phase 
velocity 

Bilateral loss 
Moderate: sum of thermal caloric responses < 
20°/s AND responses >3°/s with ICE water, 
severe: negative ice water  caloric responses  
on both sides 

Diepeveen & Jensen, 
1968 

30°C, 44°C 
+ 20°C 
(40s (classic 
temp) + 2 
min 20°C) 

water    
  

duration 
nystagmus 

 if present: ≥ 80 sec. Normal reaction = 
reaction without Bartels' glasses as well at 
30°C as at 44°C; reduced reaction =  reaction 
at 30°C. At 44°C only reaction with Bartels' 
glasses or no reaction at all at this 
temperature. Markedly reduced = no reaction 
at 30°C or at 44°C but reaction at 20°C. No 
reaction = no reaction at 20°C. 

Sandberg, 1965 30°C, 44°C 
(40 s) + 1 
min 15-
20°C 

water    Normal >80 sec; Slightly reduced reaction: 80 
sec, small amplitude; Reduced reaction: <80, 
weak amplitude; Markedly reduced reaction: 
no reaction for 40 sec, but positive 1 min 15-
20C; No reaction to 15-20°C 

Hallmo, 1986 30°C, 44°C 
(30 s) 

water binaural bithermal caloric 
test when monothermal 
test (44°C) > 15% between 
two ears. 

  
  

duration 
nystagmus 

 30% limit to determine canal paresis and 
directional preponderance; a unilateral absent 
response from the HSCC in the bithermal test 
= canal paralysis. (Uemura (1977)) 

Jacot, 2009 33°C, 44°C 
  

water     
  

Ab-/presence 
normal 
latencies*  

relative valence and directional 
preponderance ≤ 15%  

Suonpää, 1988 30°C, 40°C 
(30 s) 

  ENG Asymmetry* > 20 % side difference 

     Slow phase 
velocity 

< 14.5°/s for both sides 

Thierry, 2015 30°C and 
44°C (90 s) 
  

water    VNG 
  

summation 
number 
nystagmus* 

  

Tribukait, 2004 30°C, 44°C 
(30 s) 

water- 
160 ml 

 open-loop ENG, VNG asymmetry*  ≥ 20 % side difference. Sum of the caloric 
responses (30° and 44°) < 20°/s --> bilat hypo. 
No response = areflexia. 

Zagolski, 2007 20°C 
(20 s) 

Water- 
20 ml 

    frequency 
and duration 
nystagmus 

 > 30% difference with normal values 

Holderbaum, 1979 5°C water     
Inoue, 2013 4°C 

  
water   ENG 

  
duration 
nystagmus  

 <2SD below reference values 

13-24 months: < 53,3s 
25-36 months: < 54,3s 
37-48 months: < 52.4 s 

49-60 months: < 57.4s 
61-72 months: < 48.1 s 
>72 months: <35.1 

Kaga, 2008 
Shinjo, 2007 

4°C Water- 2 
ml 

  ENG 
  

duration 
nystagmus 

compared with those of age-matched controls 
but no further specifications. 

Lisboa, 2005 42°C, 20°C, 
10°C (80 s) 

Air   VNG 
  

direction 
nystagmus 
gain 

  

Jin, 2006 No methodological characteristics reported. 

Legend: *: Jongkees’ formula 
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Numeric reference values for gain, phase and asymmetry using the SHA are presented in Table 

1.5.3,32,45 

Prevalence 

Lower gain values were reported for the children with hearing loss compared to controls by Maes 

et al (2014).3 This difference was only significant (p<0.002) for the lowest test frequency 0.01 Hz. 

Cyr et al (1985) found significant differences for gain (p<0.001), phase (p<0.01) and symmetry 

(p<0.001) between children with post-meningitic hearing loss and with normal hearing.32 

Raw values for prevalence of vestibular (dys)function are shown in Appendix 1.1. In general, 55% 

of the children with SNHL had normal RCT results, whereas 9.7% showed unilateral loss, 6.8% 

showed bilateral loss, 25.7% loss without specifications on the affected side and 2.9% dropped 

out.  

Similar to the caloric test, these percentages tend to shift towards higher prevalence of vestibular 

loss when the degree of the hearing loss is taken into account (Figure 1.3). At 0.05 Hz rotation, 

gain values were significantly different for the profound hearing losses compared to moderate 

hearing loss (p=0.035).  

Different percentages for prevalence of vestibular loss are reported in different aetiologies. 

Cushing et al (2009) stated that only 12.5% of children with post-meningitic SNHL had normal 

RCT responses and 87.5% had vestibular loss, when the RCT was performed at < 2Hz in the dark 

or at > 2Hz in a light room.2 Regarding congenital hearing loss, normal responses varied between 

32.8-79.8%, unilateral loss between 1.5-5%, bilateral loss between 19-25% and 67.2% had loss 

without specifics on the affected side(s).6,14,29,30 The latter authors used step velocity protocols.  

Furthermore, significantly decreased gain values (p=0.020) were registered for children with 

bilateral CI’s at 0.05 Hz rotation contrary to children with a unilateral or no CI.3 Comparing 

children with hearing loss before and after CI, Jacot et al (2009) described a significant decrease 

of the canal VOR in 17% of the cases (no values available).21 

Sensitivity and specificity  

Sensitivity and specificity values are presented in Table 1.6. The m-ECVCT had a sensitivity of 63% 

and a specificity of 100%.1 Using SHA protocols sensitivity and specificity were 80% compared to 

caloric testing.15 When step velocity protocols were applied, sensitivity and specificity in 

comparison to caloric testing varied respectively between 61-66% and 21-73%.6,14,30 In 7 other 

studies the RCT was used as a reference test. 
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Table 1.4: Overview of the applied protocols for the rotational chair test and corresponding cut-off values and prevalence of vestibular dysfunction. 

AUTHORS TYPE OF ROTATIONAL CHAIR TEST DARK-LIGHT- VISUAL CALIBRATION POSITIONING (V)(E)NG OUTCOME VARIABLES INTERPRETATION – REFERENCE VALUES 
Backous & 
Quigley, 2000 

constant velocity of 60°/s, then 240°/s. About the vertical axis in each 
direction for 60 s. 

DARK - / - 1.7°, 1800 mCD point of light 
moved at 10° at 8, 16 and 24°/s 

young children on parent's 
lap; older children tested as 
adults 

ENG    

Bergholtz, 1977 linear acceleration and deceleration left and right: 7.5°/s² - 100°/s². 
Oscillating rotation, amplitude 70°/s and 7.5°/s²  

      Presence/absence nystagmus abnormal: absence of nystagmus  

Christy, 2014 A series of complete chair rotations to both the 
right and left (100◦/s for 60 seconds). (step rotation) + 5 frequencies 
were examined: 0.01, 0.04, 0.08, 0.16, and 0.64 Hz) at 60◦ per second 
over 3 to 9 cycles (SHA). 

DARK - / - Calibration of eye movement was 
performed before testing. 
  

Small children sat in the lap 
of an adult. The subject’s 
head was pitched forward 
30◦ and gently immobilized. 

 VNG SHA: VOR phase, gain, 
asymmetry.  
Step rotation: PER- AND 
POSTROTARY time constants 
(time for nystagmus to decrease 
to 37% of its original strength)  

normal: within 1.5 SD of the comparative sample 
mean – Casselbrant 2010 
bilateral loss: gain values < 1.5 SDs outside the 
comparative range 

unilateral loss: abnormal phase and asymmetry 
values in the presence of normal gain values 

Cushing, 
2009/2008 

SHA: maximum 100°/s over a frequency of 0.25 - 5 Hz. Light and Dark; 
low frequency (≤ 2 Hz) versus high frequency (>2 Hz) 

DARK - visual target at 3.1m - 10 degree gaze 
deviation right & left 

seated alone, head secured 
in padded clamps  

ENG   abnormal:  results outside normative data (95% 
CI) in at least 2 consecutive frequencies. – adult 
reference values 

Cyr, 1985 SHA at 0.01, 0.02, 0.04, 0.08, 0.16 Hz. 0.08 Hz was used as a screening 
device. 4.5 cycles of rotation. 

DARK - / - /  ENG  VOR gain, phase, asymmetry Table 6 

Maes, 2014 De 
Kegel, 2012 

SHA: three rotations were performed at 0.01, 0.05, 0.1Hz. Peak 
velocity of 50°/s. To maintain alertness during rotation, children were 
distracted by performing mental tasks. 

DARK - / - fixating a visual target 10 degrees 
right and left with recalibration before each 
rotation. 

seated with safety belt and 
head stabilized in a head 
rest. 

ENG VOR gain, phase, asymmetry Abnormal: < mean - 1.96 SD – table 6 
Maes 2010, Maes 2008, Maes 2012 

Inoue, 2013 Max velocity 200°/s at 300°/s² acceleration and then decayed to 0°/s 
by a deceleration of -4°/s². Twice in both clockwise and counter 
clockwise direction. 

 / - / - / 
  

held upright on their 
mother's knees with heads 
bended down 30° 

  # beats PERROTATORY 
NYSTAGMUS  

Abnormal: <2SD beats; children > 6 years of age  
= < 23 beats. 
Kaga 1981 

Kaga, 1981 chair was accelerated to a maximum rotational velocity of 200°/s, 
maximum acceleration of 300°/s²; velocity decayed to 0° over a period 
of 20 s. 2x clock- 2x counter clockwise. 

  
  
  

young children on parent's 
lap; older children tested as 
adults 

ENG duration and number of beats of 
PERROTATORY NYSTAGMUS 

Hypoactive responses: nystagmus duration < 
mean - 1SD. Areflexia: absent responses. No 
numeric values reported. 

Jacot, 2009 40°/s²     VOR slow phase velocity Reference values: Wiener-Vacher 1996 

Jacot, 2009 60°/s constant rotation velocity and 13° axis rotation tilt.*    bias of the modulation amplitude 
VOR 

Reference values: Wiener-Vacher 1996 

Janky & Givens, 
2015 

SHA: 0.02, 0.08, 0.16, 0.32 Hz with variable maximal velocities, 70°/s, 
50°/s, 40°/s, 30°/s respectively. Step rotation: in the clockwise and 
counter clockwise direction: acceleration at a rate of 100°/s² up to a 
velocity of 100°/s. The chair maintained this velocity for 45 sec and 
then decelerated at a rate of 100°/s before coming to a complete stop. 

DARK - / - / 
  
  

  ENG, VNG VOR gain, phase, symmetry. No numeric values reported. 

Kaga, 2008; 
Masuda & 
Kaga, 2014; 
Shinjo, 2007 

Accelerated to a maximum rotational velocity of 160°/s² then decayed 
by 4°/s². Test was performed once in counter clockwise and clockwise 
direction. 5 minute interval. 

DARK - / - / 
  
  

child on lap parent ENG # beats of nystagmus + duration 
PERROTATORY NYSTAGMUS 

Reduced vestibular function: <50% (for both 
outcomes) Kaga 1981 

Mäki-Torkko & 
Magnusson, 
2005 

100-120° (amplitude) with speed and periodicity of a full cycle at 2-3 s 
(comparable to 0.3-0.5 Hz). 

 child in the lap of one 
parent 

VNG presence of nystagmus Abnormal: absence of nystagmus 

Potter, 1984 10 rotations to right in 20 s. After one minute rest -> left.   cross-legged. Head flexed 
30° from vertical. 

  duration of the induced 
nystagmus in seconds. 
POSTROTATORY. 

Abnormal: < 18 s postrotatory nystagmus.  

Rine & 
Braswell, 2003 

frequencies: 0.01, 0.02, 0.04, 0.08, 0.16, 0.32 Hz at 50°/s over 3-9 
cycles. Trapezoidal testing was done using a series of complete chair 
rotations, both right and left (100°/s) for 60 s. 

DARK - / - subject had to look to center, left 
and right at a red illuminated dot (three 
repetitions) 

children in lap of adult, head 
30° flexed. 

ENG VOR gain, phase, asymmetry / 

Selz, 1996 frequencies: 0.04, 0.08, 0.16, 0.32 Hz with peak angular velocity of 
50°/s, min 3 to max 10 oscillations. 

DARK - / - / head restrained  ENG VOR gain, phase, asymmetry / 

Tribukait, 2004 40°/s², 150°/s / - / - /    VNG VOR gain  Hypofunction: gain < 0.2; areflexia: no gain 

Legend: *OVAR – measuring otolith function 
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3 (Horizontal) Dynamic Visual Acuity Test (hDVA) 

Protocol 

The horizontal DVA (hDVA) was performed by 217 children of which 74 children with hearing loss 

and 143 with normal hearing in four studies.1,5,42,46 Two types of hDVA need to be distinguished: 

a traditional or bedside hDVA and a computerized hDVA. To perform the bedside hDVA, the 
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subject sits on a chair 3 meters from the Lea symbols chart placed at eye level. Lea symbols are 

a series of paediatric symbols that are designed specifically for children who do not know how to 

read the letters of the alphabet. During the test, the neck is flexed 30° and the head is passively 

moved at 2 Hz in the yaw plane.5 During the computerized hDVA the subject either moves the 

head actively or the subjects’ head is moved passively by the investigator while wearing a rate 

sensor (InterSense Inertia Cube) on the head that registers the head velocities. If these head 

velocities exceed 120°/sec, an optotype flashes, but for no longer than 75 msec.42 The test ends 

when the subject misses 3 of 5 optotypes on a line. Results of visual acuity measured with the 

head stationary are compared to results of visual acuity with the head in movement.1,5,10 More 

than two lines difference between static and dynamic visual acuity indicates the presence of 

vestibular loss.1,5,46 

Prevalence 

Raw values for prevalence of vestibular (dys)function are shown in Appendix 1.1. Normal hDVA 

results were found in 57.9-84.4% of the cases and Christy reported 26.3% with unilateral loss and 

15.8 % bilateral loss, whereas Martin found 15.6% of his sample to show loss without 

specifications of the side.1,46 Regarding the degree of the hearing loss, 15.6% of the participants 

with SNHL had poor hDVA, of which all with profound SNHL.46 Children with SNHL and bilateral 

vestibular loss performed significantly (p<0.008) poorer on the hDVA than children with SNHL 

without vestibular loss, identified with the RCT.5 Janky & Givens (2015) reported a significant 

moderate correlation between vestibular loss as measured by the active DVA scores (R²=0.381, 

p=0.008) and the passive DVA scores (R²=0.444, p=0.003).42  

Sensitivity and specificity 

Table 1.6 provides an overview of the sensitivity and specificity values for the DVA. The sensitivity 

of the DVA test ranges from 88% to 100% and its specificity ranges from 69% to 100% compared 

to the RCT (and the cVEMP).1,5 For the RCT as a reference test similar protocols were applied. 

4 (Video)Head Test Impulse test ((v)HIT)  

Protocol 

During the clinical HIT, the subject tries to keep the eyes on a visual target while its head is 

unpredictably and quickly turned by the investigator from the centre to the left (3 times) and the 

right (3 times) at an amplitude of 5° to 10°.  The neck of the subject is flexed 30°, assessing the 

HSCC. The HIT is considered positive if at least 2 corrective saccades out of 6 turns have been 

seen.1 The clinical HIT was administered in 137 children of which 114 children with hearing loss 

and 23 with normal hearing in 6 studies.1,4,21,22,35,40 During the vHIT the subject sits 1m from the 

visual target wearing goggles with a high speed infrared camera, which records the eye 

movements and a built-in accelerometer to record the head movements. The examiner stands 

behind the subject and delivers randomized head impulses in a specific plane while the subject 

keeps the eyes on the visual target. Thus, the HSCC, posterior and anterior SCC (PSCC, ASCC) can 

be assessed separately. Approximately 20 acceptable head impulses of each participant are to 

57



be recorded. Eleven children with hearing loss and twelve children with normal hearing 

performed the vHIT.  

Prevalence 

Prevalence values for vestibular (dys)function are presented in Appendix 1.1. Normal HIT results 

were found in 64-100% of the children with severe to profound SNHL, including CI 

candidates.4,35,40 Janky and Givens (2015) reported that respectively 55% (HSCC), 32% (PSCC) and 

50% (ASCC) of the children with a CI had normal vHIT gains.42 These vHIT gains are significantly 

and strongly positively correlated (p<0.001) with RCT gains for all frequencies: 0.02Hz (r=0.765), 

0.08Hz (r=0.848), 0.16Hz (r=0.830), 0.32Hz (r=0.774).42 

Sensitivity and specificity 

Values for sensitivity and specificity are presented in Table 1.6. For the clinical HIT sensitivity of 

75% and specificity of 91% compared to combined RCT and cVEMP results are reported.1,4 The 

sensitivity and specificity of the vHIT varies depending on the canal under investigation. For the 

HSCC sensitivity was 100% and specificity 100%, for PSCC respectively 67% and 71% and for the 

ASCC 91% and 92% compared to the RCT.42 

5 Head Shaking Test 

Procotol 

During HST, the subject is asked to close the eyes while wearing Frenzel goggles. Subsequently, 

the head is pitched down 30 degrees by the investigator and then oscillated 20 times horizontally. 

These Frenzel goggles consist of the combination of magnifying glasses and a lighting system that 

is used when the subject is tested in the dark enhancing detection of nystagmus. Subsequently, 

the subject opens the eyes, while the therapist observes the presence of nystagmus. In case of 

vestibular dysfunction, nystagmus is present immediately after this procedure.10 The HST was 

performed in 11 children with SNHL.40 

Prevalence 

Backous (2000) reported that 80% of their CI candidates have normal HST responses.40 

Sensitivity and specificity 

No values could be calculated. 

6 Collic Vestibular Evoked Myogenic Potentials test (cVEMP) 

Protocol 

A total of 1358 children, of which 828 children with hearing loss and 530 with normal hearing, 

were assessed with the cVEMP in 21 individual studies.1-3,6,7,13-15,20-22,28,30,31,38,42,47-51 The cVEMP 

assesses function of the saccule and the inferior vestibular nerve. Air or bone conducted stimuli 

are presented monaurally thereby stimulating the saccule and traversing via the inferior to the 

vestibular nucleus in the brain stem. Via the medial vestibulospinal tract evoked impulses are 

sent to the neck and recorded from the ipsilateral sternocleidomastoid muscle (SCM), evaluating 
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the recorded EMG signals (amplitude, P1/N1 latency).3,10,52 Specifics on the different applied 

protocols and references for applied paediatric normative data for cVEMP are shown in Table 

1.7. Paediatric normative values are shown in Table 1.5, which are necessary for diagnostic 

purposes as shorter P1 and N1 latencies and larger inter-peak amplitudes have been found in 

children compared to adults.3,42 

Prevalence 

Raw values for prevalence of vestibular (dys)function are shown in Appendix 1.2. In general, 

52.1% of the children with SNHL had normal results on the caloric, whereas 4.4% showed 

unilateral loss, 8.7% showed bilateral loss, 29.9% loss without specifications on the affected 

side(s) and 4.9% dropped out. These percentages tend to shift towards higher prevalence of 

vestibular loss when the degree of the hearing loss is taken into account as shown in Figure 1.3. 

Within the group of children with profound SNHL, whose cVEMP response could still be induced, 

a deviant cVEMP response was present when a significantly increased threshold (p<0.01) and a 

significantly decreased amplitude (p<0.05) were identified.49,51 Maes et al (2014) reported that 

33% of the children with profound hearing loss show absent responses, which is significantly 

higher than in moderate hearing loss (p=0.019).3 

In children who were CI candidates, 12-50% of the children had normal cVEMP responses as 

shown in Appendix 1.2.6,20 Children with SNHL showed normal cVEMP responses in 46.7%-100% 

of the cases, whereas 15.6% to 83% of the children wearing a CI showed normal cVEMP 

responses. Maes et al (2014) found a significantly higher absence rate of 67% for children with 

bilateral CI compared to children without a CI using the cVEMP.3 After implantation, 50-91.7% of 

the children had vestibular loss with the device on and 69.2-100% of children showed vestibular 

loss with the device off.20,50 Jacot et al (2009) added that a significant decrease (no values 

available) of the otolith VOR was observed in 12,7% of the cases after cochlear implantation with 

prior vestibular function, whereas this was 16.7% in the study of Thierry et al (2015).21,22 Tribukait 

et al (2004) reported a significant but weak correlation between the caloric sum (sum of 

nystagmus responses to 44°C and 30°C), and the cVEMP amplitude (r=0.35-0.40, p<0.05) and a 

significant and moderate correlation between the caloric ratio (the difference of nystagmus 

responses to 44° C and 30° C between the left and the right ear) and the cVEMP ratio (r=0.60, 

p<0.01).38 

Sensitivity and specificity 

All children with normal hearing showed clear cVEMP responses.1,3,13,20,28,42 Compared to the 

caloric test (8 studies), sensitivity for the cVEMP varied between 71-100% and specificity 

between 30-100% in children with SNHL. Compared to the RCT (4 studies) values between 48-

100 for sensitivity were calculated and between 78-100 for specificity. All sensitivity and 

specificity results are presented in Table 1.6. 
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7 Ocular Vestibular Evoked Myogenic Potentials (oVEMP) 

Protocol 

Ocular VEMP was administered in 3 studies consisting of 137 children of which 85 with hearing 

loss and 52 with normal hearing.42,49,50 The oVEMP is thought to assess the utriculus and the 

superior vestibular nerve. Similar to the cVEMP, tone bursts are presented in the ears, except the 

utricle is stimulated and the motor output in the form of EMG signals of the contralateral inferior 

oblique muscle underneath the eye are recorded instead of the SCM.  

Prevalence  

Fifty-eight percent of the children with SNHL had normal oVEMP results, whereas all children 

with normal hearing show normal oVEMP results, which differ significantly.49,50 Raw values for 

prevalence of vestibular (dys)function are shown in Appendix 1.2. Overall, normal oVEMP results 

were found in 63.5% of the children with SNHL and 45.5% of the children wearing a CI. When the 

implant was turned on, Xu reported normal oVEMP results in only 12.9% and 19.2% with the 

implant turned off.49,50 

Sensitivity and specificity 

Sensitivity and specificity for oVEMP are shown in Table 1.6. Compared to cVEMP, sensitivity of 

oVEMP ranges between 83-91% and specificity between 86-95%. When the RCT is used as a 

reference test, sensitivity was 83% and specificity 86%.   

Level of evidence 

The levels of evidence regarding the sensitivity and specificity for each test are presented in 

Appendix 1.3. Moderate evidence was found for the RCT, cVEMP and DVA. Limited evidence was 

found for the (v)HIT and the degree of evidence remains unknown for the HST and oVEMP.  
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DISCUSSION 

The aim of this study was to provide an overview on the currently available vestibular function 

tests in literature for children with SNHL (with or without CI), to report the prevalence of 

vestibular dysfunction in this population classified according to the applied test and to provide 

information on the corresponding sensitivity and specificity of each test. Seven vestibular 

function tests were identified in literature. The prevalence of vestibular dysfunction clearly 

depends on both population‐related factors and on the applied test. Most frequently reported 

vestibular function tests were the caloric test, RCT and the cVEMP. However, very variable results 

were found for their sensitivity and specificity, suggesting these tests are rather complementary 

than potential substitutes for each other. The level of evidence regarding the sensitivity and 

specificity of the identified vestibular tests was found to be unknown to moderate, due to 

methodological shortcomings. Two main reasons for poor methodological quality were identified: 

the small sample size (N<30) and the lack of adequate statistical analyses. When no correlations 

were calculated in case of continuous variables or sensitivity and specificity in case of 

dichotomized variables the study had to be scored poor, if they did, the score excellent was 

assigned.  Fair quality was mainly related to the uncertainty about how missing data were 

handled. 

The main goal of vestibular testing in children with SNHL is to differentiate between normal 

vestibular function and vestibular dysfunction, thereby providing a prevalent estimation of 0‐

100%. To do so, the diagnostic accuracy of the test under consideration is of great importance, 

which is related to the sensitivity and specificity of that test. Unfortunately, these statistical 

measures were only reported by two authors. Therefore, when not available, they were 

calculated based on the raw data presented in the original studies. Ideally, both sensitivity and 

specificity amount to 100%, which is, in most cases, impossible to achieve. The diagnostic 

accuracy can be influenced by population‐related aspects such as the availability of normative 

data, the degree or the aetiology of the hearing loss, but also by more test‐related aspects such 

as the applied protocols and the functions or structures that are being assessed. 

Population-related confounding factors 

To determine the accuracy of an assessment tool, the first step comprises the evaluation of this 

tool in a non‐symptomatic control group, in this case normal hearing children. In the control 

groups no vestibular dysfunction was reported, which indirectly provides information on the 

specificity of the applied tests. Also, vestibular function in children with SNHL differs significantly 

from the vestibular function in children with normal hearing, which also provides preliminary 

results on diagnostic accuracy.  

Another important question when it comes to paediatric normative values, concerns the 

developmental process of the function under investigation.3,42 The vestibular system is 

morphologically complete at birth but its functionality continues to mature until approximately 

15 years of age, depending on the investigated vestibular reflex.11,53 Thus, possible age effects 

that may confound the test results should always be taken into account.3 Most studies included 

in this review investigated horizontal VOR in children of different ages but considered them as 

62



one group, suggesting the horizontal VOR does not undergo developmental changes. The 

influence of age with regard to horizontal VOR function was assessed by Rine & Braswell (2003) 

through dynamic visual acuity, by Janky & Givens (2015) through vHIT gain values and by Maes et 

al (2014) through SHA gain, phase and asymmetry values in their children with normal 

hearing.3,5,42 All three studies revealed no age‐related changes regarding horizontal VOR function, 

thereby confirming this hypothesis.5,42,54 This is an interesting finding as Mortlet (2013) stated 

that outcome variables are prone to maturational effects: saccades are inaccurate until age 2, 

speed of the slow component and the frequency of beats stabilize after 6 to 12 months of age, 

otolith VOR tends to change when children learn to walk, SHA gain decreases between two 

months and 11 years of age, but SHA phase remains stable.53 These records suggest that 

especially in the first years of life, prominent changes do occur in VOR function. Also, Casselbrant 

et al (2010) stated that “changes in gain may be related to maturation of attentional mechanisms 

as part of the overall process of maturation of the vestibulo-ocular system because mental 

alertness plays a key role in VOR function”.55 Thus, the child’s performance or potential 

differences in outcome variables will depend upon the amount of attention that is needed to 

perform the requested task. It can therefore be hypothesized that the lacking age effects as 

reported by the authors included in this review, might be due to the ages of the included children 

and the requested tasks: DVA in 3‐ to 15‐year‐old children, vHIT in 6‐ to 15‐year‐old children and 

SHA in 4‐ to 12‐year‐old children.5,42,54 Although Janky & Givens (2015) mapped vertical VOR 

(ASCC and PSCC) with the vHIT, no records on maturation of vertical VOR are currently available.42 

Regarding VCR, assessed with cVEMP, age effects have been stated from preschool years through 

adolescence and were also reported by the included studies in this review. These findings suggest 

that depending on the vestibular reflex that is being assessed and the outcome variables, age‐

specific reference values are in order. Only ten of the included studies (26%) reported actual 

paediatric normative data. Although databanks of normative data for children are (still) being 

collected, especially as a function of age, further expansion of these age‐specific paediatric 

normative data seems imperative. 

The degree of the hearing loss seems to be related to vestibular (dys)function. As shown in Figure 

1.3, children with severe to profound hearing loss present with higher percentages of vestibular 

loss.3,18 This can be explained by the close anatomical relation between cochlea and vestibulum. 

Similar reasoning can lead to the assumption that congenital malformations of the inner ear and 

meningitis that damaged both vestibulum and cochlea, would show larger prevalence for 

vestibular dysfunction.3 Some authors indeed have reported that children with congenital 

syndromal and acquired hearing loss more often show vestibular dysfunction.2,6,14,29,30 However, 

based on the very heterogeneous samples in the included studies, evidence regarding the 

relationship between aetiology of the hearing loss and the presence of vestibular loss remains 

inconclusive. Future research should focus on the influence of aetiology or a meta‐analysis 

performed on the existing literature on this topic might provide new insights as well. 

Diagnostic accuracy of vestibular function tests 

A prevalence of vestibular dysfunction varying between 0‐100%, leads to lower diagnostic 

accuracy, which is reflected by sensitivity and specificity of the applied test. When caloric 
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stimulation is used as a reference test, sensitivity varies between 61‐80% and specificity between 

21‐80% for the RCT and respectively 71‐100% and 30‐100% for cVEMP. When the RCT is used as 

a reference test, sensitivity varies between 88‐100% and specificity between 69‐100% for the 

DVA, respectively 67‐100% and 71‐100% for the (v)HIT and 83% and 86% for the oVEMP.  This 

variability in sensitivity and specificity can be explained by the applied protocols and the 

anatomical structures that are being assessed with the applied vestibular function tests.3 

Protocols of vestibular tests 

Regarding the caloric test, older studies tend not to report specifics on the applied protocol 

whereas in more recent studies the standard protocol has been adjusted into a closed loop 

binaural bithermal caloric stimulation to make this test less invasive for (young) children. Water 

stimulation is being reported more frequently than air stimulation. It seems that agreement exists 

on the usefulness of the caloric test as it is often addressed as the gold standard for vestibular 

function testing.  

For the RCT, a distinction can be made between SHA and step rotation. But even within these 

two specific test modalities, considerable differences tend to exist as shown in Table 1.4.  It seems 

that each research centre has its own protocol and paediatric normative data. Due to these large 

methodological differences, comparison of results obtained by different research groups 

therefore becomes quite difficult. This raises the question whether, at the moment, this test can 

be used as a gold standard for vestibular assessment. Nevertheless, the RCT is very‐well tolerated 

by children, even by infants, even though testing is performed in a dark room.  

Regarding cVEMP, the protocols, shown in Table 1.7, have been described clearly and only small 

differences were identified. Usually, air conducted cVEMP is applied with either tone bursts or 

clicks, for both of which pediatric reference values are available.  

The protocols for hDVA, (v)HIT, oVEMP and HST are clearly described in literature. However, some 

specific adjustments were made to make these tests more child‐friendly, e.g. Lea Vision Chart for 

hDVA. However, these tests were only investigated in a limited number of studies, thereby limiting 

generalizability of prevalence values and diagnostic accuracy. 

Assessment of vestibular structures 

The variability in diagnostic accuracy can be explained by the vestibular structures that are being 

assessed with particular tests. For example, the HSCC and the superior branches of the vestibular 

nerve can be tested by the Caloric test, RCT, DVA, (v)HIT and HST, the utricle with OVAR and 

oVEMP whereas the saccule, innervated by the inferior branches of the vestibular nerve, can only 

be evaluated by the cVEMP. The otoliths are sensitive for linear accelerations, whereas the HSCC 

is sensitive to horizontal rotational acceleration. This makes that these anatomical structures have 

different functions. None of the tests assess the entire vestibular apparatus.10 As could be 

expected, Triboukait et al (2004) and Cushing et al (2008) found low correlations between for 

example RCT and cVEMP and sensitivity and specificity rates for cVEMP with caloric test or RCT 

as a reference test tend to vary strongly.15,38 
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“New” vestibular function tests 

Apart from the caloric test and RCT, that are considered the gold standard, and the often applied 

cVEMP, several “new” assessment tools have been reported in more recently published studies. 

These tests have been established because of the critique on the caloric test that it is anxiety 

provoking in children and in case of the RCT that very specialized and expensive materials are 

required. However, these alternatives need to have the same diagnostic accuracy. 

Even though diagnostic accuracy of the DVA and (v)HIT seem promising, these results should be 

interpreted with caution as the level of evidence is only moderate for the DVA and limited for the 

(v)HIT (Appendix 1.3). Generalizability is limited due to the small sample sizes. The DVA shows 

very good sensitivity but the results for specificity vary, suggesting the DVA might serve as a good 

screening tool. Also, the DVA is found to be a useful test to evaluate functional VOR in uni‐ and 

bilateral vestibular deficits. However the DVA does not always identify a deficit in subjects with 

small lesions on one side.10 

This review revealed that the specificity of the (v)HIT is high but sensitivity is lower, which 

suggests the (v)HIT might serve better as a diagnostic tool. The clinical HIT, in contrast to the vHIT, 

can only identify overt saccades, catch‐up saccades after the head movement. Covert saccades 

can provide extra information on vestibular function, which can be identified using the vHIT.54,56 

Moreover, the vHIT provides gain values and seems to be well‐tolerated in children in contrast to 

the traditional caloric test and the RCT.54,56 Janky & Givens (2015) stated that gain values for the 

vHIT below 0.85 (1.5 SD below the mean value of the control group) represent vestibular 

dysfunction, and thereby providing 100% agreement with RCT identification.42 However, 

Hamilton et al (2015), who investigated vHIT in 33 children with vestibular dysfunction of which 

2 were hearing impaired, proposed a gain of less than 0.7 to represent vestibular dysfunction.54 

The differences in reported cut‐off values underline the need for further investigations regarding 

the diagnostic value of the vHIT, although very preliminary reports on the vHIT suggest it seems 

to have large potential to serve as a diagnostic tool. 

Clinical practice 

The findings of this review support the fact that it is necessary to develop a standard protocol 

when it comes to vestibular testing in children.2,38,42 Some suggestions for this protocol can be 

made, but due to the low level of evidence, these should be handled with caution. When 

vestibular function is assessed in children with SNHL, a battery of tests seems in order. The 

protocol should contain tests that assess different vestibular end‐organs, such as for example a 

combination of caloric testing, RCT and cVEMP. Before one of the newer tests (DVA, (v)HIT) can 

be implemented, more research regarding their sensitivity and specificity are necessary.  

Furthermore, it should be taken into account that the caloric test serves as a low frequency 

assessment tool for the HSCC. The RCT on the other hand, can be used for high frequency 

assessment. However, similar prevalence values have been reported and subsequently higher 

sensitivity and specificity rates when an SHA high frequency protocol was applied. Thus, further 

clarification of which modality (SHA or step rotation) is more appropriate in children, seems 

necessary.  
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Limitations of the study 

Even though the search query was ran in three databases, it is still possible that relevant studies 

might have been missed, which is one of the disadvantages of a systematic search. Further, the 

Cosmin checklist that is used for methodological assessment of the studies is a complex and 

difficult assessment tool. Also, the four‐point rating scale that was used is not yet validated. 

However, at present, in the opinion of the authors, the Cosmin checklist is the most complete 

checklist to assess methodological quality of studies examining psychometrics of measurement 

instruments.  

CONCLUSION  

Based upon the data presented in this systematic review, caloric stimulation, RCT and cVEMP have 

been investigated most extensively. Although the RCT is considered part of the gold standard test 

battery, a lot of variation exists in the protocols, which could explain the variability in prevalence 

and the varying diagnostic accuracy. Several attempts have been made to provide new vestibular 

function tests, such as the DVA and (v)HIT, that could represent a valuable alternative to the more 

expensive, invasive or unpleasant vestibular test that are currently applied in children such as the 

RCT or caloric test. However, before the use of these tests can be translated into clinical practice, 

far more research on the psychometric properties of these tests is required. Further research 

should be performed to reach consensus on a standard protocol for vestibular testing. Preferably 

this is done in a study with an adequate sample size (N>30 per subgroup) and reported according 

to the STROBE statement (STrengthening the Reporting of OBservational studies in 

Epidemiology), a checklist of items that should be included in reports of observational studies.
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APPENDICES 

Appendix 1.1:  Overview of the prevalence of vestibular dysfunction of the semi-circular 

canals: raw data 

Appendix 1.2: Overview of the prevalence of vestibular dysfunction of the otoliths: raw data. 

Appendix 1.3: This flowchart shows a description of how the level of evidence was assigned. 

The criteria of the Cochrane Collaboration Back Review Group (van Tulder et al 2003) were 

used to determine the level of evidence, but implemented as by Saether et al 2013.  
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ABSTRACT 

BACKGROUND: According to literature, the dynamic visual acuity test (DVA) could serve as a 

good alternative for more expensive vestibular tests and/or unpleasant recording techniques 

in children. Nevertheless, the DVA has been investigated mainly in children age 6 and older. 

OBJECTIVE: To determine the feasibility of the DVA in preschoolers. 

METHODS: Thirty-three typically developing children, age 3 (n=11), 4 (n=6), 5 (n=8) and 6 

(n=8), performed a static visual acuity test (SVA), a passive horizontal DVA (hDVA) at 1 Hz and 

2 Hz (n=6/33) and a DVA on treadmill (vDVA) at three age-specific walking speeds. DVA scores 

(logMAR SVA – logMAR hDVA or vDVA) were used to calculate specificity.  

RESULTS: The SVA was performed by 31/33 children, the hDVA and vDVA at the two lowest 

walking speeds by 27/33 and the vDVA at the highest walking speed by 25/33. Specificity was 

89% for the hDVA at 1 Hz, 67% at 2 Hz and of 100% for the vDVA, regardless of the walking 

speed. 

CONCLUSIONS: The vDVA on treadmill seems useful for preschoolers from age 5, but this 

should be further investigated in children with underlying pathologies. 

Keywords: “child, preschool”[mesh], “vestibular function tests”[mesh], Dynamic Visual Acuity 

test, specificity, “feasibility studies”[mesh]
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INTRODUCTION 
Early detection of vestibular dysfunction in children with Sensorineural Hearing Loss (SNHL) 

is of great importance as it has been postulated to be the primary cause of their motor 

deficit(s).1,2 Previous research has shown that the Dynamic Visual Acuity test (DVA) can 

discriminate children with SNHL and bilateral vestibular dysfunction from those without 

vestibular dysfunction and has a sensitivity of 88-100% and a specificity of 69%-100%, when 

using the rotational chair test as a reference test.3,4 Therefore, the DVA could serve as a good 

alternative for more expensive tests such as the rotational chair test and/or unpleasant 

recording techniques such as the caloric test. 

