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ABSTRACT

Introduction The involvement of the vestibular system in
the motor and higher (cognitive) performances of typically
developing or vestibular-impaired children is currently
unknown or has only scarcely been explored. Interestingly,
arguments for an interaction between vestibular, motor
and cognitive functions in children can also be supported
by research on children known for their difficulties in
motor and/or cognitive processing (eg, children with
neurodevelopmental disorders (NDD)), as they often
present with vestibular-like characteristics. Therefore,

in order to elucidate this interaction, and to increase the
understanding of the pathophysiology and symptomatology
of vestibular disorders and NDD in children, the Balanced
Growth project was developed. It includes the following
objectives: (1) to understand the association between
motor skills, cognitive performances and the vestibular
function in typically developing school-aged children,
with special focus on the added value of the vestibular
system in higher cognitive skills and motor competence;
(2) to investigate whether a vestibular dysfunction (with/
without an additional auditory disease) has an impact on
motor skills, cognitive performances and motor—cognitive
interactions in children and (3) to assess if an underlying
vestibular dysfunction can be identified in school-aged
children with NDD, with documentation of the occurrence
and characteristics of vestibular dysfunctions in this group
of children using an extensive vestibular test battery.
Methods and analysis In order to achieve the objectives
of the observational cross-sectional Balanced Growth
study, a single-task and dual-task test protocol was
created, which will be performed in three groups of
school-aged children (6—12 years old): (1) a typically
developing group (n=140), (2) (audio) vestibular-impaired
children (n=30) and (3) children with an NDD diagnosis
(n=55) (ie, autism spectrum disorder, attention deficit/
hyperactivity disorder and/or developmental coordination
disorder). The test protocol consists of several custom-
made tests and already existing validated test batteries
and includes a vestibular assessment, an extensive motor
assessment, eight neurocognitive tests, a cognitive—motor
interaction assessment and includes also additional
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Strenghts and limitations of this study

» To our knowledge, this is the first extensive study
assessing the interaction between vestibular, mo-
tor and cognitive functions in typically developing
children on the one hand, and vestibular-impaired
children and children with a neurodevelopmental
disorders (NDD) diagnosis on the other hand.

» The Balanced Growth protocol consists of a very ex-
tensive vestibular, motor and cognitive test protocol,
which also includes additional screenings to control
for a lot of important confounding factors (eg, hear-
ing status, intelligence, static/dynamic visual acuity,
physical activity, comorbidity, etc).

» Ultimately, it is expected that this project may result
in optimised diagnostic and treatment procedures
for the vestibular and NDD populations, which is of
great importance for their quality of life.

» Due to its innovative character, this study includes
a mainly exploratory design in the (heterogeneous)
NDD group, and may, therefore, result in preliminary
conclusions only.

screenings to control for potential confounding factors (eg,
hearing status, intelligence, physical activity, etc).

Ethics and dissemination The current study was
approved by the ethics committee of Ghent University
Hospital on 4 June 2019 with registration number
B670201940165 and is registered at Clinical Trials (
clinicaltrials.gov) with identifier NCT04685746. All research
findings will be disseminated in peer-reviewed journals
and presented at vestibular as well as multidisciplinary
international conferences and meetings.

Trial registration number NCT04685746.

INTRODUCTION

The balance system is a complex sensorim-
otor system which comprises the peripheral
vestibular apparatus, the somatosensory and
visual system, brainstem, cerebellum and the
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Figure 1 The vestibular system and its most important input
and output structures. After permission of the authors, the
figure was adapted and translated from Dhondt et al.®

cortex. The peripheral portion of the vestibular system is
located in the inner ear and consists of three semicircular
canals (SCC) and two otolith organs providing comple-
mentary information about rotational and translational
head movements relative to gravity. It provides postural
control and a stabilised vision during head movements,
which are reflexively maintained by the vestibulo-ocular
(VOR), vestibulo-spinal and vestibulo-cervical reflexes
(VCR). In addition, together with centrally integrated
proprioceptive and visual stimuli, the vestibular system
contributes to a coherent perception of the environment
and movements through it'™ (figure 1).