The DVA has been investigated mainly in children age 6 and older, nevertheless, the preschool 

years (age 3 to 6) are an important developmental period for fundamental motor skills, which 

suggests that a suitable vestibular test is necessary for children with SNHL in this age category. 

Moreover, Rine and Braswell (2003) proposed the passive horizontal DVA and suggested 

other methods for testing vertical DVA should be investigated as the vertical passive DVA was 

difficult to administer in children.3 In adults, the DVA on treadmill, in which the walking 

pattern induced vertical head movements, was introduced by Hillman et al.5 This protocol 

provides a more functional measure of the vestibular system.5 

Therefore, the aim of this study was to assess the feasibility of the DVA, the horizontal DVA 

as described by Rine & Braswell (2003) and the vertical DVA on treadmill, in typically 

developing preschoolers.3

MATERIAL AND METHODS 

Participants 
A cross-sectional study was performed in a sample of 33 typically developing preschoolers, 

recruited from regional preschools in Antwerp, Belgium, for which parents had given written 

informed consent. The ethical committee University of Antwerp approved to study protocol 

(B300201316328). Data were collected between August 2014 and January 2015. Children 

were excluded in case of 1) developmental or neuromotor disorders, 2) visual impairments 

(static logMAR >0.5), 3) acute or chronic hearing impairments of any kind, 4) 

uncooperativeness (unwilling to read the symbols). Based on their biological age, the children 

were classified into four age groups: 3-year-olds (n=11), 4-year-olds (n=6), 5-year-olds (n=8) 

and 6-year-olds (n=8).  

Test protocol of the DVA 
Dynamic visual acuity was examined using Lea vision charts, which contain symbols instead 

of letters, thereby designed specifically for use with young children who cannot yet read or 

have difficulties in expressing the difference between left and right. Each chart has five 

symbols per line, and each line has a corresponding logMAR value, with a change in acuity of 

0.1 logMAR between each line.3 A matching card, to point at the corresponding symbol, was 

used for children who could not denominate the symbols. Before testing, the examiner made 

sure that the subject could recognize and/or denominate all symbols on the chart, which was 
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the case for all children. To prevent a learning effect, three charts with a different sequence 

of symbols were used. Measurements were performed with eye corrections for children who 

wore glasses. 

The DVA comprised three subtests: static visual acuity (SVA), horizontal DVA (hDVA) and 

vertical DVA (vDVA). To test SVA and hDVA, the subject was seated on a chair 3 meter from 

the chart, placed at eye level. During the hDVA, the head was rotated 15° to the left and right 

from the center at 1 Hz (all children) and at 2Hz (a subsample of 6 children), using a digital 

metronome. The subsample of children who performed hDVA at 2 Hz was small, because the 

children showed too much difficulties with focusing on reading the symbols at this frequency. 

To test vDVA, children walked on treadmill (Forcelink treadmill (50x150 cm); min-max velocity 

0.5-18 km/u). Walking speeds in each age group were calculated in advance (𝑣 = 0.45 ×

𝑔√𝑙;  𝑣 = 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑, 𝑔 = 9.81
𝑚

𝑠2
 , 𝑙 = 𝑙𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ), so that the step frequency would

be 2Hz or more, inducing a similar head frequency.6 This frequency was chosen, because the 

spinal and ocular reflexes that are important to maintain gaze and postural stability, are 

optimal at a frequency of 2 Hz.7 The 3-year-olds walked at 2-2.5-3 km/h, the 4-year-olds at 

2.5-3-3.5 km/h , the 5-year-olds at 3-3.5-4 km/h and the 6-year-olds at 3.5-4-4.5 km/h.  

One trial was conducted for each subtest, in which the subject began to identify symbols on 

the middle line (20/200). Each test was stopped when the subject missed more than two 

optotypes. LogMAR scores were calculated for each subtest, using the following formula: 

𝑙𝑜𝑔𝑀𝐴𝑅 = 1.1 − (𝑇𝑐 × 𝐿𝑣); (Tc=total correctly read symbols,LV = logMAR value for each 

symbol on the chart, which corresponds with 0.02 per symbol).8 This formula takes each letter 

read into account. Subsequently, the DVA score, the difference in logMAR score between the 

static and a dynamic measure, was calculated.[10] Rine and Braswell (2003) suggested that 

vestibular dysfunction would be present if the difference between the static and a dynamic 

measure exceeds two lines (≅ DVA score >0.2), which was used as a cut-off to calculate 

specificity.3 

Variables of interest 
Age in months, body height, weight, BMI, leg length and the use of glasses were used to 

describe the sample. The logMAR scores for SVA and each DVA subtest as well as the DVA 

scores were presented as mean (𝑋)̅̅ ̅ and standard deviation (SD) values.

Statistical analysis 
Statistical analysis was performed using SPSS (22.0). Descriptive statistics were performed to 

characterize the sample. Kolmogorov-Smirnov test was used to check for normal distribution. 

Independent student t-test was used to investigate differences between sex. Main effects of 

age, and the type of movement (head frequency (hDVA) or walking speed (vDVA)) on DVA 

scores were investigated using a univariate general linear model. Interaction effects were 

included but were not significant and therefore removed from the model. Bonferroni 

correction was applied for post-hoc comparison, p<0.05. Specificity (number of true 

74



negatives/(number of true negatives + number of false positives (a DVA score >0.2)) for hDVA 

and vDVA was calculated.6,8 

RESULTS 

Participants 
The SVA was performed by 31/33 children (93.9%), the hDVA and vDVA at the two lowest 

walking speeds by 27/31 (87.1%) and the vDVA at the highest walking speed by 25/31 (75.8%). 

All drop-outs were 3-year-olds, except for one 5-year-old (highest walking velocity of the 

vDVA). None of the children used aids, except for glasses (n=3). Figure 2.1 provides an 

overview of the drop-out rate of the participants. Table 2.1 gives a description of the 

characteristics of the participants and the mean (SD) logMAR scores. 

Differences in DVA scores of hDVA and vDVA 

No differences were found between boys and girls (p=0.962), therefore these data were 

pooled. No significant main effects of age (F3,28=1.15, p=0.35) and head rotation (F1,28=1.56, 

p=0.221) were found for the hDVA. A significant main effect of age was seen in vDVA scores 

(F3,70=3.09, p=0.033). Post-hoc comparison showed that the vDVA scores of 4-year-olds differs 

significantly from those of 5-year-olds (p=0.021). No main effects were found for walking 

speed (F5,70=0.50, p=0.776). All DVA scores are presented in Table 2.1.  

Figure 2.1: Overview of the number of participants in each DVA subtest. 

Legend: the horizontal DVA at 2 Hz was administered in 6 children, age 4 (n=1), age 5 (n=1) and age 6 (n=4). Drop-outs 

are mainly situated in the 3-year-olds and one exception in the 5-year-olds at the highest walking speed during vDVA. 

Abbreviations: SVA = Static Visual Acuity test; hDVA = horizontal Dynamic Visual Acuity test; vDVA = vertical Dynamic 

Visual Acuity test. 
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Specificity of the DVA 
Figure 2.2 shows the distribution of DVA scores. When children performed the hDVA at 1 Hz, 

specificity was 89% (3/27 children had visual acuity loss > 0.2) and at 2 Hz specificity was 67% 

(2/6 children had visual acuity loss > 0.2) ). Specificity of the vDVA was 100%, regardless of 

the walking speed. 
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DISCUSSION 

The aim of this study was to assess the feasibility of the DVA in typically developing 

preschoolers. Depending on the applied test, the drop-out rate varied between 6.1-24.2%. 

Mainly 3-year-old children dropped-out, suggesting DVA administration is not feasible in this 

age group, as shown in Figure 2.1.  

Although literature suggested hDVA at 2 Hz would be possible in preschoolers, this modality 

of DVA led to false positive results in our sample (two out of six), even in the older children.3 

By age six, the vestibular organs on both sides of the head are functioning properly, which 

results in symmetrical signals that are send to the brain that are integrated with other sensory 

and motor systems.9 In children under age 6 the vestibular system might not yet function 

optimally, explaining the false positive results at 2 Hz.9 False positive results of hDVA at 1 Hz 

occurred only in the younger children, suggesting that 1 Hz might be applicable in older 

preschoolers (≥ age 5). However, the 1 Hz frequency might enable the use of visual pursuit 

and would therefore be inadequate in the assessment of the vestibular system.3 Whether 

vestibular function is actually measured at this frequency should be further investigated. 

Six 3-year-old children dropped out for the lower walking speeds of the vDVA and seven 3-

year-olds and one 5-year-old at the highest walking speed. None of the children had 

experience with walking on treadmill. This could explain the drop-out rate in the younger 

children for this modality. A specificity rate of 100% was found for those children able to 

perform the vDVA, regardless the walking speed. DVA scores were not influenced by walking 

speed. Therefore, to enhance compliance in children with underlying pathologies, vDVA could 

be administered at one walking speed, preferably the lowest.  

To conclude, the vDVA on treadmill seems useful for preschoolers from age 5, but this should 

be further investigated in children with underlying pathologies.  
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ABSTRACT 

AIM: Identifying balance problems is the first step towards monitoring and rehabilitation. 

Therefore, this paper aims to make an overview of the psychometric properties of the 

functional balance tests available for children.  

METHOD: A literature search was performed in PubMED and Web of Science on 8 February 

2014 and updated on 6 July 2014. A conceptual framework for functional balance tests was 

defined, taking balance control components and task constraints into account. The tests were 

selected for inclusion by consensus of 2-3 reviewers using the conceptual framework.  

RESULTS: Fourteen tests were investigated in 25 articles and analysed within the conceptual 

framework. The Timed Up and Go test, Pediatric Balance Scale, and Pediatric Reach Test are 

well investigated and all show good reliability. Validity remains unclear because of lack of a 

criterion standard to measure balance control.  

INTERPRETATION: Because of the lack of good methodological studies, strong evidence for 

the use of one or more functional balance tests in children cannot be provided. Moreover, it 

is necessary that a criterion standard to measure balance is established. 

KEYWORDS: child[mesh], exercise test/standards*[mesh], humans[mesh], postural 

balance/physiology*[mesh], psychometrics/standards*[mesh]
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INTRODUCTION 
The concept of balance has been of great interest for many researchers over the past 20 

years.1–8 Nevertheless, balance is defined in many different ways and a universal definition of 

balance is still lacking in literature.1–8 Huxham et al.2 describe balance as the ‘foundation for 

all voluntary motor skills’, and therefore an integral component of functioning. In their point 

of view, balance is the umbrella that comprises the control of posture (e.g. maintaining a 

posture) and the control of equilibrium (e.g. the control of destabilizing forces acting upon the 

body). The combination of both is a necessity to ensure stability of the body during widely 

differing motor tasks allowing skilled movement.2 This definition of balance, provided from a 

functional point of view, closely matches the biomechanical requirements of balance as 

described by Winter.3  

Normal balance control thus requires both postural control and equilibrium control.2 Postural 

control can be defined as achieving a desired body position (e.g. upright standing) and 

maintaining this position in any static (maintaining a posture) or dynamic (performing a motor 

skill) situation.1–8 Equilibrium control relates to maintaining intersegmental stability of the 

body and its parts despite the gravitational and inertial forces acting on it.7 Adequate reactions 

to destabilizing forces are required to prevent a fall.2–8 When destabilizing forces are large, 

actions (balance strategies) are required to restore balance (e.g. the stepping strategy). This 

requires perception of sensory information and central processing involving the selection of 

an appropriate balance strategy leading to an adequate motor output.1,2,8 In summary, 

Huxham et al.2 state that the concept of balance control is the combination of proactive, 

predictive, and reactive mechanisms that relate to achieving, maintaining, and restoring 

balance, respectively.  

In clinical practice, balance control can be evaluated by investigating the motor output (e.g. 

task performance). But balance control, and thus task performance, is influenced by task, 

environmental, and individual constraints.1,2,8 To correctly assess an individual’s balance, 

these constraints should be taken into consideration. On the other hand, a test should be 

standardized, making it difficult to address the environmental factors. Task constraints can be 

taken into consideration1 and can be classified accordingly: (1) stability or maintaining a 

posture refers to the ability to keep the body balanced in a static position such as bipedal 

stance, tandem stance, or one leg stance (static body stability); 9 (2) quasi-mobility or moving 

within a posture refers to the ability to keep the body balanced during movements in one 

posture, for example reaching forward while standing, kicking a ball (dynamic body stability), 

or transfers between postures such as going from sitting to standing (transfer stability);9 (3) 

mobility or moving relative to the base of support refers to the ability to keep the body 

balanced during locomotion (stability during locomotion).9  

Depending on their age, children adopt different balance strategies determined not only by 

the difficulty of the task (task constraints as defined above), but also by the characteristics of 

each developmental period.1,8,10 Regarding static body stability, segmental control develops 

in a cephalo-caudal fashion, with the infant first achieving control over the head, then the 
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trunk and extremities.1,8 The ability to control these body segments serves as a prerequisite 

for adequate postural control in standing.1,8 For stability during locomotion, on the other 

hand, the segmental organization of postural control, meaning the ability to dissociate 

movements of pelvis, trunk, and head, develops in a caudo-cephalic fashion.10 Assaiante et 

al.10 showed that children younger than 6 years of age, will use an ‘en bloc’ strategy to perform 

walking-like tasks, stabilizing the pelvis but not yet the head. Children from 6 to 7 years of age 

achieve head control in space during locomotion, but not in more difficult tasks (e.g. narrow 

beam walking), as this is only achieved at 7 to 8 years of age.10  

In children with neurological (both central and peripheral), orthopaedic, and/or vestibular 

disorders, balance deficits are a common problem.6,11–15 For example, children with 

sensorineural hearing loss perform significantly poorer on the balance subtest of the 

Bruininks-Oseretsky-Test, 2nd edition, in comparison to their typically developing peers.15 

These balance deficits need to be detected early in childhood because of their potential 

impact on motor development. Indeed, balance control plays an important role in overall 

development. It is essential for both acquiring and performing simple and complex gross and 

fine motor skills.6,7,12,13  

Identifying possible balance problems is the first step towards monitoring and rehabilitation. 

This highlights the need for an adequate assessment tool for balance control in children. In 

clinical practice, numerous tests for measuring balance in children are available; the tests can 

be classified as developmental scales with balance subscales (e.g. balance subtest of the 

Bruininks-Oseretsky-Test, 2nd edition) or exclusive balance measurement tools with either 

functional balance tests (e.g. the Timed Up and Go test) or technical tests (e.g. posturography). 

According to Saether, ‘a good assessment tool should address the domain of concern 

(validity), be easily administered (especially with small children), be reliable in the population 

of interest, and be responsive to change’.6 Developmental scales are not designed to 

specifically address balance control and technical tests are not easy to administer in clinical 

practice. The functional balance tests best fit these criteria and therefore will be the focus of 

this literature review. 

An overview of balance measurement tools and functional balance tests investigated in the 

literature and their psychometric properties available for children could help clinicians in 

choosing the appropriate test for the child or population under consideration. Even though 

trunk control is a prerequisite for balance in more upright postures, it is not within the scope 

of this review to investigate trunk control per se. The International Classification of 

Functioning, Disability and Health, the Child and Youth Version (ICF-CY) describes ‘control of 

voluntary movement functions’ clearly as a function, therefore trunk control can be classified 

as a (body) function as it implies control over and coordination of voluntary movements of the 

trunk.16 The focus of this review, however, will be on activity levels of the ICF-CY (e.g. changing 

and maintaining body position, maintaining a position, transferring oneself, and so on).16 

Higher upright postures such as the motor milestones of independent standing and 

independent walking are achieved in typically developing children between 12 months and 18 

months of age. Therefore this review will focus on the age of 18 months and older. This cut-
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off is chosen because it implies that children of that age are able to sit, stand, and walk 

independently and thus can be assessed in a large variety of tasks at activity levels of the ICF. 

In summary, through a literature review this paper will address the following research 

question: What are the functional balance tests available for children between 18 months and 

18 years of age that have been investigated regarding their psychometric properties such as 

reliability, validity, and responsiveness? 

METHOD 

Data sources and searches  
A literature search was performed in PubMED and Web of Science on 8 February 2014 and 

updated on 6 July 2014 using both free-text terms and controlled terminology (MeSH) (Table 

3.1). Screening was performed independently by two authors (EV, PHLC). In the first phase, 

the selection criteria (Table 3.1) were applied on title and abstract, and in the second phase 

on the full text. An inventory was made of the reason for exclusion. In case of disagreement, 

consensus was sought or a third author (AH) was consulted. In addition, reference lists of 

selected articles were screened.  

Data extraction  
Data extraction, performed in duplicate (EV, PHLC), was based upon the following variables: 

age of the study population, developmental characteristics or disorders, sample size, balance 

Table 3.1: Overview of selection criteria and keywords that were used. All keywords were defined according to the 
patient population (P), intervention (I) and outcome (O). No comparison (C) was defined. The study design (S) was used 
to determine the selection criteria, but was not used when the keywords were defined. 

PICO Inclusion criteria Exclusion criteria Inclusion keywords 

P 
Children who either show a 
normal development or have 
balance deficits of any origin. 

Adolescents, adults and elderly people are 
excluded. 

Child, "child, preschool"[mesh] 

I 
Functional tests that assess 
balance, static and/or dynamic, is 
assessed. 

Postural sway measures from force plates, 
pressure platforms,… or gait measures from 3D 
gait analysis, video observations (quality) or 
use of treadmill. All types of interventions or 
therapy modalities are excluded. 

Balance, "postural control", "postural 
balance"[mesh], "postural stability". 
Assessment, "outcome and process 
assessment (health care)"[mesh], 
"performance measure”, evaluation. 

C     

O 

The article provides an 
assessment of at least one 
psychometric property such as: 
reliability, validity or 
responsiveness of a clinical test in 
which balance is examined. 

The article describes a functional balance test, 
but doesn’t assess any psychometric 
properties. The functional balance test is used 
to divide the study population into different 
groups e.g. balance deficits versus no balance 
deficits or the test is used to describe 
characteristics of the study population. 

Validity, validation, “reproducibility of 
results"[mesh], reliability, "validation 
studies as topic"[mesh], responsiveness, 
sensitivity, specificity, "sensitivity AND 
specificity"[mesh], “normal values”, 
“reference values”[mesh], 
psychometrics 

S The article is written in English. 

The article is written in another language than 
English.  

 
The article is not an original study: letter to the 
editor, comment to a published article, 
conference report, abstract only,… 

The study design of the article is a review or a 
case study. 

Legend: P: patient population, I: intervention, C: comparison, O: outcome, S: study design.  
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test under consideration, the psychometric property assessed (reliability, responsiveness, 

validity), and the time to perform the test. 

RESULTS 

Study selection 
The literature search provided a total of 753 articles, of which 657 were unique hits. After 

selection, 18 articles were retained and through reference screening an additional seven 

articles were included, resulting in a net result of 25 articles (for the selection flowchart, see 

Figure 3.1).  

Balance measurement tools and their psychometric properties 

A total of 14 functional balance tests were identified that were investigated in children.17–40 

These measurement tools were categorized as single balance measures17–34 or batteries of 

balance tests,34–40 and subsequently organized according to the conceptual framework we 

defined in the introduction (Table 3.2). Eight single balance measures17–34 and six batteries of 

balance tests34–40 were identified.

Figure 3.1: Flowchart of the selection process. 
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Single balance measures 

Tandem stance17 was investigated in typically developing children. Results from tandem 

stance did not correlate  with balance beam walking and one leg stance eyes open and eyes 

closed in typically developing children.17  

One leg stance (OLS)17–20,31 has been investigated in typically developing children,17–20,31 and 

children with hearing impairment,19,20 and children with cerebral palsy (CP).31 OLS seems to 

be a highly reliable test (Table 3.3). Results with regard to concurrent validity were conflicting: 

De Kegel et al.19 found moderate to very strong correlations with one legged hopping and 

balance beam walking (Table 3.4), whereas Humphriss et al.17 showed no correlations 

between OLS and tandem stance on a balance beam, walking on a balance beam and tandem 

gait. 

Functional Reach is defined as the maximum distance one can reach forward beyond arm’s 

length while maintaining a fixed base of support in the standing position (Table 3.2).21 The 

psychometrics of the Functional Reach Test (FRT) were assessed in children with CP and 

typical development.21,22,25,31 The Pediatric Reach Test (PRT) is an adapted version of the FRT 

especially designed for children and has been investigated in children with typical 

development,27,28 children with traumatic brain injury,23,24 and children with 

hearingimpairment.26 Norris et al. provided FRT cut-off values for children 3 to 5 years old, 

whereas Deschmukh et al. provided PRT reference values for 6- to 12-year-old children.25,28 

Excellent results for reliability were found for the FRT and PRT (Table II). Volkman et al.22 

compared one-arm and two-arm reach and two measuring techniques (finger-to-finger and 

toe-to-finger distance) in FRT regarding test–retest reliability. Two-arm reach measured toe-

to-finger shows slightly more reliable results in comparison to one-arm reach measured toe-

to finger.22 For validity, the FRT shows strong to very strong correlations with the Gross Motor 

Function Measure (GMFM), 10 second sit to stand test, Berg Balance Scale, and Timed Up and 

Go (Tables 3.3 and 3.4).21 The PRT showed to be moderately to strongly related to step length 

(Table 3.4).23 Regarding responsiveness, the FRT is able to differentiate between Gross Motor 

Function Classification System (GMFCS) levels I–III in children with CP.21 In typically developing 

children, weight is a significant predictor of FRT.25  

One leg hopping (OLH)19,20 shows excellent reliability (Table 3.5) and moderate to strong 

correlations with OLS eyes open and eyes closed and balance beam walking in typically 

developing children and children with hearing impairment (Tables 3.4 and 3.5).19,20 Balance 

beam walking (BBW) was investigated in typically developing children and children with 

hearing impairment.17,19,20 Conflicting results were found with regard to reliability and validity. 

Whereas De Kegel et al. found excellent reliability of the test and moderate to strong 

correlations between BBW (backward) and OLH and OLS, Humphriss et al. found no 

correlations between BBW (forward) and OLS and tandem stance (Tables 3.3, 3.4 and 

3.5).17,19,20  
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Table 3.3: Overview of the reliability of the functional balance measurement tools reported in literature. Results 
shown in italic are results from live administrations and underlined results are from video recordings. 

  N Population 
Age 

range 
Intrarater 

reliability (ICC) 

Interrater 
reliability 

(ICC) 

Test-retest 
reliability 

(ICC) 
Measurement error 

OLS EO 
49(20) TDC 6-12 y     0.83 SEM: 10.16 seconds (9,9%) 
23(20) HIC 6-12 y     0.94 SEM: 8.71 seconds (10%) 
47(31) CP, TDC 8-14 y 0.99 0.99     

OLS EC 
49(20) TDC 6-12 y     0.86 SEM: 13.37 seconds (21,4%) 
23(20) HIC 6-12 y     0.91 SEM: 8.83 seconds (28,9%) 

FRT 
22(21) CP 5-12 y   0.98  0.95    
69(22) TDC 7-16 y     0.39-0.93    
47(31) CP, TDC 8-14 y 0.97 0.98     

PRT 

24(24) TBI 7-14 y     
0.97 (F)  SEM:0.97 (F) (cm) 
0.98 (L,P)  SEM:0.72 (L,P) (cm) 
0.92 (L,NP)  SEM:0.90 (L,NP) (cm) 

24(24) TDC 7-14 y     

0.95 (F) SEM:1.41 (F) (cm) 

0.95 (L,P) SEM:0.80 (L,P) (cm) 

0.94 (l, NP) SEM:0.97 (L,NP) (cm) 

65(26) HIC with VH 6-11 y 
0.94-0.98 (F) 0.90 (F) 

  
Intrarater:  SEM: 0.29-0.51 (F),  
SEM: 0.28-0.32 (L) (cm) 0.95-0.96 (L) 0.97 (L) 

10(27) CP 3-13 y 0.54-0.88 (total) 0.50-0.93 (total)     

OLH 
49(20) TDC 6-12 y     0.95 SEM: 4,21 seconds (9%) 
23(20) HIC 6-12y     0.97 SEM: 3.29 seconds (8.7%) 

BBW 
49(20) TDC 6-12 y     0.88 SEM: 6.74 seconds (16.6%) 

23(20) HIC 6-12y -.   0.97 SEM: 3.07 seconds (11.2%) 

TUG 

26(21) CP 5-12 y     0.99   

50(29) TDC 4-11 y   
0.99 (time) 
0.94-0.98 (steps) 

0.88-0.99 (time) 
  

0.92-0.96(steps) 

23(29) DD 6-21 y   
 0.93-0.99 (time) 

  
 0.94-0.99(steps) 

24(24) TBI 7-14 y     0.86 SEM: 0.60 (seconds) 
24(24) TDC 7-14 y     0.85 SEM: 0.23 (seconds) 

176(30) TDC 3-9 y     
0.83 (1 week) 

< 10% 
0.89 (same day) 

41(30) CP, SB 3-19 y     
0.99 (0.91–0.99) 
(same say) 

  

47(31) CP, TDC 8-14 y 0.99 0.99     
20(32) CP 6-14 y   0.998 SEM: 1.00 (seconds) 

TUDS 47(31) CP, TDC 8-14 y 0.99 0.99 0.94   

BBS 
30(21) CP 5-12 y   0.99 1.00    

20(32) CP 6-14 y   0.999 SEM: 0.18 (points) 

PBS 

40(34) TDC 5-7 y     0.850   
20(34) MI 5-15 y   0.997   0.998    

36(36) CP 6-13 y 0.978-0.988 0.905 0.958 
Intrarater: SEM: 0.37-0.430  
SRD: 1.02-1.19 points 

15(37) CP 8-13 y 0.85* 0.91*, 0.98      

DGI 
10(39) FASD 8-15 y 

  0.82  0.71   
10(39) TDC 8-15 y 

SWOC 
50(29) TDC 4-11 y   

0.99 (time) 0.83-0.94 (time)  
  

0.94-0.97 (steps)  0.84-0.94 (steps) 

23(29) DD 6-21 y   
0.99 (time) 0.91-0.96 (time) 

  
0.99 (steps) 0.90-0.96 (steps) 

GDBT 
144(40) TDC 1.5-6 y     0.99 SEM: 0.21, MDD: 0.58 points 

22(40) TDC 1.5-6y   0.98    SEM: 0.78, MDD: 2.08 points 

CB&M 32(41) ABI 7-18 y 0.96  0.93, 0.95 0.90, 0.90   

Legend: N: number of children; ICC: intraclass correlation coefficient; y: years old; SEM: standard error of measurement; MDD: Minimal 
Detectable Difference; SRD: Standard Real Difference; 
Functional balance tests: OLS: One Leg Stance, EO: eyes open, EC: eyes closed; FRT: Functional Reach Test; PRT: Pediatric Reach Test;  OLH: One 
Leg Hopping; BBW: Balance Beam Walking; TUG: Timed Up and Go; TUDS: Timed Up and Down Stairs; BBS: Berg Balance Scale; PBS: Pediatric 
Balance Scale; DGI: Dynamic Gait Index, SWOC: Standardized Walking Obstacle Course; GDBT: Ghent Developmental Balance Test; CB&M: 
Community Balance & Mobility Scale; 
Population: TDC: Typically Developing Children; HIC (with VH): Hearing Impaired Children (with Vestibular Hypofunction); CP: Cerebral Palsy; TBI: 
Traumatic Brain Injury; DD: Developmental Disabilities; SB: Spina Bifida; MI: Motor Impairment; FASD: Foetal Alcohol Spectrum Disorders; ABI: 
Acquired Brain Injury. 
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The Timed Up and Go (TUG)21,23,24,29–32 test has been investigated in children with typical 

development24,29–31 as well as children with CP,21,30–32 spina bifida,30 traumatic brain injury,23,24 

and developmental disabilities.29 The TUG has very good to excellent reliability (Table 3.3). 

Moderate to strong inverse correlations were found with GMFM, 10 seconds sit to stand test, 

Berg Balance Scale, and walking speed (Tables 3.4 and 3.5). Furthermore, the TUG can 

differentiate between GMFCS levels I–III in children with CP,21,30,31 and significant differences 

were found between typically developing children and children with traumatic brain injury.23  

The Timed Up and Down Stairs (TUDS) test is hypothesized to demand more balance, 

coordination, strength, and muscle control than the TUG. Therefore, the TUDS could be an 

important measure in the evaluation of functional mobility and balance.31 TUDS has excellent 

reliability, correlates moderately with TUG and only weakly with OLS eyes open and FRT 

(Tables 3.3 and 3.5).31 Moreover, the TUDS is sensitive to age differences and can differentiate 

between 8- to 10- and 11- to 12-year-old children, and 8- to 10- and 13- to 14-year-old 

children, but not between 11- to 12- and 13- to 14-year-old children.31 The test is also able to 

differentiate typically developing children from children with CP and between GMFCS levels I 

and II.31  

Batteries of balance tests 
The Berg Balance Scale (BBS) and Pediatric Balance Scale (PBS), derived from the BBS and 

especially designed for children, is a simple measure, consisting of 14 items.21,32–38 The items 

of both scales test two components of balance control: maintenance and achievement of 

balance. The BBS and PBS take task constraints into account, meaning the scales assess both 

static body stability and quasi-mobility (Table 3.2).21,33–38 Reference values for PBS are 

available according to sex and age (2–7y of age with 6mo intervals).35 The PBS correlates 

moderately with age.34 Psychometrics of the PBS scale have been performed in children with 

typical development and children with CP.33–38 Overall, the results for reliability on both 

PBS34,36,37 and BBS21,32 are good to excellent (Table 3.3). The PBS and BBS are moderately to 
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strongly correlated to the Functional Independence Measure for children, 10-second sit to 

stand, and Pediatric Evaluation of Disability Inventory, and excellently correlated to the GMFM 

(Table 3.4).21,33,38 The BBS shows a very strong correlation with the FRT and a very strong 

inverse correlation with the TUG (Table 3.5). Regarding responsiveness, the BBS discriminates 

between most GMFCS levels I–IV. It does not discriminate between levels I and II;21 however, 

item 14 (forward reach) could differentiate between these two levels.21,38 

One study investigated reliability and discriminant validity of the Dynamic Gait Index in 

children with fetal alcohol spectrum disorders and typically developing children.39 Dynamic 

Gait Index scores were significantly lower for children with fetal alcohol spectrum disorder in 

comparison to typically developing children. Inter-rater and test–retest reliability is good 

(Table 3.3).39  

The Standardized Walking Obstacle Course assesses maintaining and restoring balance taking 

the task constraint mobility into account (Table 3.2).29 The test was investigated in typically 

developing children and in children with developmental disabilities.29 Reliability is excellent 

(Table 3.3) and good correlations with TUG demonstrate its criterion validity (Table 3.5). 
The Ghent Developmental Balance Test assesses maintenance and achievement of balance 

and takes the three types of task constraints into account: stability, quasimobility, and 

mobility (Table 3.2).40 The Ghent Developmental Balance Test shows excellent reliability 

results (Table 3.3). 

Regarding construct validity, correlations with Peabody Developmental Motor Scales 2nd 

edition (PDMS-II), stationary subscale in typically developing children, and Bruininks-

Oseretsky Test 2nd edition in children with hearing impairment were strong; however, only 

very weak to moderate relationships were found with Movement Assessment Battery for 

Children (children with typical development and children with hearing impairment), PDMS-II 

stationary (children with hearing impairment), PDMS-II locomotion (children with typical 

development and children with hearing impairment), and Bruininks-Oseretsky Test 2nd 

edition (typical developing children) (Tables 3.4 and 3.5).40 Internal consistency of 0.97 was 

found for the Ghent Developmental Balance Test.40  

The Community Balance and Mobility Scale assesses balance control through achieving and 

maintaining balance in three types of task constraint: stability, quasimobility (dynamic body 

stability), and mobility (Table 3.2).41 Wright et al.41 found excellent reliability in 7- to 18-year-

old children with an acquired brain injury (Table 3.3). 

DISCUSSION 
The purpose of this review was to provide an overview of the psychometric properties of 

functional balance measurement tools for children. We defined balance control conceptually 

as the combination of postural control and equilibrium control that comprises maintaining, 

achieving, and restoring balance in order to provide stability, and thus prevent falling. Based 

on task constraints (stability, quasi-mobility, and mobility), an operational framework was 

developed in order to understand the level of balance control that functional balance tests 

actually assess. 
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A total of 14 functional balance tests were identified in the literature,17–41 assessing either 

stability, quasi-mobility, and/or mobility. The psychometrics that were investigated in the 

literature include reliability, criterion (concurrent) and construct validity (reference values and 

discriminant validity), and responsiveness. Structural validity has not yet been investigated. 

However, our conceptual framework partially addresses this issue by categorizing the 

available tests according to ‘balance control components’ and ‘task constraints’, thus placing 

them within the entire construct of balance control. This shows that no actual balance 

measure can independently comprehend the total concept of balance control (see Table 3.2). 

An important issue is that static and dynamic balance must be well defined in a functional 

context. Humphriss et al.17 found either no correlations between dynamic (BBW, forward) and 

static (tandem stance and OLS) functional balance tests or found them to correlate in an 

unexpected way. This was attributed to the different mechanisms involved in static or dynamic 

balance control.17 De Kegel et al.,19 on the other hand, did find correlations between OLS, BBW 

(backward), and OLH, and thus concluded that the functional dichotomization into static and 

dynamic balance is artificial. These conflicting results might suggest that static and dynamic 

balance control are part of the same construct, but the extent to which both aspects of 

balance control contribute to the performance on a given task appears to depend on the task 

constraints, for example the speed of movement will differ between walking forward or 

backward and in slow movements the static aspects of balance control might be more 

dominant than in fast movements. This also shows that single-item balance tests do not 

evaluate the complete construct of functional balance and can only be used if different tests 

are combined that are associated to other tasks. 

Many authors explored the reliability of their preferred functional balance tests. Appropriate 

time intervals (at least 2 weeks) were found in 13 out of 15 (87%) studies. The two research 

papers with insufficient time intervals vaguely reported intervals varying from the same day 

to 2 weeks later, which makes high intraclass correlation values rather unreliable, possibly 

because of overestimation of the results.22,31 Problems associated with the length of time 

interval may be: (1) recall of a patient’s performance, (2) fatigue, (3) learning effect, or (4) 

deterioration of the patient. 

Regarding validity, terminology issues confound the interpretation of the results. For example, 

Chen et al.33 compared scales for gross motor function and developmental scales on motor 

function with the PBS and named it concurrent (criterion) validity. However, criterion 

(concurrent) validity is the extent to which a scale measures the same construct as a criterion 

standard or a validated scale (www.cosmin.nl). As motor developmental screening tests assess 

different dimensions of motor coordination and physical capacity and are mainly designed to 

identify children with motor delays, they cannot be considered as a criterion standard for 

balance control measures.41 To date there is no criterion standard available, so results for 

criterion (concurrent) validity should be interpreted with caution.  

Responsiveness was only investigated for the TUG31 and PBS33 and to a limited extent. Thus 

when assessing treatment outcome, differences in test performances over time must be 

interpreted with caution. However, standard error of measurement (Table 3) is well 
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investigated for several tests (OLS, PRT, OLH, BBW, TUG, BBS, and Ghent Developmental 

Balance Test) and is indicative for the change in performance that must be observed in order 

to draw conclusions of true change in performance. 

Most tests and their properties have been assessed in small (sub)groups of children (n≤30,18–

21,23,24,27,29,31,32,34,37,39,40 30<n≤50,20,29–31,33,34,36,38,41 50<n≤100,22,26 100<n17,25,28,30,35) making the 

generalizability of these results rather difficult. Only two papers22,27 reported use of a power 

analysis to determine the amount of children needed and one paper referred to literature.41 

Although statistical analysis was appropriate in all studies, in more recent papers28,35 more 

robust data analysis has been applied in order to address limited sample size. Some issues 

need to be addressed regarding sampling bias.  

Most of the studies used a sample of convenience consisting of typically developing children 

(n=8089) or central neurological disorders such as CP (n=144), spina bifida (n=8), brain injury 

(n=56), motor impairments (n=20), hearing impairments (n=88), and developmental delays 

(n=23). Because of the heterogeneity in sampling, results have to be interpreted with caution. 

Findings in, for example, typically developing children cannot be generalized to other 

populations. As a result of different developmental levels affecting performance, the same 

holds true for age. Also, mainly children with central neurological disorders have been 

investigated, whereas children with peripheral neurological disorders could also benefit from 

balance control assessment in the context of adequate treatment. Functional balance tests 

should therefore also be investigated in these populations (e.g. vestibular disorders, 

myopathies).  

By focusing on two databases (chosen because they are the most appropriate to answer the 

research question), controlled terminology, and only including studies written in English, 

relevant publications might be missing in this literature review. The fact that almost one-third 

of the included literature was found through reference screening could be ascribed to the key 

words and controlled terminology, assigned to the papers by specific databases. Also, 

according to the Moose statement, when searching systematically for observational studies, 

using electronic databases, this provides only 50% of all relevant studies.42 Only original 

studies were included. It is possible that interesting studies are only reported as abstract or 

conference proceedings, but since they do not provide full insights into methodology, we 

excluded them. Another problem of publication bias is that generally only positive results are 

published. Within this domain it is very difficult to control this, as it is not required to register 

studies.  

In conclusion, because of lack of good methodological studies, strong evidence for the use of 

one or more functional balance measures in children cannot be provided, even though some 

research with regard to this topic has already been performed. It is necessary that a criterion 

standard to measure balance is established and that structural validity and responsiveness of 

the existing tests are further evaluated. Clearly, tests in a static and predictive environment 

predominate in the literature reviewed and, as such, underrepresent postural control 

commands in daily life situations involving changing environments and object interactions. 

However, based on our conceptual framework, a combination of tests is recommended, for 
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example using a combination of (1) the Berg Balance Scale21,32 or Pediatric Balance Scale;33–38 

(2) the Timed Up and Go,21,23,24,29–32 Community Balance and Mobility scale41 or Dynamic Gait 

Index;39 and (3) the Standardized Walking Obstacle Course.29
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ABSTRACT 

PURPOSE: This study investigated factors predicting the Timed Up and Go (TUG) test in 

children who are preschoolers, using a modified protocol of the TUG.  

METHOD: This was a cross-sectional study of children 3 to 5 years old (n = 192). Regression 

analysis identified predictive factors for TUG performances. Differences in mean values 

(standard deviation) were calculated for each age group.  

RESULTS: The results of 172 children were analyzed. Age and ethnicity were predictive of TUG 

performance (R2 = 0.280). Children who are preschoolers with Flemish ethnicity need less 

time to perform the TUG than their peers with another ethnicity (P < .05), but this difference 

is not significant for the age groups. The TUG performance differs significantly among all age 

groups (P < .05).  

CONCLUSIONS: A modified protocol for the TUG, which is sensitive to age-related changes in 

dynamic balance control, is proposed for children who are preschoolers.  

KEYWORDS:  Age Factors, “Child, Preschool”, Cross-Sectional Studies, Disability Evaluation, 

Ethnic Groups, Female, Humans, Male, Physical Therapy Modalities*, Regression Analysis
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INTRODUCTION 
The Timed Up and Go (TUG) test was originally designed as an assessment tool for functional 

mobility or dynamic balance in elders who are frail.1 Over the last 30 years, it has been used 

to assess dynamic balance control in different populations, such as people post-stroke and 

elders who live on their own who are at risk of falling, but also in children with typical 

development and with several pathologies such as cerebral palsy, spina bifida, traumatic brain 

injury, and developmental disabilities.1-12 The TUG is an easily administered test, does not 

require specific training, and is inexpensive. In children, the protocol has been adjusted by 

using a chair with or without5 arm- and backrest9 and allowing walk barefoot walking,10 with 

footwear6,7 or with orthotics.6,7 To improve comprehensibility of the test for children, most 

authors suggest that the test should be explained and demonstrated before assessment, with 

additional verbal feedback if necessary.4-11 To improve motivation, Williams and coworkers9 

added the use of a target on the wall to be touched. However, this modification allows children 

to push off against the wall, potentially influencing the time needed to perform the task. 

Literature on the psychometric properties of the TUG in children supports that the test has 

very good to excellent reliability.13 Excellent intrarater reliability (intraclass correlation 

coefficient [ICC] = 0.99, age 8-14 years10) and interrater reliability (ICC = 0.99, age 4-11 years8 

and age 8-14 years10) and very good test-retest reliability (ICC > 0.83, age 7-14 years,7 age 4-

11 years,8 and age 3-9 years9) have been reported for children developing typically. Validation 

studies support that the TUG correlates moderately to strongly with the Gross Motor Function 

Measure-88 items (r = −0.524, P < .019; r = −0.89, P < .015) and strong inverse correlations 

were found between the TUG and Berg Balance Scale (r = −0.88, P < .01)5 in children with 

cerebral palsy. The TUG discriminates between Gross Motor Function Classification System 

levels I, II, and III in children with cerebral palsy5,9,10 and significant differences were found 

between children developing typically and children with traumatic brain injury.6 Reference 

values for the TUG have been reported.12 Although initially intended for adolescents, the 

participants in the reported study consisted of children between 3 and 18 years of age and a 

combination of age and weight accounted for 25% of the variance.12 Reported cut-off values 

for the TUG, using z scores (>2z) for 4 age groups, were reported: 3 to 5 years (n = 74), 6 to 9 

years (n = 130), 10 to 13 years (n = 129), and 14 to 18 years (n = 126).12 However, why these 

specific age groups were defined remains unclear. Literature regarding development of 

balance control in children who are preschoolers has shown that performances on functional 

balance tests among children who are preschoolers differ significantly between ages and that 

children in the preschool age group should not be considered as 1 group.14,15 Moreover, 

performance on the TUG test is related to the spatiotemporal parameters of gait. Until the 

age of 7 years, single-limb stance, step length, and walking velocity increase steadily, whereas 

cadence and step width decrease.16,17 These changes in gait suggest that age-specific 

differences could be found in performance on the TUG in children who are preschoolers. 

Therefore, we hypothesized that TUG performances in children who are preschoolers are 

significantly different for each age category. 

Apart from differences in performance because of physical development, the task 
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performance is also related to the degree to which the child understands the instructions. 

Flanders contains a large variety of ethnicities, especially in urban regions, in which the Dutch 

language serves as a second language. Preschoolers show significantly lower mastery of the 

Dutch language compared with children in whom Dutch is the first language.18 Thus, children 

who have another ethnicity than Flemish could perform lesser on the TUG. 

The aim of this study was to investigate whether a modified protocol of the TUG for children 

who are preschoolers is influenced by practice and to determine which factors are most 

predictive of TUG scores in this age group. If age is a predictive factor for TUG performance in 

children, we investigate whether there is a difference among age groups (3-, 4- and 5-year-old 

children), thus justifying the need for age-specific reference values with corresponding cut-off 

values for preschoolers.  

METHOD 

Study design & participants 
Four hundred invitation letters with study information were distributed to 3 regional 

preschools in the vicinity of Antwerp, Belgium, consisting of a very heterogeneous preschool 

population. Children were included for testing after parents gave written informed consent. 

The study protocol was approved by the ethics committee of the Antwerp University Hospital. 

Data were collected between October 2013 and May 2014. The parents completed a 

questionnaire before TUG administration. Data were used to identify diagnosed 

developmental problems and to collect birth history and use of aids such as glasses, orthoses, 

or cochlear implants. Children were excluded from the study if they had developmental or 

neuromotor disorder, severe visual or hearing impairment, used aids (except for glasses), had 

cochlear implants, and when they were unwilling to perform 3 trials. Children were classified 

according to their ethnicity, meaning a group of people who have the same national, racial, 

or cultural origins, or the state of belonging to such a group. Because of the large variety of 

ethnicities in the city of Antwerp, the ethnicity of the children was classified as Flemish and 

other.  

TUG: modified protocol for children who are preschoolers 
Administration of the TUG took approximately 5 minutes and was performed in the hallways 

of schools. All subjects performed the test barefoot and were permitted to rest between 

trials. The instructions were explained before testing and if necessary the test was 

demonstrated. All children performed the test independently, but were verbally encouraged 

by the investigator if needed. A digital stopwatch recorded time.  

The TUG was administered using 2 chairs with backrests and no armrests, measuring tape and 

a red Duplo Brick (3.2 cm × 6.4 cm × 2.1 cm). Chairs were designed for children who are 

preschoolers with the seat height at 27 cm. The child was asked to sit on the first chair (hips 

and knees 90◦ flexed) and on the cue “start,” to walk to the Duplo Brick placed on the second 

chair, pick up the brick, walk back to the first chair, and sit down again. The distance between 

the 2 chairs was 3.38 m. As the average arm length of a 3-year-old child is 0.293 m (0.019 

m),19 an additional distance of 0.38 m was chosen to assure the child would walk the required 
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3 m of the walking distance. Timing started on the cue “start,” preceded by counting from 1 

to 3, and stopped when the child sat down again with the spine touching the back of the chair. 

One practice trial was allowed to check whether the child understood the instructions. 

Subsequently, 3 trials, performed as fast as possible, but safely, were administered and the 

best result was used for further analyses.12 The trial was repeated If the child ran rather than 

walked. The results of a pilot study showed that the TUG, performed at a self-selected pace, 

cannot discriminate between these different age categories and its results are not normally 

distributed, in contrast to fastest performance. Therefore, fastest performances were 

assessed, with faster scores indicating better balance control.4,9,10 The aim of the TUG is to 

assess the child’s overall best performance, indicating the best result of 3 trials is considered 

the child’s final score.12  

The TUG protocol applied in this study has been modified compared with the protocol for 

children as reported by Williams et al9 and Nicolini-Panison and Donadio.12 We added a 

reaching and grasping task to improve motivation for the children, which changes the nature 

of the test. This test is meant to measure functional mobility or dynamic balance during 

walking; however, the TUG assesses not only dynamic balance during walking but also the 

ability to (1) transfer adequately from sitting to standing and from standing to sitting and (2) 

turn around.13 The additional reaching task allows the child to walk the required distance of 

3 m, without pushing off against the wall. Because forward reach is known to assess balance, 

this modification could serve as an extra challenge for the balance control system, thereby 

increasing the difficulty level of the TUG. This can be an interesting modification if the TUG is 

used as a balance test, rather than a mobility test. In contrast to touching an object on the 

wall, TUG performances using this protocol could be slower. 

Variables 
Demographic data including age, sex, height, ethnicity, and use of glasses were used to 

describe the sample. The time to perform the TUG, in seconds, was presented as normative 

values as means and standard deviations with corresponding cut-off values.  

Statistical Analysis 
Statistical analysis was performed using Statistical Package for Social Sciences for Windows 

(22.0). Descriptive statistics characterized the study sample. Because of the modification 

made to the TUG protocol, practice effects were investigated by identifying differences 

between the 3 trials by means of a repeated-measures analysis of variance, with the age 

groups as a between-subjects factor. Post-hoc comparison was performed with Bonferroni 

correction, alpha level set at .05. For each child, the best performance of 3 trials was used for 

further analyses. Data were checked for normal distribution, using the Kolmogorov-Smirnov 

test. Stepwise multiple linear regression analysis was performed using age, height, sex, and 

ethnicity to predict TUG. A 2-way analysis of variance was performed to investigate both main 

and interaction effects of those variables predictive for TUG performance. Post-hoc 

comparisons using the independent t test were applied with Bonferroni correction, with the 
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statistical alpha level of P < .05. Preliminary normative values were calculated for 3-, 4- and 

5-year-olds. Three-year-olds were 3 to 4 years minus 1 day. Similar groups were defined for

the ages 4 and 5 years. Cut-off values were determined by calculating z scores (z = (x − μ)/σ).

As higher scores for the TUG represent lesser balance control, the z scores were set at +1z

and +2z.When using 1z as a cut-off value, the chance that a child developing typically exceeds

the threshold is 15%, whereas this chance is only 2.3% when using 2z as a cut-off. Children

performing above +2z are very likely to have a balance deficit, whereas children performing

above +1z could be at risk for a balance deficit. The numbers of children in our sample not

reaching the norm were calculated and compared with the numbers expected, based on the

different cut-off values that were applied.

RESULTS 

Participants
Out of 400 invitation letters, 192 children enrolled in the study (48%), of which the results of 

172 children were eligible for data analysis. Three were excluded from the sample because of 

diagnosed developmental disorders (Autism Spectrum Disorder (n=2), Developmental 

Coordination Disorder (n=1)), 1 because he was uncooperative and sixteen 6-year-olds 

because they did not fit into the defined age-categories. None of the children used aids, 

except for glasses (n=6). Figure 4.1 provides an overview of the selection process of the 

participants, eligible for statistical analysis. The ethnicity of 127 out of 172 was Flemish. Table 

4.1 gives a description of the characteristics of the participants.  

Figure 4.1: Flow diagram of the selection process 
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Modified Timed Up and Go test 

Practice effects 
Significant differences were found between the trials (main effect for trials F2,338=16.17, 

p<0.001, interaction effect between trials x age groups F4,338=1.83, p=0.122). Post-hoc 

comparison revealed significant differences between all trials: trial 1-2 (p=0.012), trial 1-3 

(p<0.001) and trial 2-3 (p=0.001). The mean (SD) time to perform the first trial was 8.24s 

(1.97s), the second trial 7.92s (1.72s) and the third trial 7.58s (1.60s).  

Predictors of TUG performance 

Multiple regression showed that the best predictors for TUG results are age (r=0.505, 

p<0.001) and the combination of age and ethnicity (r=0.529, p=0.018). Stepwise regression 

analysis showed that age accounts for 25.5% of the variance in the TUG results (R²=0.255), 

whereas age and ethnicity account for 28% of the variance in the TUG results (R²=0.280). 

Gender and height did not predict TUG performance in children who are preschoolers. Figure 

4.2 shows the distribution of the TUG test results for the ethnicity according to age. 

Table 4.1: Descriptive characteristics of the study population and their corresponding normative values. 

Descriptive characteristics  
Age groups 

All children 3-year-olds 4-year-olds 5-year-olds 

Number of children 

All children 172 46 61 65 

Male/female 86/86 23/23 30/31 33/32 

Foreign/Belgian 45/127 10/36 18/43 17/48 

 Use of glasses 6 1 1 4 

      

Mean age (SD) (months) 

All children 54.7 (9.8) 42.0 (3.2) 53.1 (3.4) 65.2 (3.3) 

Male 55.1(10.1) 41.8 (3.1) 53.7 (3.6) 65.6 (3.1) 

Female 54.3 (9.6) 42.3 (3.4) 52.5 (3.2) 64.8 (3.4) 

Other ethnicity 54.6 (10.0) 42.1 (3.3) 53.1 (3.3) 65.4 (3.3) 

Flemish ethnicity 55.1 (9.4) 41.9 (2.6) 53.3 (3.8) 64.8 (3.2) 

Mean height (SD) (meter) 

     

All children 1.08 (0.08) 0.99 (0.05) 1.08 (0.06) 1.14 (0.04) 

Male 1.09 (0.07) 1.01 (0.05) 1.10 (0.05) 1.14 (0.04) 

Female 1.06 (0.08) 0.97 (0.04) 1.06 (0.06) 1.14 (0.05) 

Flemish ethnicity 1.07 (0.08) 0.98 (0.05) 1.07 (0.06) 1.14 (0.04) 

Other ethnicity 1.09 (0.06) 1.02 (0.05) 1.09 (0.05) 1.14 (0.05) 

      

TIMED UP AND GO TEST     

Best of 3 Mean (SD) (s) 

All children 7.11 (1.28) 7.86 (1.03) 7.30 (1.27) 6.41 (1.10) 

Flemish ethnicity  6.99 (1.23) 7.74 (1.00) 7.15 (1.11) 6.30 (1.11) 

Other ethnicity 7.44 (1.40) 8.28 (1.05) 7.65 (1.56) 6.72 (1.06) 

Cut-off score based on Z-scores 

Cut-off 1z (s) (% > 1z) All children N/A 8.89 (19.56) 8.57 (9.84) 7.51 (10.77) 

Cut-off 2z (s) (% > 2z) All children N/A 9.92 (2.17) 9.84 (3.27) 8.61 (1.54) 

Abbreviations: n: number of children; SD: standard deviation; s: seconds; N/A: not applicable;  
TUG: 1z corresponds with the 85th percentile (P85) and 2z with the 97.7th percentile (P97.7). Underlined values are significantly different from 
each other for gender. Underlined values are significantly different from each other for ethnicity (p<0.05). Bold values are significantly 
different from each other for the age groups (p<0.05) 
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Differences in TUG performance based on ethnicity and age 

The mean (SD) time to perform the task for all children was 7.11s (1.28s). Significant 

differences were found for ethnicity, with Flemish children needing less time to perform the 

TUG than their peers with another ethnicity (main effect for ethnicity F1,166=5.71, p=0.018; 

interaction effect age x ethnicity F2,166=0.031, p=0.97). Also,  a significant difference was found 

for age (main effect for age F2,166=22.86, p<0.001). Post-hoc comparisons with Bonferroni 

correction, showed that the differences between the scores of the Timed Up and Go test were 

situated between all ages: 3- and 4-year-olds (p=0.04), 3- and 5-year-olds (p<0.001) and 4- 

and 5-year-olds (p<0.001). These age-related differences resulted in subgroups consisting of 

46 children with the age of 3, 61 age 4 and 65 age 5. No significant differences within the age 

groups were found for ethnicity. Figure 4.3 shows the variation of TUG test results within each 

age group and classified according to ethnicity.  

Preliminary age-specific reference values and cut-off values 
Reference values and corresponding cut-off values are available in Table 4.1. The mean (SD) 

time to perform the task for 3-year-old children was 7.86s (1.03s), for 4-year-olds 7.30s (1.27s) 

and for 5-year-olds 6.41s (1.10s). Cut-off values (>1z/>2z) for deviating balance control, were 

8.89s/9.92s in the 3-year-olds, 8.57s/9.84s in 4-year-olds, 7.51s/8.61s and in 5-year-olds.  

Figure 4.2: Distribution of the TUG test results according to age in months and ethnicity. 
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Applying >1z as a cut-off value, 19.56% of the 3-year-olds, 9.84% of the 4-year-olds and 

10.77% of the 5-year-olds did not reach the norm, whereas >2z resulted in 2.17%, 3.27%, 

1.54% for respectively 3-, 4- and 5-year-olds. Table 1 shows the number of children that did 

not reach the norm.  

DISCUSSION 
There were 2 aims of this study. The first aim was to determine whether the modified protocol 

of the TUG for children who are preschoolers is susceptible to practice. Our results clearly 

support this aim. The second aim was to investigate which factors can predict TUG 

performance in children who are preschoolers, using this modified protocol. Age and ethnicity 

were predictive factors for TUG performances. Because performances were different among 

age groups (3-, 4-, and 5-year-old children), age-specific reference values with corresponding 

cut-off values for preschoolers are needed. In this study, preliminary age-specific reference 

values have been established.  

The children, a sample of convenience, were recruited from regional schools. By using this 

type of sampling, the risk of self-selection bias exists, as children who are allowed to 

participate could differ in an important, but unknown way from children who are not allowed 

to participate. For example, parents decided whether children participated in the study either 

with or without willingness of the children to do so, which could influence cooperation of the 

children during administration of the test. However, the results of only one child, who was 

uncooperative, were excluded. By using convenience sampling, sex or cultural distribution of 

the sample could be distorted, resulting in decreased heterogeneity of the sample, and 

thereby influencing the generalizability of the results. Nevertheless, similar to the total 

population of local children, our sample also consists of an approximate 50-50 sex distribution 

and therefore could be considered as representative.20 Regarding cultural distribution 

between birth and 5 years of age, approximately 34% of children between birth and 5 years 

in local communities have an ethnicity other than Flemish, in comparison with 26.2% of the 

children in our study. This is an approximately representative sample.20,21 

Developmental screening tools were not administered for selecting the sample. This 

screening might have identified more children with atypical motor development than the 

parent completed questionnaire. Nevertheless, 3 children with developmental disorders 

were identified with the questionnaire and were excluded from statistical analysis. Because 

the participants are young, they may not have been diagnosed with a developmental 

disorder.  
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Legend: Boxes represent the variation of the TUG results within each age category: 3-year-olds (n=46), 4-year-olds (n=61) and 5-year-olds (n=65). A lower score indicates better functional balance. Upper line of the 
box corresponds with the 1st quartile (Percentile 25, P25), middle line with the median (Percentile 50, P50) and the lower line with the 3rd quartile (Percentile 75, P75). In each age category 1 outlier was identified 
(white dots): in three-year-olds a minimum outlier and in 4- and 5-year olds a maximum outlier. 

Figure 4.3: Performance on the Timed Up and Go test (TUG) within each age group. 
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We included children who wore glasses, as they will typically be represented in the population. 

TUG test scores are typically the best performance of 3 trials; however, our results support 

that trials are significantly different, with the third trial being the best. To eliminate this 

apparent practice effect, either 1 trial should be performed or multiple trials should be 

allowed until a plateau is reached. Because motor development is characterized by variability, 

administering only 1 trial may lead to underestimation of performance. This single-trial 

performance might not be representative of ability. The normal distribution of the TUG results 

indicates that the sample used in this study may be representative of the general population. 

Furthermore, the mean performance on the TUG in our study is consistent with previous 

reports.9,12 The higher TUG results in our sample are likely due to the altered protocol. 

Touching an object could result in pushing off, which could lead to faster performances, 

whereas the reaching and grasping task in our modified protocol could slow performance.  

Surprisingly, the ethnicity of the child was identified as a predictive factor for their TUG 

performance. This might be due to cultural or language differences. Children who do not speak 

Dutch at home might have difficulties in understanding the instruction to perform the task as 

fast as possible, thus explaining their slower TUG performances. Nevertheless, we do not have 

evidence to support this hypothesis. Within each age category, differences on the basis of 

ethnicity disappear, suggesting that they should not be addressed as a separate group. 

To determine whether a child shows deviating balance control, cut-off values are useful. The 

age-related difference of TUG performances supports the necessity for age-specific cut-off 

values within this age group. Theoretically, when 1z is applied as a cut-off value, the chance 

that a child would not reach the norm is 15%. Our results show that the number of 3-year-olds 

not reaching the norm (19.56%) exceeds the theoretically expected amount, whereas this is 

not the case for 4-year-olds (9.84%) and 5-year-olds (10.77%). When 2z is used as a cut-off, 

the chance that a child would not reach the norm is 2.3%. However, 3.27% of our 4-year-olds 

did not reach the norm, in contrast to 3-year-olds (2.17%) and 5-year-olds (1.54%). The 

percentages of children exceeding the norm were calculated to determine the suitability of 

the selected sample. Even though these “false-positive cases” are a first indication of the 

specificity of our cut-off values, the most appropriate cut-off value, >1z or >2z, in any 

population cannot be determined on the basis of the results of this study in children 

developing typically. More research is required in determining sensitivity and specificity of the 

TUG in specific conditions. 

Implications for research and clinical practice 
This study provides a protocol for the TUG that is appropriate for children who are 

preschoolers. Modifications were made to the original protocol, by adding a reaching and 

grasping task, making the task potentially more difficult, which is more challenging for the 

balance system. Therefore, more children with a balance deficit might be identified. However, 

children who show (bilateral) upper limb dysfunction could show poorer results because of 

difficulties in grasping, which is not related to balance 

control. Therefore, we suggest application of this modified test for children with typical upper 
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limb function. Although preliminary, this study is the first to our knowledge to provide age-

specific reference values and corresponding cut-off values in children who are preschoolers 

for the TUG. Reference values need to be expanded and further research regarding interrater 

and test-retest reliability, sensitivity, and specificity is necessary. In clinical practice, children 

who do not reach the 2z score are very likely to have a balance deficit, indicating further 

assessment is required (e.g., thorough motor assessment and/or vestibular function testing). 

Children with TUG performance exceeding 1z might be at risk for a balance deficit and should 

be monitored.  

CONCLUSION 
A modified protocol for the TUG has been proposed for children who are preschoolers, which 

is reliable and sensitive to age-related changes in dynamic balance control. Preliminary 

reference values in 3- to 5-year-old children with corresponding cut-off values, on the basis of 

z scores, were established. However, to prove the usefulness of this protocol, more research 

is required in determining, test-retest reliability, sensitivity and specificity of the TUG in 

specific pathological conditions using more than 1z or more than 2z.  
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“IN EEN OOGOPSLAG”  
De PBS kan in zijn huidige vorm in de praktijk gebruikt worden om een indicatie te krijgen van 

balanscontrole, mits Vlaamse referentiewaarden verzameld worden. 

BEKNOPTE SAMENVATTING 

Deze studie onderzocht de bruikbaarheid van de Pediatric Balance Scale (PBS) voor de 

evaluatie van balanscontrole bij Vlaamse kleuters (n = 80). De PBS totaalscore werd 

omgerekend naar z-scores op basis van Amerikaanse referentiewaarden. Per item en per 

leeftijdsgroep werd een minimumscore gedefinieerd, waarbij ≥ 90% van de doelgroep deze 

score kan behalen.  

Gemiddelde z-scores waren -0.43 (0.99), wat aangeeft dat de gemiddelde prestatie van 

Vlaamse kleuters zwakker is dan die van Amerikaanse leeftijdsgenootjes. Op item 1, 2, 4, 5, 12 

en 13 scoorden ≥90% van alle deelnemende kleuters maximaal. Op item 3, 6, 7, 8, 9, 10, 11 en 

14 werd dit criterium echter niet gehaald en werd er een minimumscore opgesteld per 

leeftijdsgroep.  

De resultaten van dit onderzoek geven aan dat de Amerikaanse referentiewaarden niet 

bruikbaar zijn voor Vlaamse kleuters. Om de PBS toe te passen in zijn huidige vorm, dienen 

Vlaamse referentiewaarden verzameld te worden. Hoewel de PBS gebruikt kan worden om 

een indicatie te krijgen van de balanscontrole bij kleuters, suggereren de itemscores dat de 

huidige samenstelling van de PBS onvoldoende rekening houdt met het motorisch niveau van 

de verschillende kleuterleeftijden om te kunnen bepalen in welk aspect van balanscontrole er 

zich een probleem bevindt. 
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ENGELSE TITEL EN ABSTRACT 

Is the Pediatric Balance Scale feasible to assess balance control in Flemish preschoolers? 

The usability of the Pediatric Balance Scale (PBS) to assess balance control in Flemish children 

aged 3 to 6 years old (n=80) was investigated. The PBS total score was converted to z-scores 

based on American reference values. For each item and age group  a minimum score was 

defined, representing the performance of  ≥90% of the children.  

The mean z-score was  -0.43 (SD, 0.99), indicating the mean performance of Flemish children 

is poorer than that of their American peers. For items 1, 2, 4, 5, 12 and 13, ≥90% of the children 

received a maximal score.  This criterion was not reached for items 3, 6, 7, 8, 9, 10, 11 and 14. 

For these items a minimum score was defined for each age group.  

The results of the present study indicate that the available reference values are not usable for 

the evaluation of balance control in Flemish children. To apply the PBS in clinical practice 

Flemish reference values need to be established. Although the PBS can provide some 

information on balance control in preschoolers, not all items are feasible at all preschool ages 

and therefore do not provide any information on which specific aspect of balance control is 

disturbed.
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INTRODUCTIE 
Een goede balanscontrole vormt de basis voor alle motorische vaardigheden.1-4 De 

kleuterperiode is een cruciale fase in de ontwikkeling van balanscontrole.1-4 De identificatie 

van balansproblemen op deze leeftijd laat toe om vroegtijdig gerichte therapie te plannen en 

verdient voldoende aandacht.1-4 De evaluatie van balanscontrole bij een kind is bijgevolg 

fundamenteel voor clinici én onderzoekers. Identificatie van balansproblemen vereist een 

adequate test. Een functionele balanstests waarvoor er een groeiende interesse is in de 

literatuur, is de Pediatric Balance Scale (PBS). De PBS is een pediatrische versie van de Berg 

Balance Scale en bestaat uit 14 items, waarbij per item een vijf-puntenschaal wordt toegepast 

(score 0-4).5 De prestatie van het kind wordt beoordeeld op basis van de totaalscore, de som 

van de itemscores, met een maximale score van 56 punten. De PBS blijkt een betrouwbare 

test te zijn voor zowel kinderen met een typische motorische ontwikkeling (ICC = 0.850) als 

kinderen met een motorische beperking (ICC > 0.9).5-7 Bij kinderen met cerebrale parese 

correleert de test sterk met de Gross Motor Function Measure, en kunnen de Gross Motor 

Function Classification System gradaties I tot en met III van elkaar onderscheiden worden.8,9 

Tevens werden leeftijd- en geslacht-specifieke normatieve waarden opgesteld voor 

Amerikaanse kleuters tussen 2 en 7 jaar oud.10 

Aangezien culturele verschillen de motorische ontwikkeling kunnen beïnvloeden, rijst echter 

de vraag of deze referentiewaarden gebruikt kunnen worden om balanscontrole bij Vlaamse 

kleuters te evalueren. Bij Amerikaanse kinderen bleek de PBS matig te correleren met 

lichaamslengte en leeftijd, waarbij 2- en 3-jarigen significant lagere totaalscores behaalden 

dan oudere kleuters.10 Bovendien behaalden meisjes significant hogere scores in alle 

leeftijdsgroepen in vergelijking met jongens.10 Het is echter niet duidelijk of leeftijd, geslacht 

en lichaamslengte een invloed hebben op de balans prestaties van onze kleuters.  

Ten derde dient onderzocht te worden of de verschillende items voldoende afgestemd zijn op 

het motorisch ontwikkelingsniveau van de verschillende kleuterleeftijden. In principe worden 

alle 14 items afgenomen bij elke kleuter, maar het is onduidelijk of deze items voldoende 

leeftijdsspecifiek zijn. Een leeftijdsspecifiek item zou door 90% van de kinderen in die 

leeftijdsgroep uitgevoerd moeten kunnen worden volgens de vooropgestelde criteria.11 De 

gevraagde opdracht moet afgestemd zijn op het ontwikkelingsniveau van het kind. Zo zal 

bijvoorbeeld unipodale stand met de ogen gesloten een te moeilijke opdracht zijn voor een 

doorsnee driejarige. Een dergelijk item is niet leeftijdsspecifiek, daar het geen informatie 

oplevert naar de aanwezigheid van een balansprobleem bij een driejarige die deze opdracht 

niet kan uitvoeren. Anderzijds kan het zijn dat items wel degelijk leeftijdsspecifiek zijn, omdat 

de opdracht uitvoerbaar is door alle kleuters, maar het vooropgestelde criterium geen 

onderscheid maakt in het ontwikkelingsniveau. Bipodale stand met de ogen gesloten, kan 

bijvoorbeeld uitgevoerd worden gedurende 30 seconden door een vijfjarige, maar nog niet 

door een driejarige of een vierjarige.12 Zij kunnen de houding aannemen en aanhouden maar 

gedurende een kortere tijdsperiode.12 Het is tot op heden niet duidelijk wat de 

leeftijdsspecifieke invloed is op de PBS-totaalscore. Naar de identificatie van balansproblemen 

kan dit een grote impact hebben. Aan de hand van de totaalscore kan achterhaald worden of 
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een kind afwijkt ten opzichte van de norm, maar niet waar het probleem in de balanscontrole 

zich juist bevindt.  

Het doel van deze studie is om de bruikbaarheid van de PBS bij Vlaamse kleuters te 

onderzoeken. Hiervoor zal een antwoord gezocht worden op volgende vragen: 

- Is er een effect van leeftijd, geslacht en lichaamslengte op de PBS score bij 

Vlaamse kleuters? 

- Kunnen de beschikbare Amerikaanse referentiewaarden toegepast worden op 

Vlaamse kleuters? 

- Zijn alle 14 items en bijbehorende criteria voldoende leeftijdsspecifiek? 

MATERIAAL EN METHODE 

Onderzoeksdesign en deelnemers 
In een cross-sectioneel onderzoek werd de PBS afgenomen bij 80 typisch ontwikkelende 

kleuters, ingedeeld in vier leeftijdsgroepen: driejarigen (n=26), vierjarigen (n=21), vijfjarigen 

(n=22) en zesjarigen (n=11). Alle gegevens werden verzameld tussen oktober 2013 en januari 

2015. De deelnemers werden gerekruteerd uit reguliere kleuterscholen in de omgeving van 

Antwerpen en namen deel aan het onderzoek nadat schriftelijke toestemming van de 

wettelijke voogd verkregen werd. De studie werd goedgekeurd door het ethisch comité van 

het Universitair Ziekenhuis Antwerpen (B300201316328). Deelnemers werden geïncludeerd 

indien ze geen diagnose hadden van ontwikkelings- of neuromotorische stoornissen, ernstige 

visuele beperkingen of gehoorproblemen. Deze criteria werden schriftelijk bevraagd aan de 

ouders.  

Evaluatie 
Voor elk kind werd lichaamslengte, leeftijd en geslacht geregistreerd. Vervolgens werd de PBS 

door eenzelfde kinesitherapeut afgenomen. De PBS bestaat uit 14 items: zit naar stand (item 

1), stand naar zit (item 2), transfers (item 3), staan zonder steun (item 4), zitten zonder steun 

(item 5), bipodale stand met ogen gesloten (item 6), bipodale stand met voeten samen (item 

7), tandem stand (item 8), unipodale stand (item 9), 360 graden draaien (item 10), achterom 

kijken (item 11), een voorwerp van de grond oprapen (item 12), voeten alternerend op een 

bankje plaatsen (item 13) en voorwaarts reiken (item 14).5 Elk item wordt gescoord met 

behulp van een vijf-puntensysteem (0 – 4). De totaalscore is de som van de itemscores, met 

als maximum 56 punten.5 Het kind krijgt voor elk item een oefenpoging.5 Vervolgens zijn drie 

pogingen toegestaan om de beste prestatie in kaart te brengen. Zodra het kind de maximale 

itemscore krijgt, zijn additionele pogingen niet meer nodig.5 De totale afnametijd bedraagt 

minder dan dertig minuten. 

Uitkomstvariabelen en data-analyse 
De steekproef werd beschreven aan de hand van leeftijd (maanden), geslacht en 

lichaamslengte. Uitkomstmaten zijn: 1) de PBS-totaalscore 2) z-scores berekend op basis van 

de beschikbare Amerikaanse referentiewaarden10 en 3) de itemscores per leeftijdsgroep. Op 
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basis van de itemscores werden frequenties berekend om een minimumscore te definiëren 

per item per leeftijdsgroep. De minimumscore per item verwijst naar de score in elke 

leeftijdsgroep die door 90% van de kinderen in deze steekproef, behorend tot de betreffende 

leeftijdsgroep, behaald zou moeten worden.  

Statistische analyse 
Analyses gebeurden in SPSS 23.0. De normaalverdeling van de gegevens in de totaalgroep en 

in de leeftijdsgroepen werd nagegaan met de Kolmogorov-Smirnov test. Beschrijvende 

statistiek (gemiddelde waarden, standaarddeviaties, frequenties) werd toegepast voor leeftijd 

(maanden), lichaamslengte en geslacht.  

De PBS-totaalscore werd beschreven aan de hand van gemiddelde waarden, 

standaarddeviaties, minimum en maximum in de totaalgroep en in de leeftijdsgroepen. Een 

stapsgewijze regressie analyse met de PBS-totaalscore als afhankelijke en leeftijd, 

lichaamslengte en geslacht als predictoren werd uitgevoerd. Verschillen werden onderzocht 

met een two-way ANOVA (3 x 2) met PBS totaalscore als afhankelijke variabele en 

leeftijdsgroep en geslacht als factoren. Niet significante interactie-effecten werden uit het 

model verwijderd. Onafhankelijke t-tests met Bonferroni correctie (p<0.05) werden gebruikt 

als post-hoc tests om de PBS-totaalscores tussen de leeftijdsgroepen te vergelijken. Tot slot 

werden de PBS-totaalscores omgerekend naar z-scores, waarop beschrijvende statistiek 

(gemiddelde waarden, standaarddeviaties, minimum en maximum) werd toegepast. 

De itemscores werden geanalyseerd om na te gaan of elk item en bijbehorende criteria 

leeftijdsspecifiek zijn. De spreiding van de scores in elke leeftijdsgroep werd grafisch 

weergegeven in taartdiagrammen. Verschillen in itemscores tussen de vier leeftijdsgroepen 

werden onderzocht met een Kruskal-Wallis test. Wanneer leeftijdseffecten in itemscores 

werden gevonden, werd post-hoc de Mann-Whitney test met Bonferroni correctie (p<0.008) 

toegepast om de leeftijdsgroepen te vergelijken.  

RESULTATEN 

Deelnemers  
De PBS werd uitgevoerd door 42 jongens en 38 meisjes (gemiddelde leeftijd (SD): 56.3 (12.8) 

maanden). Tabel 5.1 geeft de steekproef weer. 

Pediatric Balance Scale 

Totaalscores 

Tabel 5.1 geeft de PBS-totaalscores en de z-scores weer. Leeftijd verklaarde 44.5% van de 

variantie in PBS totaalscores (R²=0.445). De ANOVA toonde significante verschillen aan tussen 

de leeftijdsgroepen waarbij uitsluitend de driejarigen significant lager scoorden dan alle 

andere leeftijdsgroepen (F3,72=19.55, p< 0.001; post-hoc: p<0.001). Er werden geen 

significante effecten gevonden van geslacht  noch interactie-effecten. Gemiddelde z-scores 

voor de totaalgroep en de verschillende leeftijdsgroepen zijn kleiner dan 0.  
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Figuur 5.1 geeft aan de hand van z-scores een overzicht van de prestatie van de Vlaamse 

kleuters in vergelijking met de Amerikaanse referentiewaarden. 

 

 

 

 

 

 

Tabel 5.1: Beschrijving van de steekproef en de prestaties op de Pediatric Balance Scale. 
 Alle kinderen 3-jarigen 4-jarigen 5-jarigen 6-jarigen 

Beschrijving van de steekproef 

Aantal deelnemers 80 26 21 22 11 

Jongens/meisjes (n) 42/38 15/11 9/12 13/9 5/6 

Leeftijd (maanden) 56.3 (12.8) 42.0 (3.3) 53.0 (3.7) 65.3 (3.3) 76.6 (4.2) 

Lichaamslengte (cm) 107.8 (8.9) 98.2 (3.9) 107.8 (6.7) 113.5 (4.2) 118.1 (5.2) 

Pediatric Balance Scale 

Ruwe scores (/56)      

Gemiddelde (SD) 49.3 (5.0) 44.8 (4.8) 49.6 (3.4) 52.0 (3.7) 53.5 (2.0) 

Minimum 36 36 41 45 49 

      

Maximum 56 52 54 56 55 

Z-scores      

Gemiddelde (SD) -0.43 (0.99) -0.50 (0.83) -0.16 (0.59) -0.63 (1.36) -0.33 (1.05) 

Minimum -3.57 -2.49 -1.48 -3.57 -2.86 

Maximum 0.92 0.92 0.55 0.84 0.48 

Legende: n= aantal; SD = standaard deviatie 

Figuur 5.1:  Variabiliteit van de PBS z-scores en de spreiding ervan in elke leeftijdsgroep en ten opzichte van de 

ruwe PBS totaalscore. 
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Itemscores 

Figuur 5.2 geeft de spreiding van de testscores per item weer in elke leeftijdsgroep. Tabel 5.2 

geeft een overzicht van de verschillende itemscores met het bijhorend aantal kinderen voor 

elke leeftijdsgroep. Alle kleuters behaalden een maximale score op item 1, 2 en 5. Er werden 

significante verschillen gevonden tussen de leeftijdsgroepen voor items 3, 7, 8, 9, 10 en 14. 