The contribution of the vestibular apparatus in the
primary, reflexive functions of the vestibular system has
been extensivelystudied, especiallyin a clinical adult popu-
lation with vestibular irnpairmentsfk_7 Also in children,
the effect of a vestibular impairment on postural control,
gaze stabilisation and the attainment of motor develop-
mental milestones has been described before.® The first
studies on this topic mainly focused on the motor devel-
opment and balance function in very young (<2 years)
children™™"! and/or children with sensorineural hearing
loss and a vestibular dysfunction.’*® Later on, several
studies have linked these motor and balance problems to
vestibular outcome measures and could demonstrate that
motor performances were even more impaired when a
vestibular dysfunction was superimposed to the auditory
dysfunction.' " Although literature on this topic has
emerged the last decade, several questions still remain
unanswered. Most studies focused on specific balance
functions in children with audiovestibular dysfunctions,
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while studies on the impact on fine motor skills, for which
an adequate VOR-function is needed, or on motor tasks
that are less dependent on the balance system are rather
scarce.”” In addition, literature on the impact of more
specific conditions, such as unilateral or partial vestibular
loss (eg, SCC dysfunctions vs an otolith impairment), or
research into the role of aetiology or timing of the vestib-
ular dysfunction (eg, before or after the motor milestones
were achieved) on the development of motor compe-
tence is limited or even non-existing.'” * ** These gaps
in the current literature warrant further research, which
can also be supported by the fact that an adequate vestib-
ular rehabilitation approach at a young age is suggested
to be beneficial.” * ** Although motor competence has
been extensively studied in typically developing children,
an association between vestibular function testing and
a child’s motor development has never been studied in
a healthy paediatric cohort before. This knowledge is,
however, considered to be key to a better understanding
of the impact of the vestibular system on a child’s motor
development.

Besides the involvement of the vestibular system in
balance and postural performances and other reflexive
primary functions, growing evidence is highlighting its
important role in higher (cognitive) functions as well*” %
(figure 1). In relation to that, several studies demonstrated
a widespread ascending vestibular network throughout
the cerebral (sub)cortex involved in cognitive, social and
emotional processing that goes far beyond the reflexive
brainstem circuitry,® ** which may explain the influence
of vestibular impairments on cognitive, psychosocial and
educational skills in children. For example, it has been
suggested that vestibular impairments may be linked to
reduced visuo-spatial abilities, attentional deficits, poor
reading skills, etc,”” *7** which are often reported by
the patient’s (or their parents’) as well. These hypoth-
eses on the vestibulo-cognitive interaction in literature,
however, are mainly based on animal studies, imaging
and clinical studies in healthy and vestibular-impaired
adults.?~* % Currently, only one study in the paedi-
atric vestibular patient population supports the vestibulo-
cognitive interaction in children. Lacroix et af* assessed
four neuropsychological functions in thirteen vestibular-
impaired participants with a mean age of 10 years and
5months (specific age information is lacking). Although
the selective visual attention task did not reveal any differ-
ences, the vestibular-impaired group had significantly
lower scores on the visuospatial working memory, mental
rotation, and space orientation tasks compared with
a group of sixty typically developing peers. The study,
however, had several limitations, which urge for further
research. For example, the use of a limited or heteroge-
neous vestibular test battery (in some of the participants),
not taking into account hearing status as an important
confounding factor, and the use of tests that may have
resulted in floor or ceiling effects were reported. In addi-
tion, objective vestibular function testing in the control
group was not reported/performed, and the authors only
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included cognitive tasks in a single-task condition, while
a dual-task setting may be an important added value in
a vestibular-impaired population.” ** To our knowledge,
the vestibulo-cognitive interactions have never been
assessed in a typically developing cohort.