Post-hoc tests toonden dat de scores van de driejarigen significant verschillend waren ten 

opzichte van: 1) alle andere leeftijdsgroepen voor item 3 (p<0.008) en item 7 (p=0.005), 2) de 

5- en 6-jarigen voor item 8 (p<0.001) en item 9 (p≤0.001), 3) de vijfjarigen voor item 14 

(p<0.001) en 4) de zesjarigen voor item 10 (p=0.002). Er werden geen significante verschillen 

in itemscores gevonden tussen de verschillende leeftijdsgroepen voor item 4, 6, 11, 12 en 13. 

Minimum scores per item 

Figuur 5.3 geeft de minimumscores per item voor elke leeftijdsgroep weer. Voor item 1, 2, 4, 

5, 12 en 13 wordt een maximale score verwacht bij kleuters met een typische ontwikkeling. 

Figuur 5.2: Spreiding van de itemscores, weergegeven per leeftijdsgroep. 
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Voor de overige items zijn specifieke minimumcriteria van toepassing in functie van de 

leeftijdsgroep.  
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Figuur 5.3: Overzicht van de minimumscore per item voor de verschillende leeftijdsgroepen. 
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DISCUSSIE 
Het doel van deze studie was om de bruikbaarheid van de PBS bij Vlaamse kleuters na te gaan. 

In tegenstelling tot de prestaties van Amerikaanse kleuters, blijken die van Vlaamse kleuters 

enkel beïnvloed te worden door leeftijd. Daarnaast scoren Vlaamse kleuters systematisch 

zwakker op de PBS dan Amerikaanse leeftijdsgenootjes. De Amerikaanse referentiewaarden 

geven bijgevolg een onderschatting van de prestaties van Vlaamse kinderen.10 De 

itemanalyses geven aan dat de PBS bestaat uit gemakkelijke en moeilijke items. Bij de 

moeilijke items dient nagegaan te worden of de opdracht zelf of de onderliggende criteria hier 

aan de basis ligt. Dit zal een invloed hebben op diagnostische waarde van het betreffende 

item.  

Het gebruik van Amerikaanse referentiewaarden bij Vlaamse kleuters 
Uitsluitend leeftijd bleek een effect te hebben op de PBS totaalscores. Dit is tegenstrijdig met 

eerder onderzoek bij Amerikaanse kleuters van Franjoine et al (2010), waarbij eveneens een 

invloed van geslacht werd gevonden.10 De relatief kleine steekproefgrootte in deze studie kan 

dit mogelijk verklaren. Anderzijds toonden eerdere onderzoeken bij Vlaamse kleuters 

eveneens aan dat prestaties op de balans subtest van de Movement Assessment Battery for 

Children – 2de editie, de Ghent Developmental Balance Test, de Timed Up and Go test en 

posturale zwaai metingen niet onderhevig zijn aan geslachtsgebonden verschillen.3,12-14 

Culturele verschillen kunnen hier dus een rol spelen.  

In deze studie werden uitsluitend verschillen gevonden in PBS-totaalscore tussen de 

driejarigen en de overige leeftijdsgroepen, wat vergelijkbaar is met de bevindingen van 

Franjoine et al (2010).10 De lage z-scores (<0) geven aan dat Vlaamse kleuters gemiddeld 

zwakker presteerden dan hun Amerikaanse leeftijdsgenootjes zowel in de totaalgroep als in 

de verschillende leeftijdsgroepen. Bovendien scoorden 6 van de 80 kleuters onder -2z. Geen 

enkel kind had echter een vastgestelde diagnose, noch was er een vermoeden. Op basis van 

de Amerikaanse referentiewaarden zouden deze kinderen nochtans een diagnose van 

balansproblemen krijgen. Dit betekent een vals positief resultaat bij 7,5% van de kinderen, 

wat ruim 3 maal hoger ligt dan verwacht (2,3%). Dit bevestigt de mogelijke invloed van 

culturele verschillen op de motorische ontwikkeling en het feit dat referentiewaarden, 

verzameld in andere continenten, niet noodzakelijk integraal overgenomen kunnen worden.  

Analyse van de PBS items 
Deze studie bevestigt enkele bevindingen van de Rasch analyse van Darr et al (2015). 

Hierbij werden items 1, 2, 5 en 12 als gemakkelijke items weerhouden.11 Het gaat hier om 

rechtkomen vanuit zit naar stand, vanuit stand gaan zitten, zitten zonder steun en een 

voorwerp van de grond oprapen.5 Dit zijn opdrachten waarvan verwacht kan worden dat een 

driejarige ze kan uitvoeren. Volgens Darr et al (2015) zouden ook item 3 en 11 gemakkelijk 

zijn, wat in deze steekproef niet het geval bleek.11 Item 3 bleek eerder moeilijk te zijn voor de 

driejarigen, terwijl item 11 voor alle kleuters eerder moeilijk was. Item 3 omvat het uitvoeren 

van een transfer tussen twee stoelen, een kinderformaat en een voor volwassenen. Jongere 
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kinderen hebben een kleiner gestalte, waardoor zij een andere strategie hanteren dan oudere 

kinderen. Oudere kinderen verplaatsen het zitvlak met minimaal gebruik van de handen, 

terwijl jongere kinderen als het ware op de stoel klauteren en bijgevolg hun handen nodig 

hebben. Dit resulteert in lagere itemscores, hoewel dit misschien geen representatie is van 

een zwakkere balanscontrole maar een uiting van lichaamslengte. Item 11 peilt naar 

rotatiemogelijkheden in de wervelkolom en het adequaat kunnen verplaatsen van het 

lichaamsgewicht door achterom te kijken. Vanaf de leeftijd van vier jaar vertoonde het 

merendeel van de kinderen minstens over een zijde rotaties in de romp, hoewel niet altijd 

symmetrisch. Jongere kinderen keken hoofdzakelijk achterom met behulp van hoofdrotatie. 

De opdracht kan bijgevolg uitgevoerd worden, maar het verschil zit in de kwaliteit van de 

uitvoering.  

De analyse van Darr et al (2015) gaf verder aan dat items 4, 6, 7, 10 en 13 tussen 

gemakkelijk en moeilijk zitten.11 In ons onderzoek behoorden item 4 en 13 echter tot de 

gemakkelijke items. Het gaat om zelfstandig kunnen staan en de voeten alternerend op een 

bankje plaatsen.5 Items 6 en 7 bleken voor de driejarigen in deze steekproef moeilijk. 

Driejarigen kunnen gedurende 3 seconden (of meer) staan met de ogen gesloten (item 6) maar 

niet al deze kinderen kunnen zelfstandig de startpositie met voeten samen aannemen (item 

7). Een opmerkelijk verschil is de moeilijkheid van item 10, waarbij het kind 360° rond de eigen 

as moet draaien in beide richtingen. Het kind dient deze opdracht zo snel mogelijk uit te 

voeren. Het merendeel van de kinderen voerde dit, ongeacht hun leeftijd, te traag uit 

waardoor het vestibulair apparaat onvoldoende gestimuleerd wordt. Of dit item bijdraagt tot 

de evaluatie van balanscontrole kan hierdoor in vraag gesteld worden.  

Items 8, 9 en 14 werden zowel in deze studie als door Darr et al (2015) als moeilijk 

bestempeld.11 Tot de leeftijd van 6 jaar is tandem stand (Item 8 ) moeilijk. Vanaf 6 jaar kan 

semi-tandem stand gevraagd worden, vier- en vijfjarigen kunnen een kleine stap nemen maar 

driejarigen kunnen niet zelfstandig de ene voet voor de andere positioneren zonder het 

evenwicht te verliezen. Bijgevolg lijkt dit item niet adequaat te zijn voor de evaluatie van 

balanscontrole bij kleuters. Unipodale stand (Item 9) blijkt vooral te moeilijk voor driejarigen, 

zij kunnen hun been geen drie seconden zelfstandig heffen. De overige kleuters kunnen een 

been gedurende 3 tot 4 seconden van de grond heffen. Bij item 14 blijkt dat alle vier- tot 

zesjarigen maximaal 5 inch (12,7 cm) voorwaarts reiken. Bij de driejarigen zijn er echter 

kinderen die de opdracht niet kunnen uitvoeren.  

Beperkingen van de studie 
De resultaten van deze studie zijn gebaseerd op slechts 80 kleuters over vier leeftijdsgroepen 

(< 30 per leeftijdsgroep). Om de bruikbaarheid van de Amerikaanse referentiewaarden te 

bepalen volstaat dit, maar voor de verdere item-analyses kan dit een vertekend beeld 

opleveren. Daarnaast werden de ouders bevraagd naar de aanwezigheid van de 

onderliggende motorische stoornissen, maar werd dit niet geverifieerd met behulp van een 

motorisch ontwikkelingsonderzoek. Mogelijks zijn er in deze steekproef bijgevolg toch 
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kinderen geïncludeerd waarbij motorische ontwikkelingsachterstand aanwezig kan zijn, wat 

de resultaten van dit onderzoek kan beïnvloeden.  

CONCLUSIE 
De PBS kan in zijn huidige vorm in de praktijk gebruikt worden om een indicatie te krijgen van 

balanscontrole, mits Vlaamse referentiewaarden verzameld worden. Daarnaast geven de 

resultaten uit dit onderzoek aan dat de huidige samenstelling van de PBS onvoldoende 

rekening houdt met het motorisch niveau van de verschillende kleuterleeftijden om te kunnen 

bepalen waar het balansprobleem zich bevindt. Hiermee dient rekening gehouden te worden, 

indien men beslist deze test te gebruiken voor de evaluatie van balanscontrole. 
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ABSTRACT 

BACKGROUND AND AIM: Static posturography can serve as an easy and fast way to determine 

whether a child possesses sufficient balance control in different sensory conditions. 

Therefore, the aim of this review is to map age-related differences in postural sway during 

childhood in typically developing children, using static posturography and to provide an 

overview of the available (age-specific) reference values in scientific literature. 

METHODS: The search strategy was performed in five databases (Pubmed, Web of Science, 

ScienceDirect, Cochrane Clinical Trials, Medline (Ovid)) November 2nd 2014 and updated 

twice: March 16th 2015 and July 20th 2015. The following keywords were used: (children OR 

child) AND ("postural control" OR "postural stability" OR equilibrium OR posture OR "postural 

balance"[mesh]) AND ("quiet stance" OR standing OR stance OR "quiet stance" OR static) AND 

("postural sway" OR posturography OR "body sway" OR stabilography OR "trunk sway" OR 

"medio-lateral sway" OR "antero-posterior sway"). Relevant studies were identified using 

predefined selection criteria, applied on title and abstract (phase 1) and on full text (phase 2), 

supplemented with reference screening after the second phase. 

RESULTS: A total of 14 studies met the criteria. This review showed three main findings: 1) 

during natural bipedal stance with the eyes open, all studies reported a decrease in postural 

sway with increasing age, with conflicting results on the (non-)linearity of its development, 2) 

with eyes closed, all children show more sway than with eyes open and 3) only four studies 

reported numeric sway values that could serve as reference values, mainly focusing on 

children aged five and older. 

CONCLUSION: Considerable disagreement exists on the (non-)linearity of the development of 

postural sway in children. By choosing arbitrary age categories, it remains unclear between 

which age groups differences are situated. Future research is necessary to determine for 

which age groups age-specific reference values are relevant. 

KEYWORDS:  children, postural sway, “postural balance”, outcome assessment
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INTRODUCTION 
Postural control can be defined as achieving a desired body position (e.g. upright standing) 

and maintaining this position in any static (maintaining a posture) or dynamic (performing a 

motor skill) situation.1 Postural control develops early in life following a specific pattern. In 

infants, as postural reflex activity emerges, righting and orientation of the head and body in 

space is possible. These postural reflexes provide the infant in the first year of life with the 

ability to achieve and maintain several postures, such as sitting and standing independently.2 

A typically developing child is able to stand independently at the age of 12 months.2,3 

However, after the motor milestone of independent stance is reached, further refinement of 

postural control in this specific posture continues to develop during childhood.4-7 Postural 

control plays an important role in child development, as it is a necessity to achieve both new 

postures in early life and more complex motor skills.2,4-7 When postural control does not 

develop adequately, subsequently, overall motor development will be influenced.2,7 

Therefore, to prevent the burden of motor delay, it is of great importance that postural deficits 

are identified early-on.2 

In scientific literature, many authors report use of posturography to quantify postural control 

in children.4-7 Using posturography, the amount of body sway is measured in a certain posture, 

usually standing independently, during a predefined timeframe via registration of 

displacements of the centre of pressure (COP), often in different sensory conditions. This 

assessment tool provides information about the exact motor behaviour (postural sway) of the 

child to preserve his or her balance.4 It allows us not only to quantify the movements of a child 

while it maintains his or her posture, but also, by introducing different sensory conditions, the 

importance of sensory input to maintain a specific posture can be investigated. Therefore, this 

technique has been used to provide insights into developmental changes of postural control 

in standing.4-7  

Two types of posturography should be distinguished: dynamic (e.g. EquiTest, Neurocom, Int., 

moving room) versus static (fixed force plate) posturography.5 In both techniques, the amount 

of sway is measured, but the implementation of sensory perturbations differs.5 For example, 

using the Equitest, visual/proprioceptive perturbations are performed using a sway-

referenced surround/platform and thus depend on the movements of the child.4,5 Another 

example of dynamic posturography, is the moving room, in which sway is measured as a result 

of moving surround often combined with light touch to examine influence of 

visual/proprioceptive information on postural control.5,6 In static posturography sensory 

perturbations are implemented by closing the eyes and/or standing on foam, resulting in the 

two conditions: eyes open/eyes closed and stable ground/foam. When this type of 

posturography is applied, the visual surround and/or platform remain stable, thereby 

providing information on the motor output in the form of postural sway as a result of visual, 

proprioceptive and/or vestibular perturbations.7 Thus, both types of posturography use 

different protocols, resulting in postural sway measures that cannot be compared with each 

other. Also, even though dynamic posturographic techniques have been used to determine 

developmental changes regarding sensory integration of postural control, they require very 
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specific and expensive laboratory-based equipment, whereas static posturography can serve 

as an easy and fast way to determine whether a child possesses sufficient postural control in 

different sensory conditions.  

Static posturography is often used as an outcome measure for the comparison of postural 

control in typically developing children (TDC) and children with underlying pathologies, such 

as developmental coordination disorder.8 Also, several authors have investigated 

developmental changes of postural control during standing in TDC by comparing postural sway 

parameters among different age groups. Taking early identification of postural deficits into 

account, reference values are imperative to determine whether a child shows deviating 

postural control, hence the relevance for mapping reference values for postural sway 

parameters. Therefore, the aim of this review is to map age-related differences in postural 

sway during childhood in TDC, using static posturography and to provide an overview of (age-

specific) reference values that are available in scientific literature.  

Children younger than two years of age show difficulty in standing quietly on demand because 

infancy is an early developmental stage of postural control function, characterized by 

underdeveloped nervous and sensory systems and muscle strength in the lower limbs.7,9 

Therefore, this review aims to include children from the age of two until the age of 18.  

METHOD 

Sources and search strategy 
A search strategy was defined: (children OR child) AND ("postural control" OR "postural 

stability" OR equilibrium OR posture OR "postural balance"[mesh]) AND ("quiet stance" OR 

standing OR stance OR "quiet stance" OR static) AND ("postural sway" OR posturography OR 

"body sway" OR stabilography OR "trunk sway" OR "medio-lateral sway" OR "antero-posterior 

sway"). The search query was ran in 5 databases (Pubmed, Web of Science, ScienceDirect, 

Cochrane Clinical Trials, Medline (Ovid)) November 2nd 2014 and updated twice: March 16th 

2015 and July 20th 2015. No limits were used, except in ScienceDirect: a journal search was 

performed including scientific articles. Mesh terminology was only used in Pubmed. 

Study selection 
Eligibility of the search results was determined by applying the following inclusion criteria: 

1. Participants were TDC from age two until age 18 and adults that served as a control

group. Thus, the data-analysis of the children had to be presented separately from that

of the adults.

2. Minimum two groups of participants (e.g. two groups of TDC or one group of children

and one group of adults) participated and their results were compared, thereby

development of postural sway could be investigated.

3. Postural sway was evaluated using static posturography during bipedal stance on a

force plate, as a single task. Bipedal stance was chosen because this posture can be

assessed in all children from age 2 to age 18.

4. At least differences between age-groups or main effects of age on postural sway, using

global descriptive sway parameters such as COP displacements, had to be reported.
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5. Original articles written in English, Dutch, French or German. 

Screening for relevant studies was done in two phases: application of the predefined inclusion 

criteria on title and abstract (phase 1) and on full text (phase 2). After the second selection 

phase, the references of all included studies were screened and, if eligible for this study, 

included, to ensure that no relevant literature was missed.  

Data-extraction 
Data-extraction consisted of the different age-categories and the corresponding number of 

participants, characteristics of the measurement, conditions in which the parameters for 

postural sway were measured, parameters for postural sway that were measured, and results 

concerning reference values and the influence of age- , condition- and their combined effect 

on postural sway. The most often reported length unit was mm, therefore numeric reference 

values were extracted and, if necessary, units were converted to mm and mm² for spatial 

parameters and mm/s for velocity measures, to allow comparison between different studies. 

No statistical analysis could be performed on the extracted data. Mean values and standard 

deviations of reported sway parameters were plotted according to age. Amplitudes, path and 

area were clustered and referred to as “magnitude of sway” as these parameters provide 

information on the sway magnitude in any direction. Root mean square and velocity were 

categorized as “responsiveness of sway” as these parameters provide information on 

corrective movements.  

RESULTS 

Information sources and search strategy 
The search strategy resulted in 832 hits in all databases. After deduplication, 595 unique hits 

remained, which were screened on title and abstract. After the first screening phase, 50 

studies met the criteria and were taken to screening phase 2, for a more in-depth screening 

on full text. A total of 11 studies was found eligible for data-extraction. Reference screening 

of these 11 studies, revealed an additional three studies, that met the criteria, resulting in a 

net result of 14 studies. The selection procedure is presented in Figure 6.1. 

Data-extraction 

Participants 
All participants of the included literature were children between age 214,15 and 1819,21. Four 

studies examined postural sway in groups with different biological ages10-13 (age 3 to 13) and 

ten studies in groups with different age ranges14-23 (Table 6.1). Seven of the 14 studies 

explicitly reported the children to be healthy, using specific predefined selection criteria to 

exclude children with pathological conditions in which postural control could be 

compromised. Selection criteria of the individual studies are presented in Table 6.2. 
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Ten studies used adults as a control group.10-12,14,16-19,21,23 Most adult groups that were used, 

consisted of adults in their twenties.12,14,16-19,23 Schärli and Hsu also used adults in their 

Table 6.2: Selection criteria as defined by each author. 
Hsu 
2009 

Bair 
2011 

Monteiro 
Ferronato 
2011 

Sakaguchi 
1994 

Wolff 
1998 

Schärli 
2012 

Garcia 
2011 

Balance(-related) deficits 
- No current or past medical

diagnosis or injury affecting
balance

x x x x 

- Absence of neurological disorders x x x x 
- Absence of vestibular disorders x x 
- Absence of musculoskeletal 

disorders
x x x x 

- No symptoms of dizziness or light-
headedness

x 

- no history of two or more 
unexplained falls within the past 6
months

x 

Psychological or mental conditions 
(including depression) 

x x 

Normal vision with or without 
glasses 

x 

Normal motor development during 
infancy as reported by the parents 

x 

Figure 6.1: Flowchart of the selection process of relevant studies.
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thirties.10,21 Riach and Starkes (1994) did not report the age range nor mean age of the adult 

group.11 

Characteristics of the measurement 

Table 6.1 gives an overview of the characteristics of the measurements of each individual 

study regarding foot and arm position, use of visual fixation, the number of trials that were 

recorded and trial duration, whether a try-out trial was allowed and at which sequence 

different sensory conditions (eyes open/eyes closed/stable ground/ foam) were applied. 

1 Parameters for postural sway 

A large variety of parameters for postural sway was used to examine postural control. 

Eight studies reported magnitude of sway: 1) the maximal excursion of the COP in any 

direction (COP_range19), in antero-posterior direction (COP_ap17,20) or in medio-lateral 

direction (COP_ml17,20), 2) the total path of the COP excursion (COP_path18,20) or 3) the total 

area of the COP excursion (COP-area10,14,15,18,20-22). Ten studies investigated responsiveness of 

sway as 1) the root mean square of the deviations from the mean position of the centre of 

pressure in any direction (COP_rms12,13,20,21), in antero-posterior direction (COP_rms_ap23), or 

in medio-lateral direction (COP_rms_ml16,23), 2) a composite velocity measure (COP_v10,11,19) 

or in a specific direction (COP_v_ap22 of COP_v_ml16,22) or 3) root mean square of the 

deviations of the mean velocity of the COP in any direction (COP_v_rms12).  

2 Conditions in which postural control was assessed 

The included studies investigated postural sway in four different conditions: 1) EO: 

standing on stable ground eyes open (with or without visual target)10-23, 2) EC: standing on 

stable ground eyes closed10,11,13-17,18,20-22, 3) FEO: standing on foam eyes open10 and 4) FEC: 

standing on foam with the eyes closed10. Eleven studies investigated differences between the 

conditions EO and EC to determine the influence of visual information on postural 

stability.10,11,13-17,18,20-22 For the influence of proprioception on postural stability, foam was 

used.10 

The effect of condition: EO versus EC 

Vision-related differences are shown in Table 6.3. Overall, all postural sway parameters tend 

to increase when visual information is removed.10,11,12-22 Though investigated in 12 studies, 

only eight studies reported the main effect of vision, showing that all postural sway 

parameters increase significantly when the eyes were closed.11,13-16,17,20,22  

The effect of condition: stable ground versus foam 

Regarding foam, no main effect of foam was reported by Hsu and coworkers.10 
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Table 6.1: Methodological characteristics of the individual studies. 

Author 
 

Age (range) per group (years) with corresponding number of children in each group (N) 
Characteristics of the measurement (barefoot/footwear – 
foot position – arm position – visual fixation – number of 

trials – trial duration – try-out trial – sequence of conditions) 

Conditions 

Sway Parameters 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 ADULTS 

Stable 
ground 

Foam 

EO EC EO EC 

Bair 201116  
3-4 y/o 

N=8 
5-6 y/o 

N=9 
7-8 y/o 

N=9 
          

22.8 (2.3! y/o 
N=9 

feet parallel (2cm separated) – arms freely next to the body – target 
(12x12 cm) at 1.2 m (eye level) – 1 trial – 25 s – 1 try-out trial - 

randomized 

X X   
COP_rms_ml, 

COP_v_ml 

Figura 199112     N=30  N=30  N=30         
22-28 y/o 

N=30 

Gym shoes – feet together – arms freely next to the body – a ruler at 5 
m – 1 trial – 30 s – 1 try-out trial 

X    COP_rms, COP_v_rms 

Garcia 

201122 
   

5-7 y/o 
N=9 

 
9/11 y/o 

N=11 
        

Feet parallel at pelvis width – arms freely next to the body – target 
(3cm diameter) at 1m (eye level) – 3 trials – 30 s – randomized 

X X   
COP_area, COP_v_ml, 

COP_v_ap 

Hsu 200910  N=12 N=43 N=45 N=28 N=21 N=21 N=20 N=19 N=23 N=19       
32.0 (1.0) y/o 

N=23 
1 trial – 60 s  X X X X COP_v, COP_area 

Monteiro 
Ferronato 

201117 

 
3-4 y/o 
N=15 

  
7-8 y/o 
N=15 

  
11-12 y/o 

N=15 
      

24.02 (2.12) y/o 
N=15 

feet parallel, slightly apart –  target (10X10cm) at 1m (eye level) – 10 
trials – 30 s – randomized 

X X   COP_ap,, COP_ml 

Newell 199714 
2-3 y/o 
N=12 

4-5 y/o 
N=12 

             
20.55 (1.24) y/o 

N=12 

Comfortable foot position – arms freely next to the body – target at 
8m (eye level) – 3 trials – 15 s – counterbalanced 

X X   Cop_area 

Riach & Starkes 

198923 
   

5-7 y/o 
N=9 

8-9 y/o 
N=9 

10-12 y/o 
N=9 

      
23.4 (2.52) y/o 

N=9 

Barefoot – feet together – arms next to the body – target at 1.5 m 
(visual angle of 60°) – 1 trial – 10 s – randomized 

X    
COP_rms_ap, 
COP_rms_ml 

Riach & Starkes 

199411 
  N=6 N=8 N=6 N=9 N=8 N=10 N=5 N=13 N=6 N=10      

Not reported 
N=26 

Barefoot – feet together –1 trial – 20 s –randomized X X   COP_v 

Rival 200519    
5-6 y/o 
N=10 

7-8 y/o 
N=10 

9-10 y/o 
N=10 

    
24.3 (0.18) y/o 

N=10 

Barefoot – feet slightly apart – arms freely next to the body  – 5 trials – 
10s 

 X   COP_range, COP_v 

Sakaguchi 

199418 
  

4-6 y/o 
N=21 

7-9 y/o 
N=21 

10-12 y/o 
N=21 

13-15 y/o 
N=21 

16-18 y/o 
N=21 

20-28 y/o 
N=21 

Feet together – arms next to the body – target (5x5 cm) at 1.5m (eye 
level) – 3 trials – 60 s – no try-out trial 

X X   COP_path, COP_Area 

Schärli 

201221 
   

5-6 y/o 
N=16 

7-8 y/o 
N=15 

  
11-12 y/o 

N=14 
      

18-35 y/o  
(26.3 (3.34) y/o) 

N=15 

Barefoot – feet together – arms freely next to the body – target 
(diameter 5cm) at 110cm (eye level) – 1 trial – 30 s – not randomized 

X X   COP_rms, COP_area 

Slobounov & 

Newell 199415 

2-3 y/o 
N=12 

4-5 y/o 
N=12 

              
Barefoot – arms next to the body – target at 8m (eye level) – 3 trials – 

15 s – randomized 
X X   COP_area 

Stambolieva 

201213 
   N=22 N=30 N=29 N=27 N=36 N=32          

Barefoot - 25° angle between the inner  sides, feet 2,5cm apart – arms 
freely next to the body – target at 2m (eye level) - 1 trial – 30 s 

X X   COP_rms 

Wolff 

199820 
   

5-6 y/o 
N=18 

7-8 y/o 
N=16 

9-10 y/o 
N=16 

11-12 y/o 
N=15 

13-14 y/o 
N=12 

15-18 y/o 
N=15 

 

Barefoot – feet at shoulder width – arms freely next to the body – 
target at 6m – 5 trials (5-year-olds) or 10 trails (all other participants) – 

30 s – no try-out trial – not randomized 

X X   

COP_ap, COP_ml, 
COP_rms, COP_path, 

COP_area 

When several conditions are shown, the number of trials described correspond with each condition. 
Abbreviations: N= number of participants; s= seconds; m= meter; (F)EO= (foam) eyes open; (F)EC= (foam) eyes closed; y/o: years old;  
Sway Parameters: COP amplitude: maximal excursion of the COP in any direction (COP_range), in the antero-posterior direction (COP_ap) or mediolateral direction ( COP_ml); COP root mean square: the root mean square of the deviations from the mean position of the center 
of pressure in any direction (COP_rms), in the antero-posterior direction (COP_rms_ap) and in the mediolateral direction ( COP_rms_ml); COP path: the total COP displacement (COP_path); COP area: the area of the mean COP position (COP_area); COP velocity: velocity of the 
COP displacement 
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Age effects in EO and reference values 
Three of the 14 studies reported numeric sway values in the EO condition.10,20,23 An overview 

of these sway values for the different ages or age groups, with corresponding age-related 

differences, is shown in Table 6.3. The other 11 studies investigated main effects of age and 

subsequently reported post-hoc comparison between the age groups to determine age-

related changes in postural sway, without providing numeric sway values.11,12-19,21,22 

Overall, all postural sway parameters tend to decrease with increasing age.10-23 Results 

showed that sway parameters in young children tend to be larger than in older children 

(p<0.05), both in magnitude10,17,21,22 and in responsiveness10,11,16,21-23, which is consistent with 

plotted results in Figure 6.2.  

1 Magnitude of sway 

When compared between children, COP amplitudes are significantly larger in 4-year-

olds compared to 8-year-olds (COP_ap) and 12-year-olds (COP_ap, COP_ml) (p<0.05).17 With 

reference to adults, significantly larger values were found for COP amplitudes in 4-, 8-, 12-

year-olds (p<0.05)17 and for the total COP displacement for children under age 12 (p<0.01)18 

Area of the mean COP position was larger in children under age 8 (p<0.01)21,22 and larger in 8-

year-olds compared to 11-year-olds (p=0.003)21.  Compared to adults, the area of 

displacement of the COP was significantly larger under age 5 (p<0.05)10 and under age 12 

(p<0.05)18,21.  

Even though, 6 studies compared children until age 12 to 13 with adults, only Sakaguchi 

compared postural sway in adolescents older than 13 years old with that of young adults.18 

They stated that sway path and area in their group of 13- to 15-year-olds was no longer 

significantly different from that of adults, but provided no evidence for this statement.  

When standing on foam, Hsu and co-workers (2009), reported that children under age 8 show 

significantly larger sway area (p<0.001) compared to adults (area not reported).  

2 Responsiveness of sway  

Two studies reported deviations from the mean position of the COP to be significantly 

larger under age 8 compared to all older age groups (p<0.05)12,23, whereas Stambolieva and 

co-workers reported 8-year-olds to show more deviation than both younger and older 

children (p<0.05) 13. Significantly larger values were found for deviations from the mean 

position of the COP in children younger than age 8 when compared to adults (p<0.05)12,16,22 

Again, velocity measures in children under 8 years of age are larger than those of older 

children.11,16  With reference to adults, velocity measures in all directions, are significantly 

larger in children under age 7 (p<0.05)10 and under age 11 (p<0.05)12,16.
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Table 6.3: Overview of reference values for postural sway and age-related differences 

Sway 
Parameter 

Author C 
Age (range) per group (years) with corresponding mean (SD) sway values 

AGE DIFFERENCES 
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Adults 

COP_range 
(mm) 

Rival  

200519 

EO   N/A N/A N/A         N/A N/A 

EC   13.43 (0.7) 16.62 (1.6) 11.65 (0.9)         4.02 (0.3) 
Post-hoc:  age 5-6 <  age 7-8, age 5-6 > 

age 9-10 and adults, age 7-8  > age 9-10 
and adults, age 9-10 > adults (p<0.05) 

COP_ap  
(mm) 

Wolff  

199820 

EO   17.8 (8.8) 20.0 (4.7) 20.0 (3.2)  15.6 (4.2)  17.6 (3.8)  16.9 (3.1)   Post-hoc: / 

EC   25.0 (11.1) 23.3 (5.9) 23.3 (5.4) 18.8 (5.5) 19.8 (4.7) 21.3 (5.5)  Post-hoc: / 

COP_ml 
(mm) 

Wolff  

199820 

EO   15.3 (9.1) 15.9 (4.7) 15.8 (3.3) 12.9 (5.6) 12.7 (5.7) 11.5 (5.1)  Post-hoc: / 

EC   20.0 (10.8) 18.4 (6.3) 17.5 (4.6) 14.2 (5.5) 12.8 (4.4) 13.7 (5.3)  Post-hoc: / 

COP_rms  
(mm) 

Wolff  

199820 

EO   5.9 (2.1) 5.1 (1.4) 5.0 (0.8) 4.3 (1.2) 4.4 (1.4) 4.3 (1.0)  Post-hoc: / 

EC   7.2 (2.4) 5.6 (1.6) 5.4 (1.3) 4.5 (1.7) 4.4 (1.2) 4.8 (1.3)  Post-hoc: / 

COP_rms_
ap (mm) 

Riach & 
Starkes 

198923 

EO   6.4 (/)A 5.2 (/)A 4.6 (/)A       3.5 (/)A 
Post-hoc: age 5-7 > 8-9 and 10-12 

(p<0.05)  

EC   N/A N/A N/A       N/A N/A 

COP_rms_
ml (mm) 

Riach & 
Starkes 

198923 

EO   6.9 (/)A 6.6 (/)A 6.0 (/)A       4.7 (/)A 
Post-hoc: children aged 5-7 >> all other 

participants 

 

EC   N/A N/A N/A       N/A N/A 
 

COP_path 
(mm) 

Wolff  

199820  

EO   390 (93) 342 (75) 339 (90) 297 (108) 285 (99) 261 (75)  Post-hoc: / 

EC   555 (156) 435 (114) 435 (117) 357 (99) 360 (111) 339 (99)  Post-hoc: / 

COP_area  
(mm²) 

Hsu  

200910 

EO 1350 (290)A 990 (110)A / / / / / / / /       410 (50)A 3- and 4-year-olds > adults (p<0.05) 

EC 1500 (310)A 1080 (120)A 990 (100)A / / / / / / /       410 (30)A 3-, 4- and 5-year-olds > adults (p<0.05) 

Wolff  

199820 

EO   813 (525)B 576 (246)B 561 (210)B 444 (300)B 423 (264)B 375 (210)B  Post-hoc: / 

EC   1428 (1038)B 822 (423)B 777 (342)B 552 (366)B 540 (318)B 540 (315)B  Post-hoc: / 

COP_v  
(mm/s) 

Hsu  

200910 

EO 25.5 (3.0)A 21.3 (0.9)A 18.3 (0.8)A 18.2 (0.9)A / / / / / /       12.7 (0.8)A 
3-,4-,5- and 6-year-olds > adults (p<0.05) 

7- to 12-year-olds > adults (p>0.05) 

EC / / / / / / / / / /       / Post-hoc: / 

Rival  

200519 

EO   N/A N/A N/A         N/A N/A 

 
EC   49.21 (2.5) 45.72 (2.0) 36.81 (0.9)         22.06 (0.5) 

Post-hoc: age 5-6 > age 7-8 > age 9-10 > 
adults (p<0.05) 

Legend: sway values for each postural sway parameter are presented in the eyes open (EO) and eyes closed(EC) condition categorized according to the investigated age category. When differences between age-groups were reported in the individual studies, boxes 
were colored, with different colors representing significant differences. 
Abbreviations: C: sensory condition; N/A: not applicable as this condition was not assessed;  /: not reported; A cm  and cm² converted to mm and mm²; Bmm/s and mm²/s converted to mm and mm² by multiplying by the duration of the acquisition;  
Sway Parameters: COP amplitude: maximal excursion of the COP in any direction (COP_range), in the antero-posterior direction (COP_ap) or mediolateral direction ( COP_ml); COP root mean square: the root mean square of the deviations from the mean position of 
the center of pressure in any direction (COP_rms), in the antero-posterior direction (COP_rms_ap) and in the mediolateral direction ( COP_rms_ml); COP path: the total COP displacement (COP_path); COP area: the area of the mean COP position (COP_area); COP 
velocity: velocity of the COP displacement 
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When standing on foam, velocity of the mean COP position in children under age 8 was 

significantly higher (p<0.001) compared to adults (velocity: 16.4 (0.6) mm/s). 

Age effects in EC and reference values 

Three of the 12 studies reported numeric sway values in EC condition.10,19,20 Reported sway 

values for the different ages or age groups, with corresponding vision-related differences, are 

shown in Table 6.3.  

With the eyes closed, postural sway decreases with age (p<0.05).10,14,15,18-21 Eight studies 

reported that all sway parameters in young children are significantly larger than in older 

children when the eyes are closed, both in magnitude10,14,15,18,19,20,21 and in 

responsiveness10,19,21,22 (p<0.05), which is consistent with plotted results in Figure 6.2.14,18,19  

1 Magnitude of sway 

Rival and co-workers found that with the eyes closed COP amplitudes increase 

between age 6 and age 8 and decrease again after age 8 (p<0.05), whereas Monteiro 

Ferronato and co-workers reported no interaction effect between age and vision for COP_ap 

and COP_ml.17,19 Area of the mean COP positon was larger in 2-to 3-year-olds compared to 4- 

to 5-year-olds (p<0.01) and in 2- to 5-year-olds when compared to adults (p<0.05).10,14 

Standing on foam with the eyes closed induced significantly larger sway area (p<0.05) in 

children under age 7 compared to adults (area: not reported).10 

2 Responsiveness of sway 

Regarding deviations from the mean position of the COP and total COP displacement, 

no interaction effect was reported between age and vision.13,18,20,21 Bair and co-workers found 

no interaction effect between age and vision for COP_rms.16 Riach and Starkes reported no 

interaction effect between age and vision for velocity measures were found, whereas Rival 

and co-workers found a significant linear decrease with increasing age in the condition EC 

(p<0.01).11,19 

Standing on foam with the eyes closed induced significantly higher velocity measures (p<0.05) 

under age 12 compared to adults (velocity: 23.5 (1.1) mm/s).10 

135



 

Legend: Dots represent mean sway (mm; left vertical axis) and mean age (year; horizontal axis) per age group. Horizontal 

bars show the standard deviation for  age whereas vertical bars show the standard deviation for sway. Right vertical axis 

corresponds with area (magnitude of sway) and with velocity (responsiveness of sway). Path was converted to cm for 

visual purposes. 

Figure 6.2: Reported sway values, shown as magnitude and responsiveness, plotted according to age. 
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DISCUSSION 
The aim of this review was to map age-related differences in postural sway during childhood 

in TDC, using static posturography and to provide an overview of (age-specific) reference 

values that are available in scientific literature. Main findings of this literature review are: 1) 

during natural bipedal stance with the eyes open, all studies reported a decrease in postural 

sway with increasing age, 2) with eyes closed, all children show more sway than with eyes 

open and 3) only four studies reported numeric sway values that could serve as reference 

values, mainly focusing on children aged five and older. 

Natural bipedal stance and age 
Clearly age-related differences were found in the amount of postural sway during natural 

stance. In addition to the reported differences, some authors emphasized the non-linearity in 

development of postural control and identified turning points. A turning point can be defined 

as a certain age (range) where different motor behaviour is observed before and after this age 

(range).  

For example, Stambolieva and co-workers described 8-year-olds to show less sway (COP_rms) 

than younger children and more sway than older children aged 9 and 1013.  On the other hand, 

six studies11,12,16,21-23 reported children under the age of 8 to show significantly larger sway 

than children aged 8 and older. In the group of children under age 8, no consensus exists 

regarding the presence (for COP_rms, COP_v)11,12,16,17 or absence (for COP_rms, COP_v, 

COP_area)13,21-23 of age-related differences in postural sway. These findings seem to suggest 

the emergence of a first turning point regarding postural sway at the age of 8. A second turning 

point seems to occur at age 13. Several ages have been reported regarding when adult-like 

postural responses are observed, from as young as the age of 6 (for sway area) to over the age 

of 12 (for sway velocity).10 But most studies found age differences in postural sway up until 

the age of 12.12,16-18,21 So, from the age of 13, children seem to reach adult-like responses 

during natural bipedal stance, suggesting a second turning point. Nevertheless, only one study 

did compare adult performances with performances of adolescents, but reported no numeric 

sway values or p-values to provide evidence of differences between adolescents and adults.18  

Despite these suggestions in literature, based on the sway values that were plotted in Figure 

6.2, the existence of turning points cannot be confirmed, as sway values appear to decrease 

gradually with increasing age. Thus, even though the ages of 8 and 13 might seem a turning 

point, further research on their existence and the exact age of their occurrence should be 

performed, preferably in a sufficiently large sample of children, adolescents and adults. 

Sensory perturbation and age 
As could be expected, standing with the eyes closed, induced significantly more sway in all 

children.11,13-15,17,20-22 With the eyes closed, sway velocity, area and amplitude range decreased 

significantly with increasing age.14,19  

However, different studies that investigated age-related changes in the eyes closed 

condition10,18,19,21 used different statistical procedures. Five studies investigated interaction 

effects between age and vision and only Newell14 found a significant interaction effect for 
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COP_area. In the other four studies no interaction effect was found11,16,17,22, thereby 

suggesting that the effect of eye closure was the same across all age groups. On the other 

hand, four studies compared the amount of sway between age groups in the EC condition and 

found significant differences between the age groups.10,18,19,21 Thus, based on these results, 

postural sway seems to show a gradual decrease with increasing age in the EC. However, 

results seem to depend on the applied statistical analysis (comparison of conditions rather 

than main and interaction effects of age and vision)10,18,21 or protocol (measures of sway 

exclusively in EC)19. Therefore at this time no conclusions can be drawn regarding the 

combined influence of age and vision on postural sway. Further research on this topic is 

necessary to determine the actual effect of both age and removal of visual information on 

sway in children.  

Few data are available regarding the effects of somatosensory perturbation in children. Only 

one study applied foam in their protocol. Even though it is clear from their results that children 

younger than 12 have significantly larger sway on foam than adults, they did not investigate 

the main effect of foam and its interaction effects with vision and age.10 

Reference values 
Only four studies reported reference values in TDC, of which 1 study provided reference values 

per biological age10, whereas 3 studies reported values for age-groups19,20,23. Furthermore, 

different studies used different sway parameters. This resulted in numeric reference values 

for amplitude, deviations of the mean position and total displacement based on data of only 

one study. Two studies reported numeric values on area and velocity.  Moreover, numeric 

sway values for children under age five have been reported by only one study, which were 

limited to area and velocity.10 Thus, reference values are available but for a mix of biological 

ages and age-groups.  

None of the studies used cluster classification to justify the age groups they created, which 

implies that these age groups were a result of convenience and thereby developmental 

changes might be missed. Due to developmental progressions regarding motor development, 

it could be expected that differences among biological ages could exist, but might remain 

unrevealed as a result of choosing arbitrary age categories. Therefore, the reference values as 

currently available in literature are insufficient. Further research on this topic is necessary to 

determine whether reference values based on biological age are necessary in children and if 

not, which biological ages can be considered one group. Especially in children under age five 

numeric sway values for other parameters than velocity and area should be determined.  

Measurement characteristics 
An inventory of the measurement characteristics showed considerable differences in the 

applied protocols. These differences could partially explain the inconclusive results regarding 

age-related changes in postural sway during natural stance in younger children.  

For example, the foot position varied from feet together (n=4), feet parallel with either 2 cm 

apart or “slightly apart” (n=2), feet parallel (n=3), comfortable foot position (n=1), feet at 

shoulder width (n=1) or at pelvis width (n=1) or undefined (n=2). The position of the feet 

138



however might have a large impact on the amount of sway, as it directly influences the limits 

of stability. Theoretically, also the arm position might influence the results, but 11 out of 14 

studies reported the arms to be freely next to the body whereas the 3 remaining studies did 

not define the arm position. Therefore, arm position is probably not a confounding factor in 

this literature review.  

Twelve out of fourteen studies reported use of a visual target with varying distances of 1 to 8 

meters at eye level or 60° visual angle. Riach and Starkes (1989) showed that using a visual 

target results in a significant decrease of postural sway and therefore plays an important role 

when comparing sway results. This might be related to the enhanced motivation and 

concentration that is introduced in younger children.24  

Regarding trial duration, most studies recorded sway during 30 seconds, but data recording 

was also reported to last 10, 15, 20, 25 and 60 seconds. Longer timeframes for data recording 

are more challenging for younger children to maintain their position, but might provide a more 

realistic estimation of the child’s motor abilities. Shorter timeframes on the other hand, might 

overestimate a child’s motor ability. Thus, recording time might be a confounding factor in 

this review, especially in younger children. Thereby it might partially explain the inconclusive 

results in children under age 8.  

Finally, the sequence in which several tasks are presented to a child, could influence their 

performance (e.g. due to fatigue), especially when more than one trial in more than one 

condition is being recorded. Therefore, randomization of the conditions seems the most 

appropriate measuring technique to investigate the condition-related changes on postural 

sway. However, only 6 studies reported randomization of conditions. 

Implications for future research and clinical practice  
This review provides valuable information highlighting the lacunas and conflicting results in 

literature on development of postural sway in children. Furthermore, the limited availability 

of reference values for postural sway in age-specific categories is pointed out.  

Although several studies have investigated development of postural sway in children, 

considerable disagreement exists on its (non-)linearity. Clearly, postural sway decreases with 

increasing age, but whether this decrease emerges as turning points or as a gradual decrease 

remains unclear. This could be due to the choice of the age categories under investigation, 

which was done arbitrary. Accurate documentation of these developmental changes however, 

is of paramount importance for the determination of reference values. Up until now, only four 

studies reported numeric sway values that could be used as reference values, mainly in 

children aged five and older, suggesting 1) far more research is necessary in children younger 

than age 5 and 2) future research is necessary to determine whether reference values are 

relevant for each biological age or whether age groups can be constructed. Future studies 

should consider performing cluster classification to objectively determine age groups differing 

in postural sway. To enhance application of previous research into clinical practice the authors 

recommend to report actual numeric sway data. 

The influence of sensory perturbations has been investigated mainly for eyes closed. Although 

one study applied foam conditions with eyes open and closed and compared the amount of 
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sway between age groups, no interaction effects were investigated. To address use of sensory 

information and the development of sensorimotor integration in children, several conditions 

need to be compared, e.g. EO, EC, FEO, FEC. Use of these different conditions allows to 

determine main effects of vision and surface and their interaction effects. Apart from 

providing insights into sensorimotor development in children, this information is important 

when investigating balance in children with underlying pathologies since poor performance 

might be either related to immaturity of postural control or to the underlying pathology. 

As measurement characteristics can influence the amount of body sway, some considerations 

can be taken into account. Preferably, these conditions should be applied in a randomized 

sequence to prevent distortion of results due to fatigue in the more difficult conditions. In the 

EO a visual target should be used to enhance attention and motivation (especially in young 

children). As the first 10 seconds of each trial should be discarded to avoid transients, time 

recordings should at least comprise 30 seconds. 

CONCLUSION  
Postural sway decreases with increasing age, both with eyes open and eyes closed. However, 

Although considerable disagreement exists on whether this development occurs linearly or 

whether turning points can be identified. As static posturography is an often applied 

technique to determine whether a child shows deviating postural control, accurate reference 

values are indispensable. Current information in literature is disperse using different measures 

and different age-categories, making it difficult to establish clear cut-off values for normal 

postural sway at a certain age. Future research is necessary to gather reference data and 

determine relevant age categories, using adequate and transparent methodology. 
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ABSTRACT 

OBJECTIVES: The present study aimed to investigate age-related differences of postural sway 

in 3- to 6-year-old typically developing children in different sensory conditions and 

subsequently to provide reference values for global descriptive sway parameters in 

preschoolers. 

METHODS: Ninety-six typically developing children, between three and five years of age, 

participated in this cross-sectional study. Postural sway was measured for 40 seconds in four 

conditions (eyes open/eyes closed on stable ground/foam) by using a force plate. Global 

descriptive sway parameters were calculated and analysed using a 2x2x3 (surface x vision x 

age group) MANOVA (p<0.05) in the children that were able to complete the task (40 seconds). 

RESULTS: When sensory information was altered, a significantly smaller number of 3- and 4-

year-olds was able to complete the task. Significant main effects of vision (p<0.05), surface 

(p<0.001) and an interaction effect between vision and surface (p<0.05) on all postural sway 

parameters were found. A significant main effect of age was found for antero-posterior 

amplitude (p=0.047), medio-lateral root mean square (p=0.012) and area (p=0.009) between 

3- and 5-year-olds and 4- and 5-year-olds. No interaction effects (surface x vision x age group)

were found.

CONCLUSIONS: During natural stance, the amount of postural sway distinguishes five-year-

olds from three- and four-year-olds, highlighting the need for age-specific reference values for 

specific balance-related sway parameters (e.g. RMS_ml). Regarding test conditions with 

altered sensory input, a larger number of 5-year-old children is able to perform more difficult 

tasks. Nevertheless, if 3- or 4-year-olds are able to perform the more difficult tasks, their 

performance can be compared to the older children. 

KEYWORDS: child, "postural balance"[mesh], "postural sway", posturography, "child 

development"[mesh], "references values"[mesh]
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INTRODUCTION 
To achieve and maintain an upright standing position, sufficient postural control is required.1,2  

Postural control can be defined as achieving a desired body position, such as upright standing 

and maintaining this position in any static (maintaining a posture) or dynamic (performing a 

motor skill) situation.1-4 Therefore, postural control is a necessity to ensure stability of the 

body during widely differing motor tasks allowing skilled movement.2 This requires perception 

of body and head position in space in relation to the environment, as well as perception of the 

position of body segments in relation to each other based on sensory information.1-4 This 

information, obtained through the auditory, visual, vestibular and somatosensory systems, is 

processed in the brain, involving the selection of an appropriate balance strategy leading to 

an adequate motor output.1 This output is provided by the motor system, which is responsible 

for the activation of the appropriate movement patterns in response to perturbations of 

balance.3-5 The assessment of postural control in children can be performed in different ways, 

varying from functional to technical approaches, and is of great importance because it 

provides information on functioning and motor development.2,3 Functional tests assess the 

ability to perform a task, but in contrast to technical tests, they do not quantify the 

movements of a child while it maintains his or her posture nor do they provide information on 

the influence of sensory input.6 The most common technical measure of postural control is 

the characterisation of postural sway by measuring centre of pressure (COP) displacements. 

This technique has two main advantages compared to the functional tests: 1) measuring 

postural sway ensures a very accurate quantitative measure (COP displacement) of 

maintaining a certain posture during a certain timeframe and 2) environmental factors, that 

challenge different sensory systems, can be easily implemented in the test battery (e.g. 

measuring postural sway with eyes open/closed on a firm/foam surface).7 To investigate the 

role of sensory information in postural control several approaches have been reported in 

literature. Furthermore, opinions differ on its development in children. Forssberg & Nashner 

(1982) stated that it is probably sensory integration that occurs during development of 

postural control, rather than the dominance of a specific modality, as was reported by 

Shumway-Cook (1985).8,9 Sensory integration refers to reweighting multiple sensory inputs to 

maintain one’s posture.8,10,11 To assess sensory integration, Foudriat (1993) applied the 

Sensory Organization Test in children, in which sway- and/or visual referencing can be used to 

alter sensory input. This test examines a child’s ability to integrate multiple sensory inputs for 

postural control.12 However, according to Bair and colleagues (2007), this technique would 

not be sufficient to quantify the sensory fusion process. They stated that the most adequate 

way to evaluate sensory integration during postural control, is by using a moving room.10 

Several recent studies have shown indeed, that this type of assessment actually provides 

information on sensory reweighting during postural control.10,11 Nevertheless, moving room 

assessment requires specific and expensive equipment. From a clinical point of view, an easily 

applicable and fast way to determine whether a child’s postural control is sufficient, would be 

enough. Therefore, static posturography, measuring spontaneous postural sway, in which 

global descriptive sway parameters (e.g. sway amplitude and sway velocity) are measured and 
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this in different sensory conditions (e.g. standing with eyes open or closed on stable ground 

or foam) could provide enough information to determine whether a child’s postural control 

deviates from what is normal. 

In previous studies, different age categories have been investigated and all authors suggest 

that an important first transitional phase with regard to the amount of postural sway occurs 

in young children.13-16 The exact age of these young children, however, varies depending on 

the investigating authors. A literature review on reference values and developmental changes 

of postural sway during bipedal stance, revealed that preschoolers (children between the ages 

three and six) are usually addressed as one group, and that reference values for postural sway 

parameters in this group are scarce.13,17-21 Due to developmental changes in postural control 

during the preschool years, it could be expected that age-related differences of sway 

parameters can be identified, hence the relevance for age-specific reference values. Therefore 

the aim of this study is twofold: 1) to investigate age-related differences of postural sway in 

3- to 6-year-old typically developing children in different sensory conditions and 2) to provide 

reference values for global descriptive sway parameters in preschoolers. It is hypothesized 

that postural sway measures will differ between 3-, 4- and 5-year-olds, reflected by a decrease 

in the amount of sway with increasing age. Also, withdrawal or alteration of specific sensory 

information is expected to disturb younger children significantly more than older children, 

leading to increased sway.  

METHODS 

Participants 
A cross-sectional study was performed investigating postural sway in a sample of 96 children, 

consisting of three-year-olds (43.2 (3.9) months), four-year-olds (53.2 (3.8) months) and five-

year-olds (64.8 (3.3) months). The children were recruited from three regular preschools in 

the city of Antwerp, Belgium. Data were collected between October 2013 and April 2014. This 

study was approved by the local ethical committee of the University of Antwerp 

(B300201316328). Prior to the assessment of postural sway, a questionnaire was completed 

by the parents, which was used to identify the presence of developmental problems and to 

map features of the child’s birth, use of aids such as glasses, orthoses and cochlear implants. 

Children were excluded from the study if they had any known developmental or neuromotor 

disorder, severe visual or hearing impairment, used aids (except for glasses), had cochlear 

implantations, or when there was a lack of cooperation. 

Test Procedure and protocol 
To examine postural sway during upright bipedal stance, subjects stood barefoot on a force 

plate (0.4 x 0.5m, 1000 Hz, model OR 6-5-2000, Advanced Medical Technology Inc., 

Massachusetts, USA), with a standardized distance of 10 cm between the medial borders of 

the feet, for 40 seconds watching a film (iPad 2, 9.7 inch multi-touch screen) at eye level or 

with their eyes closed. Postural sway was measured in four non-randomized test conditions:  

condition 1: EO; standing on firm surface with eyes open  
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condition 2: EC; standing on firm surface with eyes closed 

condition 3: FEO; standing on a foam with eyes open  

condition 4: FEC; standing on a foam with eyes closed  

During each trial the subjects were asked to keep both arms along their body and stand as still 

as possible. A medium density foam pad (12 x 45 x 45 cm, NeuroCom International Inc., 

Clackamas, USA; 60 kg/cm³) was used in conditions 3 and 4. Each condition was explained in 

advance to each child and performed once as single trial measurements for postural sway 

have been shown to provide a representative sample of postural control in children.22 The trial 

was stopped if the child didn’t understand or didn’t follow the instructions, only then a second 

trial was performed. All subjects were permitted to rest between trials or conditions. Two 

therapists (EV, PHLC) tested all subjects. Throughout the entire test, one investigator stayed 

close to the subject to prevent falling, without interfering with his/her performance. The 

children were verbally encouraged by the investigator if needed. 

Variables of interest 
Demographic data (age, gender, height, use of aids) were used to describe the sample. The 

COP positions were calculated from the ground reaction forces (Fx, Fy, Fz) and appropriate 

moments of force around the x (Mx) and y (My) axes using formula 1 and 2 (Table 7.1). The 

first ten seconds of each trial were discarded to avoid transients23, leaving 30 seconds for 

analysis. 

Table 7.1: Overview of the formulas that were used to calculate postural sway parameters (amplitude, 
velocity, root mean square and path). 

𝐶𝑂𝑃𝑥 =  
−𝑐1∗𝐹𝑥−𝑀𝑦

𝐹𝑧
+ 𝑎1 (1)  1 

𝐶𝑂𝑃𝑦 =  
−𝑐1∗𝐹𝑦+𝑀𝑥

𝐹𝑧
+ 𝑏1 2 

𝐶𝑂𝑃_𝑎𝑝 = max(𝐶𝑂𝑃𝑦) − min (𝐶𝑂𝑃𝑦)  (3) 3 

𝐶𝑂𝑃_𝑚𝑙 = max(𝐶𝑂𝑃𝑥) − min(𝐶𝑂𝑃𝑥 )       4 

𝐶𝑂𝑃𝑣_𝑎𝑝 =  
∑ |𝐶𝑂𝑃𝑦(𝑖+1)−𝐶𝑂𝑃𝑦(𝑖)|∗𝐹𝑛

𝑖=1

𝑛
5 

𝐶𝑂𝑃𝑣_𝑚𝑙 =  
∑ |𝐶𝑂𝑃𝑥(𝑖+1)−𝐶𝑂𝑃𝑥(𝑖)|∗𝐹𝑛

𝑖=1

𝑛

6 

𝐶𝑂𝑃_𝑟𝑚𝑠_𝑎𝑝 =  
√∑ (𝐶𝑂𝑃𝑦(𝑖)−𝐶𝑂𝑃𝑦̅̅ ̅̅ ̅̅ ̅̅ )²𝑛

𝑖=1

𝑛

7 

𝐶𝑂𝑃_𝑟𝑚𝑠_𝑚𝑙 =  
√∑ (𝐶𝑂𝑃𝑥(𝑖)−𝐶𝑂𝑃𝑥̅̅ ̅̅ ̅̅ ̅)²𝑛

𝑖=1

𝑛

8 

𝐶𝑂𝑃_𝑝𝑎𝑡ℎ = ∑ √(𝐶𝑂𝑃𝑥(𝑖 + 1) − 𝐶𝑂𝑃𝑥 (𝑖))
2

+ (𝐶𝑂𝑃𝑦(𝑖 + 1) −  𝐶𝑂𝑃𝑦(𝑖))
2

𝑛
𝑖=1 9 

Legend: 
The position of the true origin (a1,b1,c1). 
n = number of data points in a trial, F = measurement frequency 
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The COP amplitudes in antero-posterior (COP_ap) and medio-lateral directions (COP_ml), 

velocities (COPv_ap, COPv_ml), root mean squared error (RMS_ap, RMS_ml) and path 

(COP_path) were calculated using a custom made Matlab scripts (version 2013b for Windows, 

Mathworks) based on formula 3 - 9 according to Duarte & Freitas (Table 7.1).24 A second order 

low pass butterworth filter with a cut-off frequency of 12,5 Hz was used for filtering the COP. 

The area was calculated by fitting an ellipse that corresponds with 85% of the surface COP 

points, according to the method described by Oliveira, using Principal Component Analysis 

(PCA).25 With PCA the direction of the principal axis is defined as the axis of the first 

eigenvector of the covariance matrix.25 The direction of the minor axis (orthogonally 

positioned to the principal axis) is defined by the second eigenvector.25 The Romberg Quotient 

(RQ) of each parameter was calculated on firm surface by dividing its value in the EC condition 

by its value in the EO condition. Similarly, a RQ was calculated for FEC over FEO conditions. A 

RQ value of 1 would indicate similar performance in EC and EO, a value >1 indicates relatively 

more sway in the EC. 

Normalisation of global sway descriptors 
In order to minimise inter-individual differences in the amount of postural sway due to 

growth, the formulas described by Hof (1996) to correct gait parameters for participants’ 

stature were adapted, which is valid in walking but also applies to postural sway.26,27 In 

postural sway assessment, the movement of the centre of mass with the feet serving as a fixed 

pivot point, is being measured indirectly using the COP. COP amplitudes, path and RMS were 

divided by the subject’s height. Velocities were divided by √(9,81*height) and COP area was 

divided by squared height.26 This way, non-dimensional values were obtained for all postural 

sway parameters.  

Statistical analysis 
Data were statistically analysed when the child was able to perform the task during 40 

seconds, meaning they either passed or failed the condition and only the data of those who 

passed were analysed. Statistical analyses were conducted using SPSS (IBM SPSS statistics 22) 

for Windows. A Kolmogorov-Smirnov test was used to test the data for normality. Chi Square 

test was used to identify significant differences in the proportion of children that were able to 

complete the altered sensory conditions. A 2x2x3 (surface x vision x age group) multivariate 

general linear model was used to test the effects of age and perturbations of sensory 

information (vision, somatosensory information) on postural sway. A two-way analysis of 

variance was used to test for the effects of age and surface on the RQ. Post-hoc pairwise 

comparisons (independent Student t-tests) were performed with Tukey’s test to determine 

differences between age groups. Statistical significance was set at p<0.05.  
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RESULTS 

Participants 
The study sample consisted of 96 children, of which 17 were excluded from data-analysis (3 

due to technical issues and 14 because of software problems). Thus, data of 79 children are 

presented, classified into three age groups: 3-year-olds (n=24), 4-year-olds (n=27) and 5-year-

olds (n=28). Table 7.2 presents the descriptive characteristics of the sample.  

Variables of interest 
Figure 7.1 shows the percentage of children that completed the different conditions. All 

children (100%) were able to perform the EO condition. With the 3-year-olds, 79.2% was able 

to perform EC, 83.3% FEO and 54.2% FEC. With the 4-year-olds, 85.2% was able to perform 

EC, 81.5% FEO and 74.1% FEC. With the 5-year-olds, 92.9% was able to complete EC, 89.3% 

Table 7.2: Descriptive characteristics of the participants (number of children of whom the results were analyzed, 
age, gender, body height and use of glasses). 

Age Group 3 year-olds 4 year-olds 5 year-olds 

Number of children (n) 24 27 28 

Mean age (SD) (months) 43.2 (± 3.9) 53.2 ± 3.8 64.8 ± 3.3 

M/F (n) 13/11 11/16 16/12 

Mean body Height (SD) (m) 0.999 ± 0.042 1.069 ± 0.059 1.139 ± 0.041 

Use of glasses (n) 1 0 3 
Legend: n= number of children, M= male, F= female, m= meter, SD= standard deviation

Figure 7.1: Overview of the percentage of children that were able to complete each condition (Eyes Open (EO): 
standing with eyes open on stable ground, Eyes Closed (EC): standing with eyes closed on stable ground, Foam 
Eyes Open (FEO): standing with eyes open on foam, and Foam Eyes Closed (FEC): standing with eyes closed on 
foam) presented per age category (3, 4 and 5-year-olds). A condition was considered to be completed if the 
child was able to perform the task during 40 seconds without losing balance. Losing balance was defined as 
falling or the presence of protective reactions to prevent a fall. 
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FEO and 85.7% FEC. Chi Square showed significant differences between observed and 

expected values (if age had no effect) in 3 and 4-year-olds for EC (p=0.021) and FEC (p<0.001). 

Figure 7.2 shows the effects of vision, surface and age on postural sway controlled for body 

height. Main effects of vision (p<0.05) and surface (p<0.001) on all postural sway parameters 

were found. Occlusion of vision and standing on foam increase postural sway values(figure 2). 

Furthermore, an interaction effect between surface and vision for all parameters (p<0.05) was 

found. When surface and vision were perturbed simultaneously, sway increased even more. 

A significant main effect of age was found for COP_ap (p=0,047), COP_rms_ml (p=0.012) and 

COP_area (p=0.009). Post-hoc pairwise comparison showed significant differences between 

3- and 5-year-old children (COP_rms_ml: p=0.004; COP_area: p=0.006) and between 4- and 5-

year-old children (COP_ap: p=0.026; COP_rms_ml: p=0.012; COP_area: p=0.015). No 

interactions were found between age-surface, age-vision or age-surface-vision.  

Romberg quotient (RQ) 
Figure 7.3 shows the variation of the RQ based on the age categories. No main effect of age 

(p>0.05) was found for both ratios (EC/EO; FEC/FEO). The RQ of all parameters on stable 

ground differ significantly from the RQ on foam (p<0.05). No interaction effect between age 

and surface was found. Mean values and standard deviations for the RQ, classified according 

to age and the whole group of preschoolers, are presented in Table 7.3. 
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Figure 7.3: Shows the variation of the Romberg quotients based on the age categories for the Root Mean Square or 

standard error (Cop_rms_ml) and the area (Cop_area) of the mean position of the center of pressure. Romberg 

quotients are shown as the ratio EC/EO (stable ground) and FEC/FEO (foam). 
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Figure 7.2: Shows the effect of age, vision and foam on COP amplitudes in antero-posterior (ap) direction, normalised for body height. Figure 2A presents the effect of eyes 

open/eyes closed on stable ground and on foam in the total group of preschoolers. In figure 2B, the amount of COP amplitudes in ap direction is shown for each biological 

age with eyes open/eyes closed on stable ground and on foam. 
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2A. Effect of vision and foam on postural sway in 3 to 6-year-

old children. 

2B. Effect of age and vision/foam on postural sway. 

Stable ground Foam 
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Reference values 
Table 7.3 provides an overview of the unadjusted postural sway parameters, in each condition 

classified according to age and the whole group of preschoolers.  

Table 7.3: Overview of mean values and standard deviations for postural sway parameters unadjusted for body height 
(displacement, velocity, standard error, path and area) in each condition (Eyes Open (EO): standing with eyes open on stable 
ground, Eyes Closed (EC): standing with eyes closed on stable ground, Foam Eyes Open (FEO): standing with eyes open on 
foam, and Foam Eyes Closed (FEC): standing with eyes closed on foam), presented per age category (3, 4 and 5-year-olds).  

 
        Task   

Age 
Eyes Open Eyes Closed 

Foam, Eyes 
Open 

Foam, Eyes 
Closed 

Romberg Quotient 

Number of children able 
to complete the task 

(n,%) 

3-year-olds 24 (100%) 19 (79%) 20 (83%) 13 (54%) 

EC/EO FEC/FEO 4-year-olds 27 (100%) 23 (85%) 22 (81%) 20 (74%) 

5-year-olds 28 (100%) 26 (93%) 25 (89%) 24 (86%) 

Mean Cop_ap (mm) 

3- to 5-year-olds 26.2 ± 17.1 26.7 ± 14.9 42.1 ± 54.8 54.8 ± 25.9 1.23 ± 0.64 1.49 ± 0.45 

3-year-olds 24.0 ± 13.6 25.8 ± 11.1 36.6 ± 12.6 46.8 ± 16.7 1.33 ± 0.54 1.34 ± 0.38 

4-year-olds 22.4 ± 12.7 B 20.7 ± 11.0 39.3 ± 14.9 52.9 ± 20.0 1.09 ± 0.37 1.42 ± 0.32 

5-year-olds 31.8 ± 22.1B 32.7 ± 18.1 49.0 ± 38.6 60.8 ± 32.8 1.27 ± 0.86 1.65 ± 0.55 

Mean Cop_ml (mm) 

3- to 5-year-olds 24.5 ± 15.7 27.7 ± 17.9 41.0 ± 30.2 56.7 ± 22.3 1.27 ± 0.57 1.66 ± 0.59 

3-year-olds 21.7 ± 11.1 23.9 ± 14.6 32.5 ± 10.2 49.2 ± 12.9 1.26 ± 0.52 1.65 ± 0.56 

4-year-olds 18.6 ± 9.3 25.7 ± 14.6 38.4 ± 18.7 58.5 ± 22.0 1.37 ± 0.46 1.67 ± 0.61 

5-year-olds 32.4 ± 20.4 32.3 ± 21.8 50.1 ± 44.4 59.2 ± 26.1 1.19 ± 0.69 1.65 ± 0.61 

Mean Cop_path (mm) 

3- to 5-year-olds 380 ± 195 425 ± 206 689 ± 514 1036 ± 515 1.22 ± 0.39 1.70 ± 0.41 

3-year-olds 345 ± 145 380 ± 150 597 ± 245 914 ± 449 1.23 ± 0.36 1.47 ± 0.28 

4-year-olds 328 ± 117 409 ± 179 658 ± 340 1146 ± 674 1.29 ± 0.29 1.76 ± 0.46 

5-year-olds 459 ± 261 474 ± 256 789 ± 750 1011 ± 382 1.16 ± 0.49 1.77 ± 0.39 

Mean Cop_v_ap (mm/s) 

3- to 5-year-olds 11.1 ± 6.0 11.5 ± 5.6 20.3 ± 14.5 29.5 ± 16.6 1.14 ± 0.38 1.63 ± 0.48 

3-year-olds 10.2 ± 4.6 10.7 ± 3.2 18.4 ± 7.8 26.9 ± 14.3 1.21 ± 0.38 1.40 ± 0.28 

4-year-olds 9.9 ± 3.7 10.4 ± 4.5 20.0 ± 11.0 32.6 ± 21.8 1.13 ± 0.25 1.66 ± 0.45 

5-year-olds 13.1 ± 8.1 13.0 ± 7.3 22.3 ± 20.4 28.3 ± 12.6 1.10 ± 0.47 1.74 ± 0.56 

Mean Cop_v_ml (mm/s) 

3- to 5-year-olds 12.8 ± 7.3 15.2 ± 8.3 23.8 ± 20.0 36.6 ± 18.2 1.28 ± 0.42 1.77 ± 0.47 

3-year-olds 11.5 ± 5.4 13.0 ± 7.3 19.9 ± 8.5 32.2 ± 16.4 1.21 ± 0.31 1.56 ± 0.32 

4-year-olds 10.7 ± 5.1 15.1 ± 7.5 22.3 ± 12.0 41.0 ± 23.6 1.41 ± 0.35 1.85 ± 0.53 

5-year-olds 15.8 ± 9.5 16.8 ± 9.6 28.1 ± 29.6 35.4 ± 13.3 1.21 ± 0.53 1.83 ± 0.47 

Mean Cop_rms_ap (mm) 

3- to 5-year-olds 4.7 ± 2.8 5.1 ± 2.7 7.7 ± 3.9 10.0 ± 4.0 1.22 ± 0.57 1.44 ± 0.40 

3-year-olds 4.5 ± 2.3 5.0 ± 2.4 6.7 ± 2.4 8.6 ± 2.5 1.33 ± 0.61 1.30 ± 0.33 

4-year-olds 4.0 ± 1.8 4.1 ± 2.2 7.3 ± 2.7 9.9 ± 3.9 1.16 ± 0.87 1.41 ± 0.29 

5-year-olds 5.8 ± 3.5 5.9 ± 3.0 8.8 ± 5.5 10.8 ± 4.5 1.19 ± 0.64 1.54 ± 0.50 

Mean Cop_rms_ml (mm) 

3- to 5-year-olds 4.6 ± 3.0 5.2 ± 2.9 7.3 ± 4.3 10.1 ± 3.5 1.26 ± 0.45 1.59 ± 0.49 

3-year-olds 4.1 ± 2.2 4.4 ± 2.4 5.9 ± 2.0 8.8 ± 2.0 1.27 ± 0.42 1.62 ± 0.52 

4-year-olds 3.4 ± 1.7B 4.8 ± 2.4 6.7 ± 2.1 10.4 ± 4.1 1.39 ± 0.39 1.60 ± 0.48 

5-year-olds 6.2 ± 3.7B 6.1 ± 3.4 8.9 ± 6.2 10.6 ± 3.6 1.13 ± 0.50 1.55 ± 0.50 

Mean Cop_area (mm²) 

3- to 5-year-olds 316 ± 422 362 ± 380 803 ± 1102 1301 ± 859 1.64 ± 1.18 2.31 ± 0.94 

3-year-olds 241 ± 250A 284 ± 260 491 ± 298 924 ± 493 1.82 ± 0.99 2.20 ± 1.04 

4-year-olds 167 ± 136B 264 ± 226 613 ± 391 1323 ± 951 1.66 ± 0.87 2.25 ± 0.75 

5-year-olds 524 ± 609A,B 507 ± 508 1219 ± 1685 1478 ± 897 1.50 ± 1.52 2.42 ± 1.05 

Legend: Cop: centre of pressure, ap: displacement in antero-posterior direction, ml: displacement in medio-lateral direction, v: velocity of the 
Cop, rms: root mean square or standard error. A significant differences between 3- and 5-year-olds (p<0.05); B significant differences between 
4- and 5-year-olds (p<0.05). Underlined values are significantly different from each other among the whole group of preschoolers. 
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DISCUSSION 
The aim of this study was twofold: 1) to investigate age-related differences of postural sway 

in 3- to 6-year-old typically developing children in different sensory conditions and 2) to 

provide reference values for global descriptive sway parameters in preschoolers. These aims 

were achieved by recording the amount of sway during 40 seconds with eyes open/closed on 

firm/foam surface in different age-groups. Main findings are: 1) age-related differences were 

found during natural stance for specific spatial parameters (COP_rms_ml, COP_area and 

COP_ap), 2) sensory perturbations increase postural sway parameters in all preschoolers, 3) 

perturbing both vision and somatosensory information effects postural sway more than 

perturbing only 1 of the 2 sensory systems (interaction effect) and 4) three- and four-year-

olds, who are able to perform FEO or FEC, show similar amounts of sway compared to five-

year-olds. 

In contrast to what we expected, based on what has been previously reported in literature, all 

sway parameters, even when normalised for body height, tend to increase with age. 

Nevertheless, only significant differences were found for the spatial parameters, that 

distinguish the 5- from the 3-year-olds (COP_area) and the 5- from the 4-year-olds (COP_ap, 

RMS_ml and COP_area). Thus, sway velocity seems similar in all age groups, but the sway 

amplitude increases with age. Because all postural sway data were normalised for body 

height, the relative differences that were found between 3-, 4- and 5-year-olds cannot be due 

to the base of support and thus potential larger limits of stability. Based on our data, this 

increase of sway in 5-year-olds, cannot be explained. Further research is necessary to address 

this result. Regarding the limited number of sway parameters in which differences were found 

among preschoolers, in literature, COP_rms_ml has been reported as a general index for 

postural control (especially in different sensory conditions).21 Therefore, the differences in 

COP_rms_ml, that we found between 4- and 5-year-olds, seem to imply an actual difference 

in postural control. 

All postural sway parameters increased significantly by restricting vision, challenging 

proprioceptive information and the combination of both. These findings are consistent with 

the literature, despite differences in protocol such as computerised dynamic posturography 

(EquiTest, Neurocom, Int).12,14,15 Here, the use of proprioceptive/visual information is 

challenged using a sway-referenced platform/surround and thus depend on the movements 

of the child.12,14,15 Hsu and colleagues, like us, used static posturography in 3 to 12-year-old 

children. At 12 years of age mature postural sway can be expected in altered sensory 

conditions, characterised by a decrease in both the amount of sway and in variability of sway 

patterns.13 Even though they were able to determine the transition from child-like to adult-

like postural responses, they did not compare among children. Additionally, Romberg 

Quotients (RQ) were calculated to determine the influence of vision on firm surface (EC/EO) 

and on foam (FEC/FEO). Our mean RQ values on firm surface (EC/EO) were situated between 

1 and 2. These values are different from those of Riach and Hayes (1987), who reported mean 

RQ values on firm surface (EC/EO) for cop_rms_ml and cop_rms_ap in children under age 5 

153



below 1.29 Their adult RQ values for cop_rms_ml  (1.3 ± 0.4) and cop_rms_ap (1.45 ± 0.44) 

were lower than those found by Lê and Kapoula (2008), who stated that the RQ on firm surface 

amounts to about 2 for COP excursions, standard deviations of amplitudes and variance of 

velocity.29,30 However, according to Lê and Kapoula (2008) the visual fixation at near (e.g. 

40cm) or far distance (e.g. 200cm) has a significant influence on the RQ, respectively reaching 

about 2 with near visual fixation and 1 with far visual fixation.30 In contrast to Riach and Hayes, 

who used a visual target at 5m, our children watched a video at near distance, which might 

explain the different results. Fujimoto and colleagues (2010) reported RQ values on foam 

(FEC/FEO) in adults for cop_v (median 2.2 – interquartile range 1.97-2.48) and cop_area 

(median 3.48 – interquartile range 2.36-4.23).31 Our mean RQ values (FEC/FEO) are situated 

between 1.3 and 2.4. However, a large variation in both RQ values (EC/EO; FEC/FEO) was 

found. Even though the RQ might serve as an easy measure for deviant postural control, e.g. 

RQ FEC/FEO is considered to reflect vestibular function (otolithic function)32, further research 

on the diagnostic value of this parameter is necessary, because of the large variation in RQ 

values that we found in typically developing 3- to 6-year-old children.  