Interestingly, arguments for an interaction between
vestibular, motor and cognitive functions in children can
also be supported by research on children known for their
difficulties in motor and/or cognitive processing (eg,
children with neurodevelopmental disorders (NDD)),
as they often present with vestibular-like characteristics.”
For example, it has been repeatedly reported that chil-
dren with NDD often have more difficulties in balance
and postural stability, compared with their typically devel-
oping peers, especially in conditions where vestibular
feedback was the sole accurate source of sensory informa-
tion.**% Unfortunately, research on the vestibular func-
tion in children with NDD is scarce, lacks quality and/or
does not use an extensive vestibular test battery including
recent assessment techniques (see a recent systematic
review for more details.! In addition, none of the current
studies investigating vestibular function in an NDD popu-
lation, linked the vestibular responses with cognitive and/
or motor outcome measures.

Therefore, to increase the understanding of the patho-
physiology and symptomatology of vestibular disorders
(and NDD) in children, the Balanced Growth project was
developed. This project aims to elucidate the relation-
ship with and the involvement of the vestibular system in
children’s cognitive and motor performances. It includes
the following objectives: (1) to understand the associa-
tion between motor skills, cognitive performances and
the vestibular function in typically developing school-
aged children, with special focus on the added value of
the vestibular system in higher cognitive skills and motor
competence; (2) to investigate whether there is an asso-
ciation between a vestibular dysfunction (with/without
an additional auditory disease), motor skills, cognitive
performances and motor-cognitive interactions in chil-
dren and (3) to assess if an underlying vestibular dysfunc-
tion can be identified in school-aged children with NDD,
with documentation of the occurrence and characteris-
tics of vestibular dysfunctions in this group of children
using an extensive vestibular test battery. Ultimately, it is
expected that this project may result in optimised diag-
nostic and treatment procedures for these populations,
which is of great importance for their quality of life.

METHODS AND ANALYSIS

Study protocol and setting

In order to achieve the objectives of the observational
Balanced Growth project, a vestibular, motor and cogni-
tive single-task and dual-task test protocol was created,
based on a combination of several custom-made tests and
already existing validated test batteries. This project is a
collaboration between the departments of rehabilitation,
psychological, medical and movement sciences of the

Ghent University and the otolaryngology department of
the Ghent University Hospital.

The data collection for the first two objectives of this
project started in July 2019 and the project will end in
October 2023. The first exploratory study focusing on
the impact of a vestibular dysfunction on the cognitive
development of children with a unilateral or bilateral
vestibular dysfunction, irrespective of their hearing status
(objective 2), is expected to be submitted for publication
in June 2021. However, data collection in the context of
objective 2 will continue until March 2023 in order to
additionally assess the impact on motor development and
on cognitive—motor interference in comparison with typi-
cally developing on the one hand and auditory-impaired
children (without a vestibular dysfunction) on the other
hand, both matched for age, (hearing loss), gender,
handedness and randomisation order of the cognitive test
battery. Since the study in the typically developing group
(objective 1) requires more participants (cfr. sample
sizes), this study is planned to be finished by November
2022. Currently (January 2021), 130 examination sessions
were completed (n=65). The last study (objective 3) was
planned to be initiated in June 2020, however, due to
the COVID-19 pandemic, the start of this study was post-
poned to June 2021, of which the last data collection is
foreseen in June 2022.

Eligibility criteria and recruitment procedure

Three groups of school-aged children (6-12 years old)
will be included in the Balanced Growth study: (1) a typi-
cally developing group, (2) (audio) vestibular-impaired
children and (3) children with an NDD diagnosis.