In this study, age-related differences were investigated in order to determine whether age-

specific reference values for postural sway parameters are necessary for diagnostic purposes, 

or whether reference values for preschoolers as one group suffice. Our results showed that a 

larger number of older children were able to cope with altered sensory information, but 

younger children, when able to perform the task, did similarly as older children. This can be 

explained by the number of children able to cope with sensory perturbations increased with 

age. Data were statistically analysed when the child was able to perform the task during 40 

seconds, meaning they either passed or failed the condition and only the data of those who 

passed were analysed. The number of children able to complete the task increased with age. 

For example, quiet bipedal natural stance was possible for all children during 40 seconds, but 

when sensory information was challenged a significantly smaller number of 3- and 4-year-olds 

was able to complete the task (Chi Square test). These results suggest that younger children 

rely more on visual information than older children, because fewer younger children are able 

to cope with EC and FEC. The younger children, who were able to cope with these 

perturbations, show quite similar performances as the older children, because no significant 

interaction effect was found between age and vision or surface on postural sway. This lacking 

interaction effect could be due to methodological characteristics of the measuring technique 

such as handling missing data and the timeframe in which the sway was recorded. For 

example, when applying the Equitest, equilibrium scores are calculated varying from 0 

(postural instability or failing the task) to 100 (perfect postural stability or standing perfectly 

still).12,14,15 Using this protocol, children failing the test are not omitted from analysis, which 

might explain why age-related differences on Equitest scores have been shown in previous 

studies.12,14,15 In literature, different timeframes are reported when assessing postural sway 

in children, varying from 20 seconds up to 60 seconds13,14, or remaining undefined12. Studies, 

using the Equitest, all report timeframes between 20 and 30 seconds, and thereby might 

include more children in the analyses which results in increased power of the statistical test. 

154



On the other hand, choosing a longer timeframe for data recording has the advantage of being 

a more realistic estimation of the child’s motor abilities even though this implies the possibility 

of more children failing FEO and FEC. However, we saw that our children were either able to 

perform the task during 40 seconds or failing immediately. Thus, in these tasks the timeframe 

does not seem to explain the percentages of children passing/falling in our sample as might 

be expected.  

The limited main age effect and the absence of interaction effects between condition and age, 

combined with the percentages of children passing/failing that are clearly age-related, 

provides valuable information for clinical practice. For example, adequate postural control 

could be determined by evaluating whether a preschooler can perform specific sensory 

conditions during a predefined timeframe, as has been established in adults by Vereeck and 

coworkers.33 For example, Vereeck et al (2008) determined that adults in their 5th and 6th 

decade should be able to maintain tandem Romberg with the eyes closed during 10 seconds, 

whereas elderly people in their 7th and 8th decade only need to maintain standing on foam 

with the eyes open during 10 seconds to show sufficient postural control.33 The conditions 

that were used to evaluate postural sway in our study, could also be translated to a functional 

test and therefore providing an easy and cheap assessment tool for postural control, e.g. 

maintaining EC and FEO during 10 seconds in 5-year-olds. However, further research needs to 

be performed to determine the exact timeframe and which task(s) correspond with which age 

group. 

Limitations of the study 
In this study, during the assessment of each child, the four different sensory conditions were 

non-randomized. Lack of randomisation of the test conditions could systematically induce 

fatigue in the more difficult (foam) conditions and thus influence their performance. 

Therefore, all children were allowed to rest between each condition. Also, according to the 

ecological approach to action and perception, the more experience a child has with a given 

task, the more its attention is focused to the proper environmental cues to regulate and 

accomplish the action.5 Therefore, it could be expected that the children show more adequate 

postural responses in the foam conditions. Also, each child performed generally only one trial 

in each condition, for 40 seconds, indicating that the influence of fatigue would be limited.  

CONCLUSION 
During natural stance, the amount of postural sway distinguishes 5-year-olds from 3- and 4-

year-olds, highlighting the need for age-specific reference values for specific balance-related 

sway parameters (e.g. RMS_ml and COP_area). Standing postural control in conditions with 

altered sensory input improves with increasing age, as shown by a larger number of children 

that are able to perform more difficult tasks. However, children of all ages – when able to 

perform the task – show significantly more sway after sensory perturbation. 
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ABSTRACT 

OBJECTIVES: To determine whether key spatio-temporal components of gait can be identified 

in children who are preschoolers. Subsequently the obtained components were correlated to 

results of functional balance tests to determine which of them are related to balance control. 

METHODS: Thirty-three typically developing children performed gait on treadmill at three 

speeds (range 2-4.5 km/hr), the Pediatric Balance Scale (PBS) and the Timed Up and Go test 

(TUG). Principal component analysis (PCA) with varimax rotation was performed to detect 

relations between means and variability of step time, -length and -width, walking speed, age, 

BMI and leg length. Pearson correlation coefficients between the principal components and 

z-scores of the PBS and TUG were calculated. 

RESULTS: PCA revealed three principal components. The first component, maturation, 

showed high loadings for mean step length (0.911), age (0.897), walking speed (0.895), leg 

length (0.874) and step time variability (-0.672) explaining 37.57% of the variance. The second 

component, variability of gait, loaded with step length variability (0.819) and step width 

variability (0.818), explaining 18.02% of the variance. The third component, robustness, 

showed high loadings for mean step time (0.729), BMI (0.668) and mean step width (0.521), 

explaining 13.89% of the variance. A significant weak correlation was found between 

robustness and z-scores of the PBS (r=0.230, p=0.005).  

CONCLUSIONS: It seems that the key spatio-temporal component robustness is 

complementary to functional balance tests, suggesting its relevance in the assessment of 

balance control in preschoolers. 
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INTRODUCTION 
Across the lifespan, balance control is an integral component of functioning, e.g. stable gait 

requires sufficient balance control, which involves achieving a compromise between the 

forward propulsion of the body and the need to maintain the body’s lateral stability.1 Balance 

control therefore refers to an individual’s capacity to cope with and recover from 

perturbations.2 As adequate balance control during gait has a large impact on daily 

functioning, its assessment has been of great interest to many researchers in a wide variety 

of populations, for example children, elders and people suffering from stroke or Parkinsons’ 

Disease.3-5 

Balance control during locomotion has been assessed by different approaches characterizing 

the variability or the stability of the gait pattern, as summarized by Bruijn et al (2013).6 Though 

other measures are available, the most straightforward way to address variability of gait is 

through spatio-temporal parameters (STP) as they are easy to calculate and thought to 

represent a direct measurable motor output of more complex underlying motor control 

processes.2 Variability in STP or intra-individual gait variability reflects the fluctuations of STP 

values from one step or one stride to the next.2-4 These fluctuations are thought to represent 

continually adjusted steps in an attempt to control the centre of mass within the base of 

support and thus to compensate for poor balance.3 However, Dingwell et al (2017) proposed 

that in elderly people increased variability is related to increased noise and not to impaired 

control.7 Nevertheless, attention towards gait variability has increased drastically over the 

past ten years and it has been addressed in many different ways. For example, Hausdorff et al 

(1995) reported coefficients of variation of STP ((SD/mean)*100) as a gait variability measure.4 

Gouelle et al (2013) suggested the Gait Variability Index, whereas others prefer to use the 

easily interpretable mean and standard deviation of each STP.2,5,8  

According to Lord et al (2013), covariance among STP is high, thereby suggesting redundancy 

and highlighting the need to identify key components.5 The main purpose of investigating the 

existence of such key components of gait is to determine whether a universal model of gait 

exists, which can enhance hypothesis-driven research. For example, when specific STP tend to 

cluster, regardless of the investigated population, evidence is provided that these STP 

represent a specific aspect of gait such as balance control. To reach this goal, several authors 

performed principal component analysis (PCA) to determine which factors can be 

distinguished in gait in older adults.5,9-13 In literature, four common key gait components have 

been identified in elderly people: pace, rhythm, variability and postural control.5,9-13 Despite 

the different STP that have been added to the PCA models by the different authors, pace 

generally contains mean step length and walking speed, rhythm comprises cadence, mean 

step time, mean stance time and mean swing time, mean step width loads onto postural 

control and all entered variability measures tend to cluster, hence the naming variability.5,9-13 

Although, the components variability and postural control are thought to be related to balance 

control because of their composing STP, none of the authors have investigated their 

relationships with actual balance outcome measures.5,9-13 However, to persue hypothesis-

driven research and thus to simplify assessment of gait, such investigations need to be 

performed. 
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In contrast to elders, where dereasing balance control leads to an increasing number of falls, 

in young children balance control serves as a prerequisite for the acquisition of motor skills of 

all sorts. As gait serves as a basis for more complex motor skills such as hopping, jumping etc, 

it’s assessment is an often applied technique. However, in children under age 7, development 

changes in gait occur. Before the age of 3, the most drastic changes in STP occur.14,15 

Nevertheless, between age 3 and 7, the preschool years, fine-tuning of STP still occurs since 

the gait pattern becomes adult-like only at age 7.15,16 During the preschool years, gait gradually 

evolves into a mature pattern: single limb stance, step length and walking speed increase 

steadily while cadence and step width decrease.15,16 These age-related changes in STP, 

specifically in preschoolers, contribute to development of stable gait and therefore could 

represent increasing balance controle during gait. Similar to what has been investigated in 

elders, applying PCA can provide insights into which underlying key spatio-temporal 

components of gait exist in children who are preschoolers and which specific STP belong to 

these components. However, in children, PCA models to identify key STP are scarce. Guffey et 

al (2016) performed PCA on mean STP, age and leg length in typically developing 2- to 4-year-

old children.17 This analysis revealed three components, a temporal component (mean step 

time, cadence, mean single support time and mean stance time), an age/size component (leg 

length and age) and a spatial component (mean step length and velocity).17 They also found 

that the three components explained 50.6% of the variance in raw total score of the Pediatric 

Balance Scale, a functional balance measure.17 However, the raw total PBS scores are prone 

to age-related changes, suggesting normalization of such scores is necessary in order to 

measure balance control independently of age. Moreover, Guffey et al (2016) did not include 

variability measures, which could have influenced clustering of the STP.17 It therefore remains 

unclear which components of gait exist and which of them have added value in the assessment 

of balance control in children who are preschoolers.  

The first aim of this study is to determine whether and, if this is the case, which key spatio-

temporal components of gait can be identified in children who are preschoolers. For this 

purpose, PCA will be applied. The second aim is to investigate whether the identified 

components correlate with results of functional balance tests to determine which 

components indeed are balance related. 

METHODS 

Participants 
In this cross-sectional study, 37 children between 3 and 6 years old were recruited and 

included for testing after their parents gave written informed consent. The study protocol was 

approved by the local ethical committee (B300201316328). Data were collected between 

August 2014 and January 2015 in the Multidisciplinary Motor Centre Antwerp (M²OCEAN lab) 

of the University Hospital of Antwerp. Prior to test administration, a questionnaire was 

completed by the parents, which was used to identify diagnosed developmental problems and 

to map use of aids such as glasses, orthoses and cochlear implants.  

Children were excluded from the study if they (1) had any known developmental or 

neuromotor disorder, (2) had severe visual or hearing impairment, (3) used aids (except for 
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glasses), (4) had cochlear implants, (5) were unable to walk unsupported on the treadmill, or 

(6) did not want to perform the task (uncooperative).  

Test Procedure and protocol 
Before gait analysis, information on age and anthropometric measurements (body weight, 

body height and leg length) were collected. All children performed the test procedure 

barefoot while wearing every-day clothes.  

Gait analysis 

To determine intra-individual spatio-temporal gait variability, gait analysis was performed on 

treadmill (Fordelink treadmill (50x150cm); min-max speed 0.5-18km/h). Each child walked at 

three different age-specific speeds: three-year-olds walked at 2-2.5-3km/h, four-year-olds at 

2.5-3-3.5 km/h, five-year-olds at 3-3.5-4km/h and six-year olds at 3.5-4-4.5km/h. These 

walking speeds were chosen to elicit vertical head movements of 2 Hz or more. At this head 

frequency the vestibular apparatus plays an active role in providing sensory information on 

head orientation in space during walking.18 Head frequencies varied from 1.95 to 2.98 Hz. One 

trial of 60 seconds was performed for each speed. If a trial was not completed, data were 

discarded from the analysis. 

To record STP of gait, reflecting markers were placed on the lateral malleolus (ankle) and the 

2nd metatarsal (1 finger proximal to the metatarsophalangeal joint) of each foot. All 

movements were registered by an 8-camera infrared system with Vicon T10 camera’s (100 

fbs, 1 Megapixel resolution). Marker trajectories were tracked by Nexus 1.8.5 software and 

filtered using a low-pass butterworth filter (4th order, zero-phase) with a cut-off frequency of 

6 Hz.  

Pediatric Balance Scale (PBS) 
The PBS is a standardized test to evaluate balance control in children.19 The test comprises 14 

items that all score on a five-point ordinal scale (0-4 per item), resulting in a maximum score 

of 56. Three trials are allowed on the items. The child’s performance is scored based upon the 

best score, mapping the child’s best performance. If the child receives a maximal score of 4, 

additional trials need not be administered. Age-specific reference values are available for 2- 

to 7-year-old children, with six month intervals.20 The test-retest reliability is excellent in 

typically developing children (ICC=0.850).19,20  

Timed Up and Go test (TUG) 

A modified protocol of the TUG for children who are preschoolers was applied as described 

by Verbecque et al 2016.21 Each child is allowed one practice trial to ensure he or she has 

understood the instructions. Subsequently, three trials are administered of which the best of 

three is used for analysis. Age-specific reference values are available for 3- to 6-year-old 

children.21 
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Data analysis 
Based on the ankle marker trajectories, step time (s), step length (m) and step width (m) for 

both feet were calculated using a custom made Matlab model (version 2015a for Windows). 

The applied algorithm is shown in Appendix 1. For each parameter mean values and standard 

deviations were calculated over the first 50 steps, measured during the 60s trial.  

Z-scores for the PBS were calculated based on age-specific references values reported by 

Franjoine et al (2010) and for the TUG based on age-specific reference values reported by 

Verbecque et al (2016).20,21 

Variables of interest and statistical analysis 
Statistical analysis was performed using SPSS for Windows (22.0). Descriptive statistics (age, 

sex, weight, height, leg length, BMI) were performed to characterize the study sample.  

Further analyses were done in four phases. In phase 1, comparison between left and right STP 

and differences between sex for the different STP, age, leg length, BMI, z-scores of the TUG 

and PBS was done using independent student t-tests (p<0.05). The components that explain 

the variance during gait were identified with PCA in phase 2. To investigate the domains of 

gait in preschoolers with PCA, those variables were selected that possibly had an effect on 

gait. The mean and standard deviations (variability measures) of the step time, -length and 

width were used in combination with individual-specific characteristics that are known to 

influence gait performance such as age in months, leg length and body mass index (BMI). We 

chose to analyse step variables because according to Lord et al (2013) step variability 

measures are more reliable and spatial step characteristics should be preferred instead of 

(combining them with) stride characteristics to avoid duplication and redundancy in the 

model.5 Mean and standard deviations were investigated because these variables provide 

clarity for interpretation.5 Age in months was selected as a representation of maturational 

effects on gait. BMI and leg length were added to the model as Van Dam et al (2009) identified 

BMI and leg length to be important morphological factors that could affect the walking pattern 

in toddlers.22 Thus, these variables were entered into the model to provide insights into the 

clustering variables within each component of gait. PCA with varimax rotation was used to 

derive orthogonal factor scores based on a correlation matrix (standardization of the variables 

was performed automatically in spss), with a minimum eigenvalue for extraction set at 1. Scree 

plots, total variance explained, component matrix, rotated component matrix and 

transformation matrix were investigated. Minimum loading of 0.4 per item was considered 

relevant. Because of the sex differences in several of the included PCA variables, it’s effect on 

the derived components was investigated in phase 3, using an indepdent samples t-test 

(p<0.05). Finally, in phase 4, partial correlations were calculated between the identified 

components of gait and the z-scores of the PBS and TUG, controlling for sex. These 

relationships were investigated to determine whether identified components of gait could 

represent balance control during walking, as measured with functional balance tests. The 

performances on these functional balance tests were z-scored based on the available age-

specific normative data, because of the age-specific character of the raw scores.20,21 With raw 

PBS and TUG scores, age effects would be presented rather than balance performance. 
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RESULTS 

Participants 
A total of 37 children enrolled the study of which 33 (aged 36.0 to 83.0 months old, 18 boys) 

were eligible for data analysis. One child was excluded because of a psychomotor disorder and 

three were uncooperative during the test administration. None of the children used aids, 

except for glasses (n=3). Characteristics of the sample are presented in Table 8.1. 

Table 8.1: Description of the sample and raw mean values and standard deviations of step time, step length and step width. 

Descriptive characteristics of the sample 

age 
category 

N (boys) 
age (months) Weight (kg) Height (m) BMI (kg/m²) leg length (m) 

Mean (SD) ; range Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

3 11 (6) 40.7 (4.0); 36.0 - 47.0 16.2 (1.9) 0.981 (0.053) 16.78 (1.51) 0.474 (0.027) 

4 4 (2) 53.3 (3.3); 50.0 - 57.0 22.2 (3.9) 1.156 (0.054) 16.46 (1.52) 0.610 (0.043) 

5 10 (6) 65.0 (3.1); 61.0 - 70.0 19.3 (1.7) 1.131 (0.041) 15.05 (0.71) 0.579 (0.023) 

6 8 (4) 79.0 (3.8); 72.0 - 83.0 23.0 (3.7) 1.195 (0.054) 16.00 (1.38) 0.627 (0.024) 

Total 33 (18) 58.9 (15.6); 36.0 - 83.0 19.5 (3.7) 1.010 (0.100) 16.03 (1.42) 0.559 (0.069) 

Raw mean values and standard deviations of step time, -length and -width classified according to walking speed and age category 

walking 
speed 
(km/h) 

age 
category 
(years) 

Step time (s) Step length (m) Step width (m) 

mean value variability mean value variability mean value variability 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

2 3 0.435 0.043 0.047 0.011 0.271 0.029 0.038 0.015 0.155 0.022 0.025 0.007 

2,5 

3 0.408 0.047 0.040 0.013 0.311 0.053 0.047 0.025 0.146 0.028 0.031 0.009 

4 0.444 0.030 0.030 0.007 0.338 0.026 0.058 0.058 0.146 0.045 0.042 0.019 

Total 0.421 0.044 0.037 0.011 0.321 0.046 0.051 0.039 0.146 0.034 0.035 0.014 

3 

3 0.392 0.033 0.035 0.013 0.334 0.029 0.031 0.010 0.136 0.032 0.030 0.007 

4 0.419 0.021 0.027 0.004 0.358 0.021 0.033 0.011 0.139 0.043 0.030 0.004 

5 0.406 0.044 0.039 0.014 0.352 0.033 0.038 0.016 0.146 0.031 0.031 0.008 

Total 0.404 0.037 0.035 0.013 0.348 0.031 0.035 0.014 0.141 0.034 0.031 0.007 

3,5 

4 0.410 0.030 0.021 0.003 0.397 0.028 0.026 0.007 0.143 0.031 0.031 0.004 

5 0.408 0.024 0.030 0.011 0.403 0.063 0.052 0.062 0.098 0.116 0.041 0.032 

6 0.427 0.031 0.026 0.005 0.408 0.031 0.031 0.009 0.159 0.004 0.030 0.005 

Total 0.409 0.026 0.027 0.010 0.401 0.053 0.043 0.051 0.113 0.097 0.037 0.026 

4 

5 0.405 0.029 0.027 0.022 0.442 0.046 0.030 0.016 0.137 0.036 0.034 0.008 

6 0.415 0.022 0.019 0.005 0.500 0.031 0.027 0.010 0.150 0.020 0.031 0.005 

Total 0.410 0.026 0.024 0.016 0.446 0.039 0.029 0.013 0.143 0.029 0.033 0.007 

4,5 6 0.397 0.029 0.018 0.004 0.487 0.031 0.027 0.010 0.146 0.031 0.033 0.004 

Legend: SD = standard deviation 

 

Spatio- Temporal Parameters (STP) and individual-specific characteristics 
Mean and variability values of step time, -length and -width, categorized according to the 

walking speed and age groups, are presented in Table 8.1. 

No significant differences were found between left and right STP (p=[0.758;0.983]) and were 

therefore pooled for further analyses. Based on sex, significant differences were found for 

mean step time (p=0.001), step length variability (p=0.019), step time variability (p=0.031), 

step width variability (p=0.037) and z-scored PBS scores (p=0.001). These differences are 

presented in Table 8.2. 
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Table 8.2: differences in sex for STP, individual-specific characteristics and z-scored 

performance on the Timed Up and Go test (TUG) and the Pediatric Balance Scale (PBS). 

Items Boys Girls p-value 

 Mean (SD) Mean (SD)  

mean Step length (m) 0.378 (0.067) 0.392 (0.081) 0.257 

Step length variability (m) 0.031 (0.012) 0.041 (0.036) 0.027 

Mean step width (m) 0.144 (0.059) 0.139 (0.028) 0.512 

Step width variability (m) 0.030 (0.007) 0.034 (0.017) 0.047 

Mean step time (s) 0.404 (0.034) 0.422 (0.034) 0.001 

Step time variability (s) 0.028 (0.011) 0.011 (0.017) 0.036 

Age (months) 62.5 (15.2) 60.6 (14.7) 0.419 

Leg length (m) 0.566 (0.058) 0.580 (0.066) 0.156 

BMI (kg/m²) 15.91 (1.35) 15.99 (1.47) 0.701 

z-score TUG -0.37 (0.62) -0.42 (0.67) 0.632 

z-score PBS -0.29 (0.95) 0.15 (0.60) 0.001 

Legend: underlined values are statistically significant (p<0.05). 

 

Principal Component analysis 
PCA revealed three components. The first component was defined as maturation because the 

variables mean step length (0.911), age (0.897), walking speed (0.895), leg length (0.874) and 

step time variability (-0.672), had high loading on this component, all of which are related to 

growth and development. The component maturation explains 37.57% of the variance in gait. 

The second component was defined as variability. Step length variability (0.819) and step 

width variability (0.818) loaded highly on this component, hence the term variability of gait. 

This component explains 18.02% of the variance in gait. We named the third component 

robustness. It shows high loadings for mean step time (0.729), BMI (0.668) and mean step 

width (0.521) and explains 13.89% of the variance. Item loading on each component is shown 

in Table 8.3 and Figure 8.1. A significant difference for sex was found for the component 

variability (p=0.001). 
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Table 3: loading of the items on the principal components (Varimax rotation) 

Items Maturation Variability  Robustness 

mean Step length .911 .154 -.042 

age in months .897 -.018 -.073 

walking speed .895 -.095 -.256 

leg length .874 .119 .163 

Step time variability -.672 .384 .050 

Step length variability -.192 .819 -.062 

Step width variability .174 .818 -.191 

mean Step time .073 .428 .729 

BMI -.189 -.226 .668 

mean Step width .002 -.185 .521 

% of variance explained 37.57 18.02 13.89 

Legend: bold underlined values are relevant item loadings. 

 

Figure 8.1: loading of the items on the principal components (maturation, variability and 

robustness) 

Legend: loading plot of the relationship between the items on the three components with  

their corresponding values between -1 and 1 on each component.  
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Relationship between principal components and z-scores of TUG and PBS 
When controlling for sex, a significant weak correlation was found between robustness and 

the z-scores of the PBS (r=0.230, p=0.005). Their relationship is shown in Figure 2. The other 

components did not correlate with the z-scores performance on PBS and TUG, when 

controlled for sex as shown in Table 8.4. 

DISCUSSION 
The first aim was to determine whether and which key spatio-temporal components of gait 

can be identified in children who are preschoolers. As hypothesized, some redundancy in STP 

during gait in these children exists. Three components were defined in the model of gait: 

maturation, variability and robustness. The second aim was to investigate whether the 

identified components correlate with results of functional balance tests to determine which 

components indeed are balance related. Our results showed that the component robustness 

correlates weakly but significant with the PBS z-scores.  

Maturation of gait 
The variables age, leg length and age-specific walking speed were added to the analysis to 

identify those STP that are related to developmental changes. These variables clustered with 

mean step length and step time variability, suggesting both variables change under the 

influence of growth and increasing age and might therefore represent maturation of the gait 

pattern. In (healthy) community dwelling elders and patients with Parkinson’s Disease, mean 

walking speed and step length also cluster, but on the spatial component “pace”.5,9-13,23 

Although, the walking speed in this study was age-specific from the beginning, it seems that 

both walking speed and mean step length tend to change over time. Regarding step time 

variability, some disagreement exists. While most authors9,10,12 reported this variable to 

cluster on the component variability in their sample of community dwelling elders, Lord et al 

(2013)5 reported this variable to cluster on pace together with mean step length, similar to 

our findings. As no correlations were found between the component maturation and the z-

scores of the PBS nor the TUG, it can be assumed that step length does not provide any 

information on balance control in typically developing preschoolers. 

Variability 
In literature when variability measures are added to a PCA, they tend to cluster.5, 9-13 Except 

for step time variability, in our preschoolers as well as in (healthy) community dwelling elders 

and patients suffering from Parkinson’s Disease, step length- and step width variability cluster, 

Table 4: relationships between the components of gait and z-scores of the Timed Up and Go test and the Pediatric 
Balance Scale 

 z-scores Timed Up and Go test z-scores Pediatric Balance Scale 

  Controlled for sex   Controlled for sex 

 Pearson r p-value Pearson r p-value Pearson r p-value Pearson r p-value 

Maturation -0.022 0.784 -0.021 0.801 0.056 0.487 -0.025 0.764 
Variability -0.137 0.092 -0.131 0.108 0.171 0.031 0.092 0.262 
Robustness -0.152 0.062 -0.147 0.071 0.244 0.002 0.230 0.005 

Legend: underlined values are significant correlation coefficients 
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suggesting these variables load stable across different populations.5,9-13,23 But the main 

question that remains, is what this components represents. The variability measures suggest 

that the children constantly needed to adjust their steps and thus adapt their gait pattern 

adequately to remain stable, thereby hypothesizing gait variability represents an aspect of 

balance control. Therefore, we expected to find correlations with z-scores of the TUG, a 

functional test that assesses dynamic balance control. However, no significant correlation was 

found. In healthy older adults, the component variability has been associated with higher 

cognitive functions.5 In preschoolers, higher cognitive functions are still developing, whereas 

in older people they tend to decline. Possibly, in contrast to what we hypothesized, the 

variability measures do not represent dynamic balance control during walking. What it does 

represent, however, remains unclear. In our sample, the variability measures are clearly 

influenced by sex-related differences and cannot be explained by a distortion in the sex 

distribution. In literature, no records are available of sex-related influences on components of 

gait, and its impact should therefore be investigated. Further research into the clinical 

meaning of variability measures of gait in general, but also within the concept of balance 

control, is necessary. 

Robustness of gait 
As in (healthy) older community dwelling elders and patients with Parkinson’s Disease, mean 

step width is associated with postural control in children who are preschoolers.5, 9-13, 23 

Interestingly and in contrast with previous investigations in older people, mean step time in 

preschoolers also clusters on this component, whereas this variables belongs to the 

component “rhythm” in elders.5, 9-13 This suggests that in these young children mean step time 

contributes to the assessment of postural control. 

We chose to define the third component as robustness instead of postural control, as done by 

Lord et al (2013)5, despite the fact that both components share the variable mean step width. 

This choice was made because the variable BMI also loaded on this component. Van Dam et 

al (2010) also found a relationship between BMI and step width, though in toddlers, suggesting 

a connection between these parameters exists in children.24 Higher BMI suggests broader 

base of support and more time per step, indicating more stable gait. We therefore hypothesize 

that the component robustness might provide information on the degree of stability during 

walking, as is reflected by an observed correlation with z-scores of the PBS. The weak but 

significant correlation between the component robustness and z-scores on the PBS, suggest 

the complementarity of both measures in the assessment of balance control. Although some 

authors have performed further analyses on specific STP belonging to one component5, it 

seems that further investigations into how this component can be used in the assessment of 

balance control is necessary, rather than singling out one of the STP belonging to the 

component under consideration. 

Limitations of the study 
Although this study provides new insights into the construct of STP in children who are 

preschoolers, some limitations should be addressed.  
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The typical development of the children was verified using a questionnaire filled in by the 

parents, which could lead to bias. The protocol to gather the data was part of a larger protocol 

in which extra attention was given to stimulation of the vestibular system during walking. To 

do so, head movements of 2 Hz were necessary. Due to differences in leg length between the 

biological ages in this specific age-category, to provide these head movements, age-specific 

walking speeds had to be calculated. This means that the loading of walking speed on the 

component maturation can be assigned to the protocol. In elders, walking speed variability is 

part of variability of gait.5, 10-12, 23 This might also be the case in children who are preschoolers, 

however, these assumptions cannot be confirmed due to the protocol in this study. This 

should be further investigated because walking speed is generally accepted to be an important 

measure for gait performance. If walking speed, whether self-selected or inflicted, is 

inadequate it can have a large impact on a child’s daily functioning and participation. 

CONCLUSION 
Our model of gait revealed 3 components of gait suggesting that STP can also be reduced in 

children who are preschoolers. The component robustness contains STP that provide valuable 

information regarding balance control during walking. To fully address the concept of balance 

control during walking, this component should be assessed as well and therefore 

implemented in the protocol for the assessment of children who are preschoolers, suggesting 

further research is necessary on how this component can be applied in clinical assessment.
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General discussion and conclusions 
 



In this final chapter, the main findings of this thesis will be summarized and discussed. The 

overall aim of this study was to identify adequate assessment tools for vestibular function and 

balance control in children who are preschoolers and these will be discussed as such.  

ASSESSING VESTIBULAR FUNCTION IN CHILDREN WHO 

ARE PRESCHOOLERS 

Vestibular function plays an important role in early motor development as shown by reflex-

mediated actions in infants, but also in balance control, which on its turn has a major impact 

on motor development. In specific pathological conditions, vestibular dysfunction is thought 

to be the primary cause of balance deficits and thereby motor delay. For example, in children 

with SNHL, vestibular dysfunction may occur because of the close embryological and 

anatomical relationship between the vestibulum and the cochlea.1,2 As evidenced by 

numerous studies, children with vestibular dysfunction, regardless of the underlying cause, 

have a higher risk of presenting with motor delay.1-13 This underlines the importance of the 

identification of vestibular dysfunction in early childhood in order to start rehabilitation 

programs and therefore emphasizes the absolute necessity of an adequate vestibular function 

test.6,14  

CURRENT STATE OF THE ART 
Although several authors refer to a range of 20-85%, the results of our review revealed that 

0-100% of the children with SNHL present with vestibular dysfunction. As hypothesized, the 

results from the systematic review suggest that this high variance in prevalence depends upon 

the underlying aetiology, the degree of the hearing loss and the applied vestibular function 

test. Indeed, unknown to moderate evidence is available regarding the sensitivity and 

specificity of the vestibular function test under investigation.  

Most authors tend to consider the caloric test as the gold standard for vestibular 

function testing in children, which is also the case in adults15-17. The main advantage of the 

caloric test is that it can distinguish central from peripheral vestibular dysfunction.18 However, 

this technique uses a non-physiological stimulus and is prone to artefacts as a result of the 

applied temperature, habituation, the patient’s state of alertness, his or her anxiety and 

nervousness, tympanic membrane alterations etc.17,18 For example, a 1°C variation from the 

ideal 44°C or 30 °C results in a 14% difference in the stimulation magnitude in case of water 

stimulation.18 In children with SNHL, compared to caloric testing, sensitivity of the RCT varied 

between 61-80% and specificity between 21-80%, whereas this was respectively 71-100% and 

30-100% for cVEMP and 67-100% and 71-100% for the vHIT. These high variances in sensitivity 

and specificity rates, might be explained by the test modality and/or the anatomical structure 

under investigation. For example, with the RCT, the HSCC is being assessed, whereas the 

cVEMP evaluates the saccule. It seems therefore that not all children with SNHL present with 

a deficit in each of the vestibular structures. In adult patients after cochlear implantation, 

similar conclusions have been drawn.19 Compared to the Dizziness Handicap Inventory or to 



questionnaires asking the patients about any clinical symptoms, a meta-analysis revealed a 

sensitivity and specificity of 21% and 78% for caloric testing, 32% and 70% for cVEMP and for 

vHIT respectively 50% and 92%.19 These findings suggest that the subjective symptoms in 

patients can be related to different vestibular sensors thereby underlining the need to assess 

all vestibular end-organs. This also highlights the complementary nature of several vestibular 

function tests, suggesting the need to apply a battery of vestibular function tests. Preferably 

such a test battery should comprise both low and high frequency canal tests and otolith tests. 

We therefore suggested a combination of the caloric test, the RCT and cVEMP in children with 

SNHL, but also because these tests have been investigated most extensively. Nevertheless, 

especially in children, it should be kept in mind that the caloric test has a long test duration 

and is rather unpleasant because it may provoke vertigo and nausea, whereas the rotatory 

test requires more expensive equipment.20,21 Moreover, both tests can make children anxious 

as testing usually is performed in the dark.20,21 Therefore several alternative SCC tests have 

been and are still being developed. 

In adult patients, attention towards the vHIT has increased drastically. Therefore, the 

vHIT, which is a less invasive objective technique using compact equipment, and which does 

not provoke vertigo nor needs to be performed in complete darkness, may be a very promising 

test to examine SCC function in a paediatric population.20,21 Moreover, compared to caloric 

and rotatory testing, this technique is even capable of evaluating the vertical semi-circular 

canal function as well.20,21 Although the vHIT has been transferred to paediatric populations, 

its feasibility remains unclear, especially in young children. So far, only three studies (Figure 

D.1) reported preliminary normative data for the HSCC in children between 6 and 20 years 

with mean ages varying between 8 and 15 years.22-24 Their sample sizes varied between 12 

and 40 children.22-24 Figure D.1 shows two important elements: 1) normative data, though 

Figure D.1: Overview of the vHIT gain values in the available literature. 

Legend: Horizontal error bars represent 1SD from the mean age and vertical error bars the 95% confidence 

interval of the mean reported gain values (1,96*SD). The horizontal axis through y=0.7 (Hamilton et al 2015) 

and y=0.85 (Janky & Givens 2015) shows the reported cut-off value for the vHIT overall gain values.  



preliminary, are available for an age range between 6 and 20 years and 2) variability of gain 

values tend to decrease with increasing age.  

Performing the vHIT in children under age 6 might be quite a challenge for the test 

administrator, which could explain why normative data for these children are lacking. Our own 

preliminary results of the vHIT in preschool children showed that in some cases the task itself 

is too demanding. They need to stay focussed, maintain a quiet sitting position and should 

avoid blinking or moving the head during the test. This requires a large amount of the child’s 

attention, which very young children (age 3 and 4) do not always possess. In our sample of 

preschoolers, two important results were found. First, compared to literature, the preliminary 

mean gain values we obtained in preschool children are higher (mean gain values 1.12 (0.18)- 

1.28 (0.25), depending on the rater), suggesting the presence of maturational effects on vHIT 

gain values. Second, some children had unusable data, gain values >2 which are physiologically 

impossible, probably due to either lack of child-specific equipment or rater experience. In 

Figure D.2, the output of two 5-year-old children is shown, both (un)usable data. 

Higher gain values and overall variability in performance, compared to older children, 

may be a result of maturational effects. Before the age of six, the vestibular system is not 

optimally functioning yet.25 Although morphogenesis of the vestibular apparatus, myelination 

of the 8th cranial nerve and neural connection between the labyrinths and the oculomotor 

nuclei in the brainstem are completed before birth, developmental maturation of the 

vestibular system continues afterwards.6 Therefore, these higher values could be induced by 

immaturity of the anatomical structures responsible for vestibular output. For example, the 

cerebellum plays a key role in the inhibition of vestibular responses. In case of immature 

cerebellar function, the vestibular motor output might present itself as higher values (hyper-

excitability) and more variability in overall gain values. Although maturation of the vestibular 

system can be used as an explanation, this is merely hypothetical and should be further 

investigated, preferably in a large sample throughout childhood.  

Physiologically impossible gain values may be due to the used equipment or the rater 

experience. Ross and Helminski (2016) published intra-rater and interrater reliability in a 

sample of 31 children between the age of 4 and 17 (mean age 10 years old, SD 3.5), of which 

the results of 28 were usable.26 Despite their good reliability results (intra-rater: 0.821 < ICC < 

0.945, interrater: 0.800 < ICC < 0.971), unusable results belonged to “young” children.26 The 

drop-out of these children was attributed to goggle slippage. For example, the EyeSeeCam 

system does not provide goggles manufactured specifically for children. Therefore, the elastic 

band of the goggles needs to be pulled very tight around the child’s head to ensure the goggles 

remain in place. Especially in younger children this may play an important role, as their head 

circumference is smaller compared to those of adults thereby influencing the positioning of 

the elastic band. Indeed, in our preschoolers we experienced that as the elastic band had to 

be pulled tightly around the head, the goggles were not well positioned around the orbits.  

This made that the built-in camera cannot track the eye movements correctly, which may have 

resulted in a higher susceptibility for slippage. In our preschool children we also found that 



rater-experience in vHIT administration is very important. When the hands do not touch the 

elastic band, gain values >2 are less likely to occur. Also, an experienced rater will show more 

efficient and consistent manoeuvre execution regarding head velocity. Head velocity during 

the HIT manoeuvre should be at least 150°/s to correctly assess horizontal VOR canal function. 

Therefore, consistency of the head velocity strongly affects diagnostic accuracy of the vHIT. 

Thus, before testing, it is necessary for future raters to follow an extensive training to learn to 

execute the HIT manoeuvre and adapt the goggles.  

From a physiotherapist’s point of view, caloric test, RCT, vHIT and cVEMP cannot be 

applied in clinical practice as they require specific equipment, but more importantly thorough 

Figure D.2: Example of vHIT output in two 5-year-old children: A) usable data, B) unasuable 

data. 



training in the field of vestibular function testing is stipulated. A physiotherapist needs a 

simple test to screen children in case vestibular dysfunction is suspected to cause balance 

deficits and thereby motor delay, but also to monitor training effects. This requires an 

alternative test. Literature revealed that the DVA can serve as such a test. In contrast to caloric 

testing, the RCT, the vHIT and cVEMP, the DVA, was not developed to provide information on 

which vestibular structures are impaired, but rather as a functional measure for the VOR, 

determined by the amount of visual acuity loss during rapid head movements.27 For this 

reason, this test could be of interest, especially for physiotherapists, as it does not require any 

training nor expertise in the field of vestibular function testing. It could therefore be of use in 

clinical settings, such as rehabilitation centres, but also in private practices.27 The higher 

sensitivity rates suggest the DVA serves as a screening tool, rather than a diagnostic test (88-

100% compared to the RCT). This cheap and easy-to-administer and -interpret test could serve 

as a valuable screening tool for physiotherapists in the field. This way, therapy planning would 

benefit from early identification of vestibular dysfunction. Currently, moderate evidence on 

the clinical DVA’s diagnostic accuracy in children with SNHL is available. However, this 

evidence refers to the passive horizontal DVA (hDVA) that assesses the HSCC, as the passive 

vertical DVA (vDVA), which addresses the vertical canals, has shown to be difficult to execute 

by the investigator and was found to be unreliable in children.28 Rine & Braswell (2003) 

suggested a new protocol to assess vDVA is necessary.28 Therefore, we proposed a protocol 

for vDVA on treadmill, based on previously performed research in adults.27,29 We used 

treadmill to induce vertical head movements through the cadence of the walking pattern.29 

As the DVA is used as a functional measure, it was hypothesized that measuring visual acuity 

loss while walking on a treadmill could approximate potential problems that children with 

SNHL with vestibular dysfunction could experience in daily life. In contrast to the passive vDVA, 

this protocol would stimulate several vestibular end-organs: angular vertical head movements 

(vertical canals) and linear head movements (otoliths). 

As the DVA requires a certain degree of attention and comprehension regarding test 

instructions, one of the major questions that remained, was whether the DVA can be used in 

children who are preschoolers. For this purpose, the feasibility of the DVA in these children 

was investigated. Although results reported in literature on the hDVA are promising, our 

preschoolers had quite some difficulties to perform the task, which resulted in a high drop-

out rate and false positive results. Especially horizontal head movements at a 2 Hz frequency 

were too difficult, even in the older children (age 5 and 6). When the head frequency was 

decreased to 1 Hz, less drop-outs were found. However, theoretically, a head frequency of 2 

Hz is an absolute necessity to solely activate the VOR to maintain stable vision. Head 

movements at 1 Hz would allow compensation such as visual pursuit, which makes this 

protocol questionable regarding VOR assessment. The clinical protocol defined by Rine and 

Braswell (2003) was used to perform the hDVA (i.e. 15° head rotation to each side).28 Any head 

movements that exceeded this 15° amplitude might explain why this task at 2 Hz was too 

difficult. Again, this highlights the need for thorough training when executing the manoeuvre. 

In literature, to ensure correct horizontal head movement and more specifically the head 



velocity, the computerized DVA (cDVA) has been proposed.30,31 Using cDVA, the head velocity 

is controlled for: the optotypes appear only if the head moves >180° per second, which is 

monitored by a rate sensor on a headband.30,31 Another important difference between our 

protocol and the cDVA proposed by Rine et al (2013) is the type of head movement. With the 

cDVA the children have to move their head actively and in their study only those children were 

included for testing when 80% success was achieved during training trials for proper head 

movement.30 This is an important difference in applied methodology, as head movements 

were elicited passively in our study and we did not allow training prior to test administration. 

With active head movements pre-programming may occur as this allows anticipation of the 

head movement and thereby no isolated vestibular impulse is given. Moreover, Li et al (2014) 

reported normative data for the cDVA on a large sample of preschool children (54 three-year-

olds, 152 four-year-olds, 169 five-year-olds and 177 six-year-olds), their preceding reliability 

study showed some difficulties when testing such young children.30,31 In a sample of 25 3- to 

4-year-old children, examination was successful for the SVA in 91% of the children, which 

decreased to 74% for cDVA.30 From the age of 5, 99% performed both SVA and DVA 

successfully. This is in line with our results. We also found that for the youngest children, 

testing was most difficult.  

The vDVA on the other hand resulted in less drop-outs, but still too many 3-year-olds 

were unable to perform the task successfully, even at the lowest walking speed. Because of 

lacking differences between the 3- and 4-year-olds, they might be considered as one group. 

Because all walking speeds induced a head frequency of at least 2 Hz, we suggested to use the 

protocol from the age of 5 and at the lowest walking speed. Thus, regardless of the walking 

speed, an adequate head frequency was induced using this protocol. However, at the age of 

5, typically developing children are already far progressed in their “fundamental motor 

patterns period”.32 At this age, they have acquired the basic motor patterns of locomotor tasks 

(e.g. jumping) and object control-related tasks (e.g. throwing a ball). With increasing age, 

motor delay becomes more apparent because of the increasing gap between the child’s actual 

motor abilities and the norm.33 Thus, the identification of a vestibular deficit at the age of 5, 

is quite late. This highlights the need for other vestibular screening tools that can be applied 

earlier in child development, preferably from the age of three years old. 

INDICATIONS FOR FUTURE RESEARCH 
As vestibular dysfunction is known to cause motor delay, its early assessment and 

identification is critical. However, for now, the most suited tests are laboratory tests. The 

currently available and easy screening tools such as the vHIT and DVA still need protocol 

refinement for young children. In case of the vHIT, new systems are being developed in which 

goggles are no longer required, and for the DVA, the computerized version is being 

recommended lately. However, feasibility of such systems needs to be investigated more 

thoroughly. To date, in literature, feasibility studies regarding vestibular function tests in 

children are scarce. For example, in case of the cDVA, Rine et al (2014) reported a much lower 

success rate in their pilot study for performing the dynamic condition in 3- to 4-year-olds (74%) 



compared to 5- and 6-year-olds (99%), whereas the drop-out rate was no longer mentioned 

when reporting normative data in larger samples.30,31 Thus, most of the time, partial validation 

is performed and often based on small sample sizes. However, such information is crucial 

when choosing a test. Therefore, more attention in preschool children should be given 

towards drop-outs or success rate of the applied test and not only in children with vestibular 

dysfunction. Researchers very often include a limited number of typically developing children 

to determine normative data and this over a large age range. For example, preliminary 

normative data for the vHIT and its diagnostic accuracy are based on sample sizes between 12 

and 40 children spread over a 15-year age range (between 6 and 20 years) and this using 

different devices.22-24 As it is known that vestibular function still develops after birth, it should 

be mapped whether such changes can be detected with the test under consideration. This is 

necessary as this will influence the normative data and thereby the test’s properties as a 

screening- or diagnostic tool. 

In conclusion, for children aged 3 to 6, further investigations into easy to administer and child-

friendly protocols for vestibular function tests are necessary. These would no longer require 

thorough training and can therefore be administered by physiotherapists, are necessary. 

Moreover, validation of such tests, including the determination of their diagnostic accuracy, 

should be performed using well-established reference tests such as the caloric test, the RCT 

and the cVEMP. 

CLINICAL IMPLICATIONS FOR PHYSIOTHERAPISTS 

Physiotherapists who suspect that vestibular dysfunction may cause balance deficits and 

thereby motor delay in children they are treating, should be able to screen for a vestibular 

deficit as this will influence the type of training they provide. Currently, physiotherapists only 

have a few tests at their disposal to screen for vestibular dysfunction in children themselves. 

From the age of 5, vDVA on a treadmill can be used for both identification of vestibular 

dysfunction as well as to determine the treatment effect. As the vDVA requires specific 

equipment, such as a treadmill, the Lea Vision Charts etc, it may be that such testing would be 

more feasible for physiotherapists who are operating in specific otorhinolaryngology 

departments in tertiary hospitals. In young children (age 3 to 4), however, none of the 

available test protocols suffice for physiotherapists. This means that, to date, when vestibular 

dysfunction is suspected, these children need to be referred to specialized 

otorhinolaryngology departments. In these settings, expertise of a multidisciplinary team is 

available, making thorough vestibular, balance and motor assessment possible. With this 

information, the treating physiotherapist can plan a vestibular rehabilitation treatment. But 

to date, the therapy effects on vestibular function cannot be mapped by them. This makes 

that in these cases, the assessment of balance control becomes more important in both 

screening for balance deficits as well as mapping rehabilitation progress and compensation. 

Therefore, adequate assessment tools for balance control in children who are preschoolers 

are imperative.  



ASSESSING BALANCE CONTROL IN CHILDREN WHO 

ARE PRESCHOOLERS 

In the introduction, the role of balance control in each step of motor development was 

highlighted. Because of this, when motor delay is present, we hypothesized that balance 

control will probably be affected as well. Therefore, adequate assessment tools for balance 

control are imperative. However, at the start of this thesis, it remained unclear which tests 

would be most suited to assess balance control in preschool children. In general, two broad 

classifications of tests can be distinguished: 1) functional balance tests and 2) technical 

balance tests. Functional balance tests comprise functional tasks such as standing on one leg, 

reaching forward or walking a predefined distance. With such tests, the administrator 

quantifies the quality of movement through observation using predefined criteria or 

determines the time necessary to perform the task. Technical tests comprise postural sway 

measurements and gait analysis. With postural sway the exact body movements are 

registered while the child stands quietly, providing accurate quantitative information on how 

the child moves in this specific posture. With gait analysis, spatio-temporal parameters of gait 

are registered, also providing an accurate quantification of the gait pattern. Both types of 

assessment tools are often applied in scientific literature to address balance control in 

children. Although technical tests provide valuable objective information on developmental 

changes in balance control, they are complex and expensive for use in clinical practice. 

Nevertheless, the results from this thesis showed that they are complementary to existing 

functional tests. This suggests that these functional tests need to be revised and/or expanded. 

Therefore, in the next paragraphs, first the gained insights into development of balance 

control in preschool children are discussed and subsequently the implications for functional 

tests are addressed. 

CURRENT STATE OF THE ART 

Technical assessment tools as a research tool to understand 

development of balance control 

1 Posturography  
In chapter 6, reference values for the amount of postural sway in children were mapped. 

Although static posturography is an often applied technique, reference values are scarce in 

literature, especially for young children (age 3 and 4).34 This is an important finding, as such 

reference values can be used to determine whether a child shows deviating balance control, 

suggesting further investigations on this topic are needed. Moreover, one of the major 

advantages of posturography is that the contribution of different sensory systems to maintain 

a stable posture can be determined. In literature, however, mainly effects of vision on postural 

sway have been investigated.35-41 Because of their role in balance control, the use of both the 

somatosensory and vestibular system to maintain stable and subsequently their development 



deserve attention as well. Therefore, in chapter 7, the usefulness of postural sway in the 

assessment of balance control in preschoolers is declared. All preschoolers showed difficulties 

in maintaining their body position in more difficult sensory conditions, but if they were able 

to do so, their motor output was similar, shown by the absence of age effects on the amount 

of postural sway. Thus, the results of this study revealed that the time the children can 

maintain a position is age-related, but the quality of the movement is not. This study also 

pointed out that preschoolers highly dependent upon visual information as they show 

difficulty in maintaining body stability during quiet bipedal stance when they need to rely on 

somatosensory and/or vestibular information, shown by the high drop-out rate in more 

difficult conditions. This is not surprising, as after the age of 5, children still show higher visual 

dependence, even until the age of 10 to 14, when maintaining static balance.39,42 This is 

probably related to the development of visual perception, a typical developmental feature of 

children aged 6 and older in which visual information is integrated with the notion of the 

surrounding-space information.42   

The fact that in preschool children, the time to perform the task tells us more about their 

balance control than the actual movements, is easily translated into a functional measure. This 

has major advantages for clinicians in the field, as in clinical practice, equipment for 

posturography is not available.  

Nevertheless, the results of this study are based on a requested task of quiet bipedal stance 

in 4 different sensory conditions for 40 seconds. Because of the high drop-out rate in more 

difficult conditions, across all preschool ages, 40 seconds are probably too long. Therefore, 

further research is needed to determine the exact timespan in which (a)typically developing 

children are able to maintain the different sensory conditions during bipedal stance. This way 

cut-off values for the presence of a balance deficit in each sensory condition can be 

determined. 

2 Spatio-temporal parameters of gait 

Gait serves as a basis for complex motor skills such as hopping, jumping, running etc. During 

gait, dynamic balance control is crucial. Gait assessment is therefore an often applied 

technique. The use of STP of gait is thought to provide information on balance control during 

walking. Because of the high covariance among these STP, it has been suggested in literature 

that redundancy exists.43 Several authors have therefore applied principal component analysis 

(PCA) in order to identify key components of gait.43-48 The main purpose of investigating the 

existence of such key components of gait is to determine whether a universal model of gait 

exists, which can enhance hypothesis-driven research.43 For example, when, regardless of the 

investigated age group, the same components of gait recur because specific STP cluster, 

evidence is provided that these STP represent a specific aspect of gait. For example, when 

interested in balance control during walking, it would be more efficient to address those STP 

that actually have an added value in the assessment of balance control. With PCA, we 

identified three components of gait in preschool children: maturation, variability and 

robustness (chapter 8). Of these three components, robustness correlated weakly but 

significant with z-scored performance on the Pediatric Balance Scale (PBS). 



Compared to literature, though conducted in community dwelling elderly people, 
similar components have been identified. This suggests that regardless of age, the gait pattern 
is composed in the same way, which may be due to the underlying biomechanics, the control 
mechanisms or the combination of both. This implies indeed that a universal model of gait 
may exist.43 However, throughout the lifespan, so far, only very young children and older 
adults have been investigated. Therefore, to provide a strong foundation for such a universal 
model of gait, components of gait in all age groups should be mapped. This way, hypothesis-
driven research can be pursued to identify underlying gait mechanisms in aging.43  

The four most common components of gait, that have been reported in literature, are 

pace, rhythm, base of support (BOS) and variability.43-48 Figure D.3 provides an overview of 

the loadings of the same STP (extracted from literature and investigated in our study) onto 

these four components.43-58  

Verghese et al (2007) suggested that pace and rhythm in gait reflect central gait control 

mechanisms, with “pace” being related to higher cortical mechanisms and “rhythm” to spinal 

and brain stem mechanisms.48 In our sample of preschoolers, rhythm ad pace could not be 

identified, but we did find the component maturation. On the component maturation, mean 

step length and step time variability clustered with age-specific variables such as age in 

months, leg length and walking speed. In community-dwelling elders, step length and walking 

speed clusters on the component “pace”.43-46 In older adults, the component pace is known 

to correlate with age.43 This endorses the age-specific character of mean step length and 

walking speed, as found in our study. Although the walking speed in our study was age-specific 

from the beginning – and therefore not a surprise to cluster with other age-associated 

variables –similar findings have been reported in literature although based on other age 

groups.43-46 This suggests that both variables are highly dependent on development or decline. 

Interestingly, similar to our results, Lord et al (2013)43 found that step time variability clustered 

Figure D.3: Overview of loadings (absolute values) of spatio-temporal parameters onto the 

components “pace”, “rhythm”, Base of Support (“BOS”) and “variability”, extracted from 

literature. 



with other pace-associated STP, whereas other authors44-46 reported this to be part of the 

component variability. Because of the higher ages investigated in the latter studies, it seems 

that, until a certain age, step time variability reflects development or decline of the gait 

pattern and then shifts towards variability. However, the exact meaning of this shift remains 

unclear and should be further investigated. 

In literature, generally speaking, variability measures tend to cluster. The meaning of 

the component variability, however, remains unclear. Stride-to-stride variability has been 

hypothesized to represent neuromotor control during walking.49-51 Lord et al. (2013) even 

stated that “gait variability underpins gait in a subtle and complex way”.43 However, Dingwell 

et al (2017) suggested that variability represents neuromotor noise and not stride-to-stride 

control of gait.52 As shown in Figure D.3, fluctuations in the loading variables onto the 

component variability exist, suggesting that these are highly dependent upon the population 

under investigation. The variable step length variability is the only one to be consistently 

loaded onto this component43,44,46, which was also found in preschoolers. Further research is 

necessary to determine whether variability represents noise or control during gait. 

In our study with preschool children, the component robustness was identified, 

comprising mean step width, BMI and mean step time. In community-dwelling elders, this 

component is named BOS or postural control and always comprises mean step width. We 

explicitly chose a different name for this component because of the variable BMI loading on 

it. Larger BMI induces larger step width causing the BOS to increase. This on its turn can be 

related to balance control, as the required amount of postural control increases with a 

decreasing BOS. Thus, we hypothesized and confirmed that this component represents 

balance control, shown by a weak but significant correlation between this component and z-

scored performance on the PBS. However, this highlights that robustness measures balance 

control, but in a different way than the PBS does. Both measures, seem therefore 

complementary in the assessment of balance control. To the best our knowledge, this is the 

first study to actually determine correlations between components of gait and performance 

on functional balance tests. In previous research, after PCA, further analyses have been 

performed on single STP, each belonging to one of the identified components of gait.43 The 

fact that this component has an added value in the assessment of balance control has some 

repercussions for future research. Further research towards implementing this entire 

component into the assessment of balance control is important. This means that the 

combination of BMI, mean step width and mean step time should be respected.  

According to literature, mean step time is fixed on the component rhythm in older adults, 

whereas in preschool children, this STP seems to reflect balance control. It should be 

determined at which age mean step time shifts towards the component rhythm and thereby 

no longer provides information on balance control during walking. This needs to be further 

investigated in older children and healthy adults, as no such records are currently available. 

Although gait analysis is an important assessment tool, it requires specific equipment, which 

is not standardly available in clinical practice. Therefore, one of the major challenges that will 

need to be encountered in future research is translating this component into an easy to 

administer functional assessment protocol. Because of the loading of the mean step width, 

we hypothesize that a walking course with narrowed base of support might have potential to 



grasp this component. The narrowed base of support might be able to reflect the mean step 

width and crossing the obstacle can influence the mean step time, but in an integrated 

manner, thereby potentially approximating the component robustness. Whether this actually 

is the case needs to be determined. 

FUNCTIONAL BALANCE TESTS AS AN ASSESSMENT TOOL IN CLINICAL 

PRACTICE 

1 A conceptual framework for functional balance tests 

In clinical practice, balance control is often addressed with a single specific balance test, such 

as a timed tandem or single leg stance. However, it may be that children have sufficient 

postural control to maintain a certain body position, but are unable to react on destabilizing 

forces or show difficulties in (obstacle) walking tasks. When the treating physiotherapist then 

relies on the results of static balance tests, their balance deficit will not be identified. It is 

therefore imperative that physiotherapists are aware of the complexity of balance control and 

subsequently its assessment. When assessing balance control, as highlighted in the 

introduction, both task constraints and environmental factors should be taken into 

consideration. This is related to the fact that adequate balance control is a result of well-

functioning predictive, proactive and reactive mechanisms. Predictive balance mechanisms 

depend upon an accurate internal representation of the body and is largely achieved by 

anticipatory postural adjustments.53,54 Anticipatory postural adjustments are patterns of 

muscle activity that commence before most voluntary movements occur.55 For example, when 

a child has to stand quietly with his or her feet together, anticipatory postural adjustments, 

such as contraction of calf or trunk muscles, have to occur to ensure that the child will be able 

to attain and maintain this specific posture. Proactive balance mechanisms are mainly based 

on the visual system, that provides information on the environment, but that needs to be 

interpreted to identify its potential impact on stability.56,57 For example, when a child has to 

cross obstacles while walking, the appropriate response would be that it steps around or 

crosses the perceived obstacles. Such adjustments generally prevent them from tripping and 

thereby the need to recover from destabilization.57 Only when these adjustments fail or an 

unexpected destabilization occurs, the emergency back-up system or reactive balance 

mechanisms are used for crisis management.53 The degree to which this so-called emergency 

back-up system is activated, depends on the magnitude of the perturbation(s). For example 

in standing, small perturbations are countered by means of the ankle strategy, whereas larger 

perturbations require hip strategy and in case of extreme perturbations, when the centre of 

mass moves beyond the base of support, the stepping strategy is necessary.57 All three 

mechanisms are required in each type of task (static – quasi-dynamic – dynamic), but will 

become more prominent, depending on the degree to which environmental factors interfere 

with this task. We therefore translated the balance mechanisms into aspects of balance 

control comprising “maintaining”, “achieving” and “restoring” balance, respectively 

concurring with predictive, proactive and reactive mechanisms as a function of balance 

assessment. Maintaining refers to plain and simple postural tasks in which environmental 



factors are absent, e.g. timed one leg stance or timed walking of a predefined distance. 

Achieving comprises tasks in which object interaction occurs, e.g. stepping on a stool or 

walking and avoiding visible obstacles. Restoring consists of tasks that require reaction on 

destabilizing forces or obstacle negotiation, e.g.  reacting on a push or walking and avoiding 

unpredictable obstacles. Ideally, all three mechanisms should be assessed in each type of task 

when balance control is evaluated.  

Based upon these task constraints and aspects of balance control, we designed a 

conceptual framework to map which features are assessed with (a) specific balance test(s). 

With this framework, a valuable and comprehensive tool was developed to determine 

whether balance control as a global concept is being addressed or merely a limited number of 

task constraints and/or aspects of balance control. With this tool, a rationale is given to the 

treating physiotherapist to decide whether the test under consideration satisfies the 

requirements. By addressing all task constraints and aspects of balance control, the exact 

deficit areas in the child’s balance control will be revealed, enhancing therapy planning. 

Although the framework was developed for use in children, and more specifically 

preschoolers, this tool can be applied in all age groups as it transcends age-specific 

assessment.  

In a literature review, the psychometric properties of specific functional balance tests in 

children were mapped, as were the task constraints and aspects of balance control they 

measure. Based on our conceptual framework, we suggested a combination of tests: 1) the 

Berg Balance Scale58,59 or Pediatric Balance Scale60,61, 2) the Timed Up and Go test58,62-65, the 

Dynamic Gait Index66 or Community Balance and Mobility scale67 and 3) the Standardized 

Walking Obstacle Course63. Although theoretically a combination of these tests would be most 

suited, not all tests were developed or intended for preschoolers (BBS, CB&M, DGI, 

SWOC).58,63,66,67 Therefore, the PBS and TUG were further investigated as these are most 

specific for the age group under consideration.  

2 Timed Up and Go test: a modified protocol 

Although the TUG has been investigated extensively in children, normative values for children 

age 3 to 6, were, at the time the study was conducted, not available yet.68 Since 2014, several 

Table D.1: Overview TUG protocols available in literature. 

Protocol Author Instruction Start 
timing 

Type of 
motivation 

Footwear TUG 
outcome 

1 Verbecque et al. 
2016 

As fast as possible Cue Grab object Barefoot B3 

2 Nicolini-Panisson 
& Donadio 2014 

As fast as possible Gets up Touch object Barefoot B3 

3 Itzkowitz et al. 
2016 

As fast as possible Cue None Shoes A2 

4 Habib et al. 1999;  As fast as possible Cue None Barefoot  A2 

5 Butz et al. 2015 Normal walking speed Gets up Touch object Shoes A2 

6 Williams et al. 
2005 

Normal walking speed Gets up Touch object Shoes/ aids A3 

Legend: A2: Average of 2 trials;  A3: Average of 3 trials; B1: Best of 1; B2: Best of 2; B3: Best of 3 



authors published normative data for the Timed Up and Go test between age 3 and 18.69-71 

However, these reference values differ remarkably. This might be due to the applied protocol. 

Currently, six different protocols are available in literature which are presented in Table 

D.1.64,69-72 In Figure D.4 the reference values, available in literature, are presented graphically, 

taking these 6 protocols into account. This figure clearly shows that the protocol does 

influence the reported reference values.  

When the TUG is administered, a decrease in TUG time with increasing age is expected, as a 

result of increasing balance control. For example, when we want to identify deviant balance 

control, it is contra-intuitive that for example a 9-year-old should perform the TUG faster than 

a 10-year-old and that an 11-year-old should again perform the TUG faster than the 10-year-

old. This expected trend is shown in protocol 1, 2 and 6.64,69 In contrast to all other protocols, 

where reference values have been reported per biological age, for protocol 6 reference values 

have been determined for 2 groups with a mean age of 4.4 (0.5) years old (range 3-5 years 

old) and 7.3 (1.1) years old (range 6-9 years old).64 This explains why protocol 6 gives the 

impression to result in decreasing TUG time with increasing age, but it remains unclear how 

children in each biological age group performed. Protocols 3-5 result in large fluctuations in 

the TUG time throughout childhood.70,72 Fluctuations in TUG time suggest large variability in 

performance. During assessment, such variability should be limited as it influences the test’s 

sensitivity for age-related changes in performance and thereby its overall sensitivity and 

specificity for detecting balance deficits. The differences in TUG time, reported in literature, 

may be due to: 1) the lack of motivation (protocol 3 and 4) and/or 2) the method to determine 

the TUG time, the best performance of 3 trials versus the average of 2 or 3 trials.    

As argued in chapter 4, the use of an object to improve a child’s motivation when 

performing the task, indeed influences the TUG time (Figure D4). Protocols 3 and 4 do not use 

an object for motivation, which is reflected in large fluctuations of the TUG time as a function 

Figure D.4: Graphical presentation of reference values for the TUG, using different protocols. 

Legend:      Mean TUG values + 2 SD;    Mean TUG values + 1SD;    Mean TUG values   



of age.70,72 However, which object is being used, plays a role as well. Some authors adjusted 

the TUG protocol to maximize motivation of the children to perform the task, by asking them 

to touch an object on the wall (e.g. a star).64,69,71 This has some repercussions on the outcome 

as the distance between the chair and the wall is 3 meters. This way, children do not walk 3 

meters and they can push off when turning to return to the chair, inducing TUG time to 

decrease. For this reason, we developed a new modified protocol, which contains a grasping 

task instead of a “touching” task. To grasp an object, a child also needs to reach, thereby 

inducing an extra element of balance control in the TUG. As expected, this results in a slightly 

increased TUG time, compared to the “touching” protocol. The grasping task should also be 

further investigated, as this might affect the performance and can serve as a limiting factor in 

children who show upper limb dysfunction. However, because the TUG assesses several 

aspects of balance control, we expect that the TUG may serve as a screening tool for balance 

deficits in children that present with mild motor impairment, for instance children with SNHL 

or DCD. In such children it can be expected that their balance control is affected, resulting in 

delayed overall motor development. To determine whether the TUG can indeed be used as a 

balance test that is able to provide information on motor development, we correlated the 

TUG performance to observational scales assessing specific domains of motor development: 

1) jump coordination, 2) overall dynamic coordination, 3) balance, 4) body awareness, 5) eye-

hand coordination and 6) fine motor skills. These preliminary unpublished analyses were 

performed in a heterogeneous sample of 16 preschool children, consisting of both children 

with (a)typical development. Of the 6 motor domains, jump coordination, balance and fine 

motor skills correlated strongly with the TUG, as shown in Table D.2. These results indicate 

that TUG administration covers more than just balance control. Whether the association with 

the fine motor skills is due to the protocol, i.e. the grasping task, should be further 

investigated. Nevertheless, the correlations support the assumption that balance control is 

the foundation of all motor skills. Therefore, this TUG protocol can be useful as a screening 

tool in children who present with motor delay, but this requires more research into this new 

TUG protocol’s sensitivity and specificity. Preferably this is done in a sample of children with 

mild motor deficits such as DCD or hearing impairment. 

 

 

The TUG time is also strongly influenced by the time that is considered as the child’s 

final result. We identified two ways to determine the TUG outcome: 1) best of three trials 

(protocol 1-2) and 2) the average of two or three trials (protocol 3-6). By taking the best 

performance of three trials, the final result actually reflects the child’s best performance. This 

way, variability between trials is eliminated, which is not the case when trials are averaged. 

Not only variability, but also lesser performance during testing influences the final result when 

trials are averaged. For example, especially in preschool children, attention may decrease 

Table D.2: Significant correlations between the TUG and domains of motor development 

 Number of childen Pearson Correlation coefficient 

TUG – jump coordination 16 - 0.67 

TUG – balance 16 - 0.74 

TUG – fine motor skills 15 - 0.70 



towards the last trial, thereby influencing the overall result. When cut-off values are used to 

determine whether a child shows deviating balance control, this needs to be considered, as 

the mean result may exceed the cut-off value due to one outlier. This has repercussions for 

false positive results, as one deviating trial can have a large impact on the interpretation of 

the results. However, the main advantage of averaging the trials is that learning effects are 

limited. Nevertheless, in paediatrics, the best performance is usually taken into account, as 

children tend to show more variable performances compared to adults. When the best 

performance is used as TUG time, the walking speed plays a crucial role. Although most 

authors apply the original instruction as proposed by Podsiadlo and Richardson (1991), 

requesting the child to walk as fast as possible69,70,72, Williams et al (2005)64 proposed the use 

of self-selected walking speed. However, Figure D.4 clearly shows that, although motivation 

was used, the TUG time reported by Butz et al (2016) fluctuates strongly which can be 

explained by the combination of self-selected walking speed and averaging the recorded trials. 

These fluctuations are more distinct compared to averaged trials when children are instructed 

to walk as fast as possible.  

Because of the importance of decreasing TUG values with increasing age to provide a 

basis for identifying balance deficits in children, we recommend that the combination of 1) 

asking the child to perform the TUG as fast as possible, 2) administering 3 trials, using the best 

of 3 as the final result, and 3) using an object for motivation, is necessary to identify age-

specific performances as we did in our modified version of the TUG. Indeed, our protocol 

revealed to be sensitive for age-related changes in performance, even among preschoolers. 

Based on these findings, reference- and cut-off values were determined. However, our 

currently published reference values (chapter 4) are based on rather small subsamples, 

highlighting their preliminary character and therefore should be expanded. Also, in our 

sample, 6-year-olds were included for testing but excluded from analyses because their 

subsample was too small. However, this age group is also part of the group of preschoolers, 

and should be further investigated. Nevertheless, this is the first study to highlight the 

necessity of age-specific reference values for the TUG when it comes to preschoolers. Previous 

studies did not focus specifically on this age range, and if reference values have been reported, 

preschoolers were always addressed as one group. However, their biological should be taken 

into account, as evidenced by the findings in this study. 

The proposed protocol can be used in clinical practice to determine whether a preschool 

child shows deviating dynamic balance control. However, based on the conceptual framework 

for the assessment of balance control, it should be kept in mind that the TUG as a single test 

does not assess the entire construct of balance control and should therefore be part of a 

balance test battery. 

3 Pediatric Balance Scale 

Usability of the PBS in Flemish children has been investigated in chapter 5. The PBS has gained 

much interest by many researchers all over the world because it is an easy to administer test, 

does not require specific and expensive test materials and is reliable both between test 

sessions and raters.60,61,73,74 The test has a ceiling effect; i.e. from age of 7 maximum scores 



are to be expected. This suggests that this test is ideal for the identification of balance deficits 

during early development, using the published reference values.60 However, these reference 

values are based on a sample of American children.61 It is well recognized that cultural 

differences are present in motor development. We therefore aimed to compare results of 

Flemish children with the normative data. Indeed, the children in our sample, performed 

systematically poorer, suggesting the use of American normative data would induce 

underestimation of the children’s performances and therefore result in a higher number of 

false positive cases. Guffey et al. (2016) also administered the PBS in American children and 

reported scores of 86% in 2-year-olds, 94% in 3-year-olds and 99% in 4-year-olds.75 Indeed, 

again American preschool children, performed very good on the PBS, even as young as 3 and 

4 years old, emphasising the cultural difference in performance. We therefore suggested that 

if this test is to be used in clinical practice, Flemish normative data should be collected before 

applying the test in clinical practice.  

The difficulty level of the 14 PBS items was also assessed to determine whether all 

items are relevant for each biological age group (i.e. age 3, 4, 5 and 6). Our results showed 

that this is not the case. For example, some items can be performed by all children, regardless 

of age such as moving from sitting to standing and back, sitting independently, standing 

independently, retrieving an object from the floor and placing the feet alternately on a stool. 

These items will provide information on inadequate balance control regardless of age: if the 

child is unable to perform these tasks, its balance control in these specific postures or 

movements are below the level of a 3-year-old. Other items have shown to be difficult only 

for children age 3 such as transferring from one chair to another, achieving the bipedal 

standing position with the feet together, standing on one leg or reaching forward. Such items 

do not have any diagnostic value for 3-year-olds as less than 90% of the children is able to 

perform the task, but are of interest for children aged 4 years and older. Finally, items such as 

turning to look behind and achieving tandem stance are too difficult for all preschoolers. 

Therefore, such items do not provide any diagnostic value as well. In Table D.3 an overview is 

provided of the PBS items that can be retained and for which age group they are relevant. 

Table D.3: Overview of the PBS items that can be retained, classified according to biological preschool age 

 3-year-olds 4-year-olds 5-year-olds 6-year-olds 

Item 1: sitting to standing x x x x 

Item 2: standing to sitting x x x x 

Item 3: transfers  x x x 

Item 4: standing unsupported x x x x 

Item 5: sitting unsupported x x x x 

Item 6: standing with eyes closed x x x x 

Item 7: standing with feet together  x x x 

Item 8: tandem stance     

Item 9: One leg stance  x x x 

Item 10: turning 360°    x 

Item 11: turning to look behind     

Item 12: retrieving object from floor x x x x 

Item 13: placing alternate foot on a stool x x x x 

Item 14: reaching forward with outstretched arm  x x x 



Although Darr et al (2015) performed a rash-analysis on the PBS items to determine 

the degree of difficulty of the PBS items, they did not have the intention to determine whether 

all items are relevant for the different age groups.76 Their analysis eventually revealed more 

or less similar difficulty levels of the PBS items, but not for which age groups.76 The results 

presented in chapter 5 therefore have an added value as we now know which items are 

relevant for which age groups. We therefore suggest that the PBS should be revised to 

improve its diagnostic accuracy or a new assessment tool should be composed based on these 

results or relevant items be incorporated in a new balance test battery. 

INDICATIONS FOR FUTURE RESEARCH 

The results of this thesis revealed that the information obtained with technical and functional 

tests is complementary in the assessment of balance control and should therefore be 

combined. This way, a clear overview is provided of different balance tasks that a typically 

developing preschool child is able to do. In summary, timed quiet bipedal stance in different 

sensory conditions should be preferred over posturographic measurement, the modified TUG 

and a selection of (age-)specific items of the Pediatric Balance Scale can be administered and 

a translation of the component robustness into an easy measurable functional tasks, for 

example an obstacle walking course, is necessary. However, some overlap exists in these tasks, 

which needs to be eliminated. Table D.4 provides an overview of the current knowledge and 

the challenges that will need to be encountered in future research regarding the assessment 

of balance control in preschool children. 

Overall, the minimum criterion for several tasks, e.g. standing with feet together, one leg 

stance, placing alternate foot on a stool, reaching forward with outstretched arm and timed 

performance of standing in different sensory conditions, need to be determined per age 

group. For example, the original criteria for item 7 of the PBS (standing with feet together) 

emphasize the amount of support the child needs in order to maintain this body position for 

30 seconds. However, it would be more relevant to determine exactly how long a preschool 

child is able to maintain this position without support. Therefore the minimum time per age 

group in typically developing children as well as in children with known balance deficits needs 

to be determined to provide clear cut-off values that will enable the interpretation of a child’s 

performance. Regarding the component robustness, we hypothesize that an obstacle walking 

course with narrowed base of support would be able to grasp its underlying task and aspects 

of balance control. The narrowed base of support might be able to reflect the mean step width 

and crossing the obstacle can influence the mean step time, but in an integrated manner, 

thereby potentially approximating the component robustness. However, these suggestions 

and hypotheses should be further investigated. 





Apart from which tasks and/or tests can be retained from previous investigations, their part 

in the conceptual framework of balance control is at least as important. In Table D.5 these 

tasks/tests are classified in the conceptual framework, highlighting that all task constraints are 

covered, but not all aspects of balance control. 

 

For example, restoring balance control is not addressed at all. Thus, currently, none of the 

available balance tasks and/or tests, assess the entire construct of balance control in 

preschool children, not even when they are combined. Therefore, further research towards 

an integrated test that does satisfy the requirements of the entire construct of balance control 

for this specific age category is necessary. The main advantage of such a test is that 

physiotherapists in the field will be able to identify the underlying systems responsible for 

poor functional balance, which is crucial for therapy planning. Although still lacking in children, 

such a test is available for older adults, the Balance Evaluation Systems Test (BESTest), 

developed by Horak et al (2009).77 The BESTest consists of domains covering all task 

constraints and aspects of balance control. By completing the conceptual framework with 

additional balance tasks the entire construct of balance control can be measured. For 

example, to address restoring static body stability, a forward/backward and sideward push 

during stance can be added. Subsequently, a new functional balance test for preschoolers can 

be designed by modelling the items according to the BESTest, of which its reliability needs to 

be determined and that needs to be validated thoroughly.  

One of the advantages of this new test would be its feasibility in clinical practice, as 

physiotherapists need an easy to administer test, that requires few and preferably cheap 

equipment, but which is also easy to interpret. The new functional balance test can 

approximate these requirements, thereby providing potential to fill a large gap in 

physiotherapeutic clinical practice. 

CLINICAL IMPLICATIONS FOR PHYSIOTHERAPISTS 

Although several new insights into the assessment of balance control in preschool children 

have been gained in this thesis, these findings are not yet ready to be implemented in clinical 



practice. A new test needs to be composed, that is reliable and valid. This means that for now, 

we propose the use of the PBS and the modified TUG as the best option, even though these 

tests do not suffice the requirements to assess the entire construct of balance control. 

However, when combined, the modified TUG and PBS will provide information regarding all 

types of tasks, which is more thorough than the use of single balance tasks or developmental 

motor scales such as the Movement Assessment Battery for Children (2nd edition), which is 

currently used in physiotherapy practices. However, when administering the modified TUG 

and PBS, the obtained results need to be interpreted with caution. Reference values for the 

modified TUG are based on a sample of Flemish preschoolers, which might influence its 

diagnostic accuracy for balance deficits in other cultures. Applying the PBS in Flemish children  

and interpreting their results using the American reference values on the other hand can result 

in underestimation of the child’s abilities, resulting in false positive results. However, when 

physiotherapists are aware of these disadvantages, they can rely on their clinical experience 

when applying these tests and they will be able to gain insights into balance control of the 

children they are treating.
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Appendix 1.1: Overview of the prevalence of vestibular dysfunction of the semi-circular canals: raw data. 

Author N Age 
Range 

Type of 
hearing loss 

Type of Vestibular 
Hypofunction 

Vestibular function tests for semi-circular canals 

Caloric 
test 

RCT 
 

HIT vHIT 
HSCC 

vHIT 
PSCC 

vHIT 
ASCC 

HST DVA 

Backous  2000 11 
23 

months-
10 y/o 

SNHL (CCI) 

Drop-outs  1/8     1/11  

Normal  3/7 7/11    8/10  

Unilateral hypofunction  1/7 3/11    2/10  

Bilateral hypofunction  3/7 1/11    0/10  

Bergholtz 
1977 

30 1-16 y/o SNHL 
Normal  5/10       

Areflexia  5/10       

Brookhouser 
1982 

170 3-19 y/o 
Profound 

SNHL 

Drop-outs 4/170        

Normal 129/166        

Unilateral hypofunction 17/166        

Bilateral hypofuncton 20/166        

    Drop-outs  1/20      1/20 

Christy 
2014 

20 6-12 y/o 
Severe to 
profound 

SNHL 

Normal  0/19      11/19 

Unilateral hypofunction  5/19      5/19 

Bilateral hypofunction  3/19      3/19 

Areflexia  11/19       

Cushing 2009 9 4-17 y/o 
Profound SNHL 

(8/9 CCI) 

Drop-outs 1/9 1/9       

Normal 0/8 1/8       

Bilateral areflexia 3/8        

Unilateral 
hypofunction/areflexia 

5/8        

Abnormal VOR gain  7/8       

Cushing 2008 40 3-19 y/o 
Severe to 

Profound SNHL 
(CCI) 

Drop-outs 8/40 3/40       

Normal 16/32 23/37       

Mild unilateral loss 5/32        

Moderate unilateral loss 1/32        

Unilateral areflexia 1/32        

bilateral areflexia 9/32        

Abnormal VOR gain  14/37       

Cyr, 1985 21 
3 months - 

6 y/o 
Severe to 

profound SNHL 

Normal  0/21       

Bilateral hypofunction  21/21       

Diepeveen & 
Jensen, 1968 

55 6-15 y/o SNHL 

Normal 17/110        

Hypofunction 63/110        

Areflexia 30/110        

Hallmo, 1986 56 4-15 y/o 
Mild to 

profound SNHL 

Normal 50/56        

Unilateral hypofunction 3/56        

Unilateral areflexia 3/56        

Holderbaum, 
1979 

31 11-14 y/o 
Moderate to 

profound SNHL 

Normal 15/31        

Abnormal 16/31        

Inoue 2013 89 20-97 m/o 
Profound  

SNHL (CCI) 

Drop-outs 14/89 5/89       

Normal 44/75 67/84       

Unilateral hypofunction 13/75 1/84       

Bilateral hypofunction 18/75 16/84       

Jacot 2009 
 

224 7m/o-
16y/o 

Profound 
SNHL 

Normal 110/224        

Unilateral hypofunction 18/224        

Bilateral hypofunction 
(symm) 13/224        

Bilateral hypofunction 
(asymm) 9/224        

Unilateral areflexia 18/224        

Bilateral areflexia 56/224        

89 7m/o-
12y/o 

Profound 
SNHL (CCI) 

Normal 54/89        

Unilateral hypofunction 8/89        

Bilateral hypofunction 
(symm) 4/89        

Bilateral hypofunction 
(asymm) 3/89        

Unilateral areflexia 5/89        

Bilateral areflexia 15/89        
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Janky & Givens 
2015 

11 6/17y/o SNHL (CCI) Normal  12/22  12/22 7/22 11/22   

Jin 2006 12 2-7 y/o 
Profound 

SNHL 

Drop-outs 2/12        

Normal 4/10        

Hypofunction 4/10        

Areflexia 2/10        

Kaga, 2008 20 
31-97 

months 
Severe-profound 

SNHL 

Normal 3/20 14/20       

Unilateral hypofunction 7/20 1/20       

Bilateral hypofunction 2/20 2/20       

Bilateral areflexia 8/20 3/20       

Kaga, 1981 88 <1-6 y/o Profound SNHL 

Drop-outs  21/88       

Normal  22/67       

Hypofunction  38/67       

Areflexia  7/67       

Lisboa, 2005 26 10-14 y/o 
Severe to 

profound SNHL 

Normal 
1/26  

26/2
6 

     

Unilateral hypofunction 5/26        

Bilateral hypofunction 20/26        

Mäki-Torkko & 
Magnusson, 

2005 
14 12-90 m/o 

Severe to 
Profound SNHL 

Drop-outs  2/14       

Normal  9/14 
11/1

4 
     

Bilateral hypofunction  3/14 3/14      

Martin, 2012 32 4-13 y/o 
Mild to 

profound SNHL 
(CCI) 

Normal        27/32 

Abnormal        5/32 

Masuda & Kaga, 
2014 

97 
3-37 

months 
Profound SNHL 

Normal  81/97       

Hypofunction  16/97       

Potter, 1984 34 5-8 y/o 
Moderate to 

profound SNHL 

Normal  14/34       

Hypofunction  5/34       

Areflexia  15/34       

Sandberg, 1965 114  
Severe to 

Profound SNHL 

Normal 66/114        

Hypofunction 40/114        

Areflexia 8/114        

Shall 2009 33 4-7 y/o 
Severe to 

profound SNHL 
(CCI) 

Normal 4/33        

Unilateral hypofunction 7/33        

Areflexia 22/33        

Shinjo 2007 20 31-97 
m/o Severe SNHL 

Normal 3/20 14/20       

Asymmetrical hypofunction 7/20 1/20       

Symmetrical hypofunction 2/20 2/20       

Areflexia 8/20 3/20       

Suonpäa, 1988 144 6-18 y/o 
Severe to 

profound SNHL 

Normal 42/144        

Unilateral hypofunction 24/144        

Areflexia 78/144        

Drop-outs 3/36        

Tribukait 2004 36 15-17 y/o Profound SNHL 

Normal 15/33        

Unilateral hypofunction 8/33        

Bilateral hypofunction 5/33        

Areflexia 5/33 5/5       

Zagolski, 2007 18 3 months 
Moderate to 

profound SNHL 

Normal 12/36        

Hypofunction 12/36        

Areflexia 12/36        

Abbreviations: ASCC: Anterior Semicircular Canal; CCI: Children with Cochlear Implantation, c- or oVEMP: collic or ocular Vestibular Evoked Myogenic Potentials test, DVA: Dynamic 
visual acuity, HST: Head Shaking Test; HSCC: Horizontal Semicircular Canal; N: Number, PSCC: Posterior Semicircular Canal; RCT: Rotational Chair test, SNHL: Sensory Neural Hearing Loss, 
(v)HIT: (video) Head Impulse Test. 
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Appendix 1.2:  Overview of the prevalence of vestibular dysfunction of the otoliths: raw data. 

Author N Age Range Type of hearing loss Type of Vestibular Hypofunction 
Vestibular function tests 

cVEMP oVEMP 

Christy 
2014 

20 6-12 y/o Severe to profound SNHL 

Drop-outs  1/20  

Normal 19/19  

Unilateral hypofunction 0/19  

Bilateral hypofunction 0/19  

Areflexia 0/19  

Cushing, 2009 9 4-17 y/o Profound SNHL 

Drop-outs 2/9  

Normal 5/7  

Areflexia 2/7  

Cushing, 2008 40 3-19 y/o 
Severe to Profound SNHL 

(CCI) 

Drop-outs 15/40  

Normal 15/25  

Unilateral areflexia 5/25  

Bilateral areflexia 5/25  

De Kegel, 2012 48 3-12 y/o 
Moderate to profound SNHL 

(CCI) 

Drop-outs 6/48  

Normal 35/42  

Areflexia 7/42  

Inoue 2013 89 20-97 m/o 
Profound  

SNHL (CCI) 

Drop-outs 27/89  

Normal 36/62  

Unilateral hypofunction 5/62  

Bilateral hypofunction 21/62  

Jacot 2009 
 

224 7m/o-16y/o Profound SNHL 

Normal 123/224  

Unilateral hypofunction 22/224  

Bilateral hypofunction (symm) 23/224  

Bilateral hypofunction (asymm) 11/224  

Unilateral areflexia 9/224  

Bilateral areflexia 36/224  

89 7m/o-12y/o Profound SNHL (CCI) 

Normal 55/89  

Unilateral hypofunction 8/89  

Bilateral hypofunction (symm) 9/89  

Bilateral hypofunction (asymm) 4/89  

Unilateral areflexia 1/89  

Bilateral areflexia 12/89  

Jafari, 2011 30 6-9 y/o Profound SNHL 

Normal 14/30  

Unilateral areflexia 4/30  

Bilateral areflexia 12/30  

Janky & Givens 
2015 

11 6/17y/o SNHL (CCI) Normal 12/22 10/22 

Jin 2006 12 2-7 y/o 

Profound SNHL 

Normal 6/12  

Hypofunction 1/12  

Areflexia 5/12  

Profound SNHL  
(CCI device off) 

Normal 1/12  

Hypofunction 11/12  

Areflexia 0/12  

Profound SNHL  
(CCI device on) 

Normal 1/12  

Hypofunction 3/12  

Areflexia 8/12  

Jin, 2008 24 2-14 y/o 

SNHL (device off) 

Normal 0/24  

Hypofunction 4/24  

Areflexia 20/24  

SNHL (device on) 

Normal 12/24  

Hypofunction 2/24  

Areflexia 10/24  

Kaga, 2008 20 31-97 months Severe to profound SNHL 

Normal 10/20  

Unilateral hypofunction/ areflexia 6/20  

Bilateral areflexia 4/20  

   

Severe to profound SNHL 
(CCI) 

Drop-outs 1/33  

Shall, 2009 33 4-7 y/o 

Normal 5/32  

Unilateral hypofunction/ areflexia 7/32  

Bilateral areflexia 20/32  
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Shinjo 2007 20 31-97 m/o Severe to profound SNHL 

Normal 10/20  

Asymmetrical hypofunction 6/20  

Symmetrical hypofunction 0/20  

Areflexia 4/20  

Singh 2012 15 4-12 y/o Severe to profound SNHL 
Hypofunction 13/15  

Areflexia 2/15  

Tribukait 2004 36 15-17 y/o Profound SNHL 

Normal 21/36  

Unilateral hypofunction 7/36  

Bilateral hypofunction 7/36  

Areflexia 1/36  

Xu, 2015  43 3-14 y/o Profound SNHL Normal 27/43 25/43 

Xu, 2014  31 3-12 y/o 

Severe SNHL (pre CI) 
Drop-outs 5/31  

Normal 18/26 22/31 

Severe SNHL (CCI – CI on) 
Drop-outs 5/31  

Normal 8/26 4/31 

Severe SNHL (CCI – CI off) 
Drop-outs 8/31 5/31 

Normal 8/23 5/26 

Zagolski, 2007 18 3 months Moderate to profound SNHL Areflexia 24/36  

Zhou 2009 23 2-16 y/o Moderate to profound SNHL Abnormal 21/23  

Abbreviations: ASCC: Anterior Semicircular Canal; CCI: Children with Cochlear Implantation, c- or oVEMP: collic or ocular Vestibular Evoked Myogenic 
Potentials test, DVA: Dynamic visual acuity, HST: Head Shaking Test; HSCC: Horizontal Semicircular Canal; N: Number, PSCC: Posterior Semicircular 
Canal; RCT: Rotational Chair test, SNHL: Sensory Neural Hearing Loss, (v)HIT: (video) Head Impulse Test. 
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Appendix 1.3: This flowchart shows a description of how the level of evidence was assigned. The criteria of the 
Cochrane Collaboration Back Review Group (van Tulder et al 2003) were used to determine the level of evidence, 
but implemented as by Saether et al 2013.   

 

 

Vestibular function 
tests 

 
Number 

of studies 
+ 

Methodological 
quality: COSMIN 

+ 
Consistency of 

findings 
= 

Level of 
evidence 

         

         

  1 + Excellent + consistent 
= strong 

  ≥ 2 + Good + consistent 
         

         

  
1 + Good + consistent 

= Moderate RCT  

≥ 2 

 

Fair 

 

consistent cVEMP + + 

DVA   
         

         

vHIT  1 + Fair + Not applicable = Limited 
         

         

oVEMP  
≥1 + Poor + consistent = Unknown 

HST 
         

         

  ≥1 + Poor - excellent + inconsistent = Conflicting 
 
Legend: the caloric test was used as the gold standard. 
Abbreviations: c- or oVEMP: colic or ocular Vestibular Evoked Myogenic Potentials test; DVA: Dynamic Visual Acuity test; HST: Head Shaking Test; 
RCT: Rotational Chair Test; (v)HIT: (video) Head Impulse Test. 
 

Sensitivity and 

specificity 
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APPENDIX 8.1: The code of the custom made Matlab model 

function [Stridetime_L, Stridetime_R,Steptime_L, Steptime_R,Stance_R, Stance_L, 

StepLength_L,StepLength_R,StepWidth_L,StepWidth_R] = STP_TM(LANK, RANK) 

FUNCTION [T] = STP(LFS, RFS, LANK, RANK) 

Function to calcultate step-time parameters during treadmill locomotion based on marker 

trajectories (by default we use the ankle marker but it can be the % heel marker as well) 

INPUT: 

- Fs    sampling frequency (Hz.) 

- LANK  matrix with the (x,y,z) coordinates of the left ankle marker 

- RANK  matrix with the (x,y,z) coordinates of the right ankle marker 

OUTPUT: 

The output is a table T with all the steptime parameters for the different left and right strides 

Determine the maximal and minimal ankle marker positions and corresponding events of foot strike 

and toe-off 

- [maxima_L, LS] = findpeaks(LANK(:,1),'MinPeakDistance',50); 

- [minima_L, LO] = findpeaks(-1*LANK(:,1),'MinPeakDistance',50); 

- [maxima_R,RS] = findpeaks(RANK(:,1),'MinPeakDistance',50); 

- [minima_R, RO] = findpeaks(-1*RANK(:,1),'MinPeakDistance',50); 

Calculation of the step time parameters 

n = min(length(LS), length(RS)); 

STRIDE TIME: Stride time is calculated as the time difference (in s) between the left or right strike and 

the next left or right strike 

- Stridetime_R = zeros(n-1,1); 

- Stridetime_L = zeros(n-1,1); 

for i = 2:n 

- Stridetime_R(i-1) = 1/100*(RS(i) - RS(i-1)); 

- Stridetime_L(i-1) = 1/100*(LS(i) - LS(i-1)); 

end 

STEP TIME: Step Time is calculated as the time difference (in s) between left and right foot strike 

if LS(1) < RS(1) 

- Steptime_R = 1/100*(RS(1:n-1) - LS(1:n-1)); 

- Steptime_L = 1/100*(LS(2:n) - RS(1:n-1)); 

Else 

- Steptime_L = 1/100*(LS(1:n-1) - RS(1:n-1)); 

- Steptime_R = 1/100*(RS(2:n) - LS(1:n-1)); 

end 

STANCE, SINGLE STANCE and DOUBLE STANCE 

for i = 1:n-1 
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if RS(1) < RO(1) 

- Stance_R(i) = (RO(i) - RS(i))/(RS(i+1) - RS(i))*100;

Else 

- Stance_R(i) = (RO(i+1) - RS(i))/(RS(i+1) - RS(i))*100;

end   

if LS(1) < LO(1) 

- Stance_L(i) = (LO(i) - LS(i))/(LS(i+1) - LS(i))*100;

Else 

- Stance_L(i) = (LO(i+1) - LS(i))/(LS(i+1) - LS(i))*100;

end 

end 

Stance_R = Stance_R'; 

Stance_L = Stance_L'; 

STEP LENGTH: Step Length is calculated as difference between minimal and maximal position of the 

ankle marker (in m) 

if LS(1) < LO(1) 

- StepLength_L = abs(maxima_L(1:n-1)- (-1)*minima_L(1:n-1))/1000;

Else 

- StepLength_L = abs(maxima_L(1:n-1)- (-1)* minima_L(1:n-1))/1000;

end 

if RS(1) < RO(1) 

- StepLength_R = abs(maxima_R(1:n-1)- (-1)*minima_R(1:n-1))/1000;

Else 

- StepLength_R = abs(maxima_R(1:n-1)- (-1)*minima_R(1:n-1))/1000;

end  

Step Width is calculated as the medio-lateral distance between the ankle markers, position measured 

on foot strike 

- StepWidth_R = zeros(n-1,1);

- StepWidth_L = zeros(n-1,1);

for i = 1:n-1 

if LS(1) < RS(1) 

ind1 = LS(i); ind2 = RS(i); 

- StepWidth_R(i,1) = 1/1000*(RANK(ind2,2)- LANK(ind1,2));

ind3 = LS(i+1); ind4 = RS(i); 

205



- StepWidth_L(i,1) = -1/1000*(LANK(ind3,2)- RANK(ind4,2)); 

else 

ind1 = RS(i);         ind2 = LS(i); 

- StepWidth_L(i,1) = -1/1000*(LANK(ind2,2)- RANK(ind1,2)); 

 ind3 = RS(i+1); ind4 = LS(i); 

- StepWidth_R(i,1) = 1/1000*(RANK(ind3,2)- LANK(ind4,2)); 

end   
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Samenvatting 

Balanscontrole is een basisvoorwaarde voor de motorische ontwikkeling. Het verwijst naar 

het vermogen van een kind om een lichaamshouding aan te nemen en te bewaren en 

lichaamsstabiliteit te herstellen in zowel statische als dynamische situaties. Hierbij spelen de 

perceptie van hoofd- en lichaamspositie in de ruimte in relatie met de omgeving alsook de 

perceptie van de lichaamssegmenten in relatie tot elkaar een belangrijke rol. Deze sensorische 

informatie wordt verkregen vanuit de auditieve, visuele, vestibulaire en somatosensorische 

systemen. Deze informatie wordt vervolgens in de hersenen verwerkt, waardoor de selectie 

van de meeste geschikte balansstrategie kan plaatsvinden, wat leidt tot adequate motorische 

output. Deze output of actie wordt voorzien door het motorisch systeem, dat instaat voor 

activatie van de meest geschikte bewegingspatronen als reactie op verstoringen.  

Tijdens de kleuterperiode (leeftijd 3 tot 6 jaar) zijn balansstrategieën van cruciaal belang, 

omdat kinderen tijdens deze periode complexere motorische vaardigheden aanleren. Een van 

de systemen dat deze strategieën stuurt is het vestibulair systeem. Het vestibulair systeem 

heeft een sensorische rol daar het de hersenen voorziet van informatie omtrent hoofd en 

lichaamspositie in de ruimte, maar speelt tevens een motorische rol via de activatie van 

vestibulaire reflexen zoals de vestibulo-collische en vestibulo-spinale reflexen. Deze reflexen 

sturen de nekmusculatuur om het hoofd te stabiliseren en genereren compensatoire 

lichaamsbewegingen. Deze reflexen vormen een cruciaal gegeven bij het stabiel houden van 

het hoofd en het lichaam. Ze voorkomen het vallen en dragen zo bij tot de balanscontrole. In 

de literatuur wordt het belang om vestibulaire functie en balanscontrole te evalueren erkend, 

maar welke tests daarvoor gebruikt dienen te worden – voornamelijk bij kleuters – blijft 

onduidelijk. Het doel van de studie is daarom om adequate meetinstrumenten voor 

vestibulaire functie en balanscontrole te identificeren. 

In het eerste deel van deze thesis ligt de nadruk op de beoordeling van vestibulaire functie bij 

kinderen. De keuze van een adequate test wordt bepaald door diens diagnostische 

accuraatheid en de toepasbaarheid ervan bij kinderen. Bij kinderen met sensorineuraal 

gehoorverlies ligt de vestibulaire dysfunctie aan de oorzaak van balansproblemen en 

motorische achterstand, omwille van de embryologische en anatomische verbondenheid 

tussen het evenwichtsorgaan en het gehoororgaan. Hierdoor vormt deze specifieke populatie 

de meest geschikte groep om de keuze van de meest geschikte vestibulaire functie test te 

bepalen. De systematische review in hoofdstuk 1 over de diagnostische accuraatheid van 

vestibulaire functietests en toegepaste protocollen, geeft aan dat de Dynamic Visual Acuity 

test (DVA) potentieel heeft als een alternatieve test voor meer invasieve en prijzige testen 

zoals de calorische test en de draaistoeltest. In hoofdstuk 2 wordt de toepasbaarheid van de 

DVA bij typisch ontwikkelende kleuters onderzocht, gezien er tot op heden weinig informatie 

beschikbaar is in de literatuur over deze test bij kleuters. De resultaten geven aan dat de 

klassieke horizontale DVA te moeilijk is voor deze kinderen, waardoor vals positieve resultaten 
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verkregen worden. Een aangepast protocol voor de verticale DVA op de loopband blijkt dan 

weer bruikbaar te zijn voor kinderen vanaf de leeftijd van vijf jaar. Desalniettemin, vormen 

zowel de horizontale als de verticale DVA geen toepasbare vestibulaire functie test voor de 

totaalgroep van kleuters. 

In het tweede deel van deze thesis wordt gezocht naar geschikte balanstests voor kleuters. 

Hierbij kunnen de balanstests ingedeeld worden in twee grote groepen: functionele en 

technische tests. Functionele balanstests omvatten functionele taken zoals unipodale stand, 

voorwaarts reiken of een vooraf bepaalde afstand stappend afleggen. Met dergelijke tests 

kwantificeert de beoordelaar de bewegingskwaliteit via observatie met behulp van vooraf 

gedefinieerde criteria of bepaalt de tijd die het kind nodig heeft om de taak uit te voeren. 

Technische tests omvatten posturale zwaaimetingen en ganganalyse. Met behulp van 

posturale zwaaimetingen worden de exacte lichaamsbewegingen geregistreerd terwijl het 

kind stil staat. Hierdoor wordt accurate kwantitatieve informatie over de bewegingskwaliteit 

verkregen tijdens het stilstaan. Bij ganganalyse, worden de spatio-temporele parameters 

geregistreerd, die eveneens het gangpatroon op accurate wijze kwantificeren. Hoewel beide 

types tests vaak worden toegepast in de wetenschappelijke literatuur om balanscontrole bij 

kinderen te meten en te beoordelen, blijft het onduidelijk welke tests het meest geschikt zijn 

voor kleuters. 

In hoofdstuk 3 wordt een conceptueel raamwerk rond functionele balanstests voorgesteld om 

zo te bepalen welke aspecten van balanscontrole (aannemen en aanhouden van 

lichaamshoudingen en herstellen van lichaamsstabiliteit) getest worden en in welk soort 

situatie dit gebeurt (statisch versus (quasi-)dynamisch). Daarnaast worden betrouwbaarheid, 

validiteit en responsiviteit van de gerapporteerde tests in kaart gebracht. Met behulp van het 

conceptueel raamwerk samen met de onderzochte psychometrische eigenschappen, wordt 

een combinatie gesuggereerd van de Timed Up and Go test (TUG) en de Pediatric Balance 

Scale (PBS) omdat zij het meest geschikt zijn voor de evaluatie van balanscontrole bij kleuters. 

Vervolgens wordt een aangepast protocol weergegeven voor kleuters om de motivatie te 

vergroten. Hiervoor worden leeftijdsspecifieke referentiewaarden voor Vlaamse kleuters 

gerapporteerd in hoofdstuk 4. De bruikbaarheid van de PBS bij Vlaamse kleuters wordt 

onderzocht in hoofdstuk 5. Hierbij wordt nagegaan of de beschikbare Amerikaanse 

referentiewaarden van toepassing zijn op onze Vlaamse kleuters en of de test items geschikt 

zijn voor alle kleuters. Jammer genoeg presteren de Vlaamse kleuters zwakker dan hun 

Amerikaanse leeftijdsgenootjes, wat impliceert dat Vlaamse referentiewaarden aan de orde 

zijn om een balansdeficit te kunnen identificeren. Verdere analyse van de moeilijkheidsgraad 

van de verschillende testitems geeft aan dat niet alle items relevant zijn voor kleuters. 

Wanneer een item of opdracht door minder dan 90% van de typisch ontwikkelende kleuters 

kan uitgevoerd worden, is de opdracht in kwestie te moeilijk is voor deze kinderen, waardoor 

de diagnostische waarde van een dergelijke opdracht in het gedrang komt. Deze resultaten 

geven aan dat leeftijdsspecifieke opdrachten of items voor kleuters aan de orde zijn en dat 
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hierdoor een aangepaste versie van de PBS of de ontwikkeling van een nieuwe functionele 

balanstest noodzakelijk is. 

In hoofdstuk 6 worden referentiewaarden voor kinderen inzake de hoeveelheid posturale 

zwaai tijdens bipodale stand die beschikbaar zijn in de wetenschappelijke literatuur in kaart 

gebracht. Hoewel statische posturografie een techniek is die vaak wordt toegepast om 

balanscontrole te evalueren, blijken referentiewaarden schaars te zijn in de literatuur en dit 

voornamelijk bij jonge kinderen. Daardoor wordt in hoofdstuk 7, de bruikbaarheid van 

posturale zwaai voor de evaluatie van balanscontrole bij kleuters verder onderzocht. Met 

behulp van posturale zwaaimetingen is het mogelijk om de invloed van verschillende 

sensorische systemen op het vermogen om een postuur te kunnen aanhouden, te beoordelen. 

Alle kleuters vertonen moeilijkheden met het bewaren van hun lichaamspositie in de 

moeilijkere sensorische condities, maar wanneer ze dit kunnen, is hun motorische output 

gelijkaardig, gezien het gebrek aan leeftijdseffecten op de hoeveelheid lichaamszwaai. De 

resultaten van deze studie geven bijgevolg aan dat de tijdspanne waarbinnen kinderen een 

positie kunnen aanhouden leeftijds-gerelateerd is, maar niet de kwaliteit van bewegen. Deze 

studie geeft tevens aan dat de kleuters sterk visueel afhankelijk zijn aangezien zij bijzonder 

veel moeilijkheden hebben om stil te blijven staan wanneer ze moeten terugvallen op 

somatosensorische en/of vestibulaire info. Deze bevindingen benadrukken dat de opdracht 

op zich nuttig is, maar dat de tijdspanne beoordeeld moet worden en niet de kwaliteit van de 

bewegingen. 

Voor de evaluatie van het gangpatroon worden met behulp van principal component analysis 

drie componenten ontdekt (hoofdstuk 8): maturatie (gemiddelde stap lengte, leeftijd in 

maanden, beenlengte en wandelsnelheid), variabiliteit (variabiliteit in staptijd, stap lengte en 

spoorbreedte) en robuustheid (body mass index, gemiddelde spoorbreedte en gemiddelde 

staptijd). Om te bepalen of een van deze componenten bijdraagt tot de evaluatie van 

balanscontrole en in welke mate, worden de componenten gecorreleerd met de z-scores van 

de TUG en de PBS. Robuustheid correleert zwak, maar significant met de z-scores van de PBS. 

Dit suggereert dat beide maten complementair zijn bij de evaluatie van balanscontrole. 

Deze thesis geeft aan dat meer onderzoek naar adequate niet-invasieve vestibulaire 

functietests voor kleuters nodig is. Hoewel dergelijke tests afgenomen kunnen worden door 

kinesitherapeuten, dienen de huidig beschikbare alternatieve tests in eerste instantie grondig 

gevalideerd te worden, waarvoor experten in vestibulaire functie noodzakelijk zijn.  

Verscheidene nieuwe inzichten worden duidelijk betreffende de beoordeling van 

balanscontrole bij kleuters. Om balanscontrole te meten, dient het geheel van balanscontrole 

(aspecten en types taken) in rekenschap te worden gebracht. De huidig beschikbare tests 

voldoen hier echter niet aan. Hoewel een combinatie van bestaande tests een mogelijke 

oplossing biedt, tonen de resultaten uit de gevoerde onderzoeken aan dat omwille van de 

tekortkomingen in de bestaande tests, het samenstellen van een nieuwe functionele 

balanstest een beter alternatief is. De resultaten van deze thesis indiceren dat deze nieuwe 
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test kan bestaan uit volgende onderdelen: 1) de aangepaste TUG, 2) getimede beoordeling 

van verschillende sensorische condities tijdens stilstaan, 3) leeftijdsspecifieke items van de 

PBS en 4) de functionele vertaling van de component robuustheid tijdens het stappen, zoals 

bijvoorbeeld een wandelparcours met obstakels. 

 

210



List of publications 
 

Journal Publications 

As part of this thesis 

- Verbecque E, Vereeck L, Van de Heyning P, Hallemans A. Gait and its components in 

typically developing preschoolers. Gait Posture. 2017 Oct;58:300-306.  

- Verbecque E, Marijnissen T, De Belder N, Van Rompaey V, Boudewyns A, Van de Heyning 

P, Vereeck L, Hallemans A. Vestibular (dys)function in children with sensorineural hearing 

loss: a systematic review. Int J Audiol. 2017 Feb 13:1-21.  

- Verbecque E, Vereeck L, Boudewyns A, Van de Heyning P, Hallemans A. A Modified 

Version of the Timed Up and Go Test for Children Who Are Preschoolers. Pediatr Phys 

Ther. 2016 Winter;28(4):409-15. 

- Verbecque E, Vereeck L, Hallemans A. Postural sway in children: A literature review. Gait 

Posture. 2016 Aug 3;49:402-410. 

- Verbecque E, da Costa PH, Meyns P, Desloovere K, Vereeck L, Hallemans A. Age-related 

changes in postural sway in preschoolers. Gait Posture. 2016 Feb;44:116-22. 

- Verbecque E, Lobo Da Costa PH, Vereeck L, Hallemans A. Psychometric properties of 

functional balance tests in children: a literature review. Dev Med Child Neurol. 2015 

Jun;57(6):521-9. 

Other 
- Hallemans A, Op de Beeck N, Verbecque E, Van de Walle P, Vereeck L, Ceulemans B. 

Verband tussen kruipen, ontwikkeling en omgeving van een kind. Tijdschrift voor 

geneeskunde – ISSN 0371-683X – 72:8(2016), p.505-514. 

Conference proceedings 

Oral presentations 
- Hallemans A, Verbecque E. SMALLL symposium, “Gangvariabiliteit als maatstaf voor 

dynamische balans tijdens de gang: van de eerste stapjes tot de effecten van 

veroudering”,  2 December 2016, Enschede Nederland. 

- Hallemans A, Verbecque E. WVVK, workshop “Evaluatie van balanscontrole bij kinderen”. 

16 April 2016, Universiteit Antwerpen, België. 

Poster presentations 
- Verbecque E, Vereeck L, Van de Heyning P, Hallemans A (2017), key spatiotemporal 

components of gait in children who are preschoolers, ISPGR World Congress, 25/06/2017-

29/06/2017, Fort Lauderdale, Florida. 

211



- Verbecque E, Vereeck L, Van de Heyning P, Hallemans A (2017), the importance of specific 

spatiotemporal parameters in the assessment of balance control in preschoolers, ISPGR 

Worl Congress, 25/06/2017-29/06/2017, Fort Lauderdale, Florida. 

- Verbecque E, Boudewyns A, Van de Heyning P, Vereeck L, Hallemans A (2014), The Timed 

Up and Go test and Pediatric Balance Scale: complementary tests in the assessment in 

balance control in 3 to 6-year-old children, VK symposium, 12 December 2014, 

Antwerpen. 2de prijs Gaston Beunen, gepubliceerd in SPORT EN GENEESKUNDE. 2015, 

Maart 1;46-47. 

- Verbecque E, Lobo Da Costa PH, Vereeck L, Hallemans A (2014), A comparative study on 

different posturographic descriptors to assess standing balance in young children". 

SMALLL symposium 28 November 2014, Nijmegen, Nederland. 

- Verbecque E, Lobo da Costa PH, Vereeck L, Hallemans A (2014), A comparative study on 

different posturographic descriptors to assess standing balance in young children, ISPGR 

World Congress, 29/06/2014 – 4/07/2014, Vancouver, Canada. 

- Hallemans A, Lobo da Costa PH, Verbecque E, Vereeck L, Aerts P (2014), Gait dynamic 

stability in children, ISPGR World Congress, 29/06/2014 - 4/07/2014, Vancouver, Canada 

- De Meulenaere A, Vandewoude M, Truijen S, Verbecque E, Bautmans I (2012), The 

Prevalence of frailty in elderly living in assisted housing, European Union Geriatric 

Medicine Society conference, September 2012. 

212



Dankwoord 

Een doctoraatstudie is een project van enkele jaren waarbij verscheidene mensen een belangrijke rol 

spelen. Ik zou dan ook graag van deze gelegenheid gebruik maken om mijn dank aan hen uit te drukken. 

In eerste plaats wens ik mijn promotoren te bedanken voor de uitstekende begeleiding de afgelopen 

jaren. Ann, bedankt om steeds voor me klaar te staan. Het is dankzij jouw kritische kijk op mijn geleverd 

werk – van methodologie tot schrijftechnieken – dat ik bijzonder veel heb bijgeleerd en er daardoor 

tevens in geslaagd ben om de lat telkens een beetje hoger te leggen voor mezelf. Je gaf me de ruimte 

om me verder te ontplooien, je creëerde de veiligheid om obstakels of problemen bespreekbaar te 

maken en wanneer onzekerheid en twijfels de kop opstaken bood je me perspectief. Dankjewel! Luc, 

bedankt om mee te gaan in de keuze van het onderwerp, ondanks het feit dat de doelgroep bij aanvang 

van het project niet meteen in je interessegebied lag. Ook op jouw steun kon ik steeds rekenen, 

waarvoor mijn uitdrukkelijke dankbaarheid. Professor Van de Heyning, bedankt voor uw zeer 

waardevolle input, ideeën en kritische bemerkingen. 

Daarnaast dank ik graag enkele oud-studenten: Carlien Ameloot, Niels De Belder, Ellen Declercq, 

Jennifer Ghielens, Audrey Maes, Tessa Marijnissen, Lize Meyers, Anja Simons, Sofie Thijs en Joke Van 

Dooren. Dankjewel mijn bende toppers voor jullie inzet tijdens jullie masterproefjaren! Jullie hebben 

een belangrijke rol gespeeld bij de dataverzameling. Dankzij jullie kwalitatieve werk en onvermoeibaar 

enthousiasme zijn er veel kinderen op een korte tijd getest kunnen worden. Ook enkele huidige 

studenten verdienen een vermelding voor hun bijdrage: Céleste Claes, Jolien Hooghiemstra, Kirsten 

Schepens en Joke Theré. 

Uiteraard hadden testmomenten niet kunnen plaatsvinden zonder medewerking van scholen en 

ouders. Hoewel een schoolomgeving veilig is voor de kinderen en dus tal van mogelijkheden biedt om 

grote(re) groepen kinderen te testen, is het geen vanzelfsprekendheid om zulke testmomenten 

georganiseerd te krijgen in de drukke dag- en weekplanningen. Mijn uitdrukkelijke dank gaat dan ook 

uit naar de directies en zorgcoördinatoren van De Kleine Muze, De Kleine Wereld en Polderstadschool. 

In het bijzonder zou ik Nancy Theugels willen danken, die mij de mogelijkheid gaf om regelmatig terug 

te keren naar Polderstadschool. Ook mijn dank aan alle ouders die instemden om hun kind door mij te 

laten testen. Zonder jullie toestemming en de medewerking van jullie kindje(s) had ik nooit zoveel 

gegevens kunnen verzamelen. Dankjewel! 

Om tot dit boekje te komen, werd er heel wat geschreven de afgelopen jaren. Ook hier kreeg ik hulp 

van enkele mensen, naast mijn promotoren, bij finale lezingen voor grammatica, taal- en spelling, 

formuleringen, etc. Bedankt Diana Van Gompel, Tessa Marijnissen en Anoushka Thoen. 

Tot slot wens ik mijn dank uit te drukken aan mijn gezin, familie en vrienden en dichte collega’s. 

Ondanks alle ondersteuning die je krijgt tijdens je doctoraatsstudie, is en blijft het je eigen 

verwezenlijking en dus bijgevolg dien je een aantal gevechten te leveren met jezelf. Zo heb ik het toch 

ervaren. Het spreekt voor zich dat de mensen die het dichtst bij je staan, het meest betrokken zijn en 

dus soms ook mee delen in de klappen. Wouter en Milan, mijn lieve schatten, sorry voor mijn vaak 

héél lange dagen, ‘afwezige’ weekends en stressmomenten en bedankt voor jullie steun, begrip en 

vooral geduld. Ook wens ik mijn ouders te danken voor hun steun door letterlijk altijd beschikbaar te 

zijn om Milan op te vangen als een onhaalbare deadline alweer nabij sloop. Dankjewel mama en 

213



Stefan! Papa, bedankt om steeds in me te blijven geloven. Ook aan mijn vrienden en dichte collega’s, 

die de rollercoaster aan emoties met glans hebben doorstaan, een dikke vette danku!     

  

 

214


	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Lege pagina
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