The typically developing cohort is recruited through
convenience sampling with the help of schools (in the
region of Ghent, Flanders). All 6-12 years old children are
deemed eligible, however, children with hearing, vestib-
ular, NDD, psychiatric and/or musculoskeletal disor-
ders, known to the parent or legal guardian and assessed
using questionnaires (cfr. Infra), are excluded. In addi-
tion, children with an estimated intelligence score lower
than 70 (cfr. infra) are also excluded from the healthy
group. The children with (audio) vestibular dysfunctions
are recruited from the otolaryngology department of
the Ghent University Hospital. Every child between six
and twelve years old diagnosed with an (audio)vestib-
ular dysfunction and recently (<6 months) tested with an
extensive auditory and vestibular test battery, is invited to
participate in our Balanced Growth study. At the otolar-
yngology department, the vestibular diagnosis is well
established by the use of an extensive and age appro-
priate vestibular test protocol. It includes an anamnestic
procedure, an oculomotor, a rotatory and caloric (water)
irrigation test, a video Head Impulse Test (vHIT) in all
planes of the SCC, and a cervical (air conduction) and
ocular (using a minishaker) vestibular evoked myogenic
potential (c/oVEMP) assessment. The group of children
with an isolated hearing impairment (objective 2), are
also recruited at the Ghent University Hospital, matched
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for their hearing loss to the (audio)vestibular-impaired
group. The study participants in objective 3, that is, chil-
dren with an NDD diagnosis, will be recruited at special
school services, rehabilitation centres, centres for devel-
opmental disorders and by private physical therapists.
NDD are a heterogeneous group of psychiatric condi-
tions arising early in life and characterised by develop-
mental deficits.”” These deficits include, among others,
dysfunctions in cognitive processes (eg, attention, impul-
sivity), speech (eg, stuttering), (psycho) social skills (eg,
non-verbal communication, social reciprocity) and motor
coordination (MC). In the context of the current project,
only children with the common and often co-occurring
autism spectrum disorder, attention deficit hyperactivity
disorder (ADHD) and/or Developmental Coordination
Disorder (DCD) diagnosis will be included. All partici-
pants and their parents will first receive comprehensive
oral and written information on the objectives and proce-
dures of the study.

Sample size

The sample size of the typically developing group was
arbitrarily defined as a minimum of 140 participants (at
least 20 subjects per age over the age range of 6-12 years
old), since an appropriate sample size calculation could
not be based on previous literature.

Two studies were consulted to serve as input for
the sample size calculation of the vestibular-impaired
group.”” * These studies assessed the impact of a vestib-
ular dysfunction on the motor (backward balance beam
walking)®’ and cognitive performances (spatial span
task)32 in children, and correspond best to the second
objective of the current research project. Table 1 depicts
all input values for the calculation. Both studies resulted
in a power of 0.8 (SAS power and sample size tool).
However, given the current pool of patients at the Ghent
University Hospital, and taking into account possible
dropout, the authors aim at 30 vestibular-impaired chil-
dren to be included in this study.

The power analysis for the NDD population was
performed based on the study of Lotfi e al,48 in which
vestibular examination was completed in a group of 33
children with NDD (ie, ADHD). The sample size calcu-
lation was based on the rotatory chair gain, a parameter
which is considered to be a key measure in vestibular

research for the detection of the horizontal SCC function
(midfrequency function), and which was implemented
in the current protocol as well. The authors observed a
significant increase (0:=0.001; independent sample t-test;
power <20%) in the experimental group (mean: 49.16;
SD: 13.86) compared with the control group (mean:
43.60; SD: 9.89) for the outcome parameter ‘gain at
0.01Hz’. In order to achieve significant differences with
an appropriate power (accepting an o level of 0.05 and a
power level of 0.8), this calculation resulted in a sample
size of 51 participants. Taking into account possible drop
outs, it is foreseen to include 55 NDD participants.

Outcome measures

The Balanced Growth protocol consists of vestibular,
cognitive, motor and cognitive—motor interaction assess-
ments, and includes also several additional screenings to
control for potential confounding factors (figure 2).

The screenings include an auditory, an intelligence,
and an ophthalmological screening, and an anamnestic
and several validated questionnaires (cfr. infra). After
parental permission and their written informed consent,
each participant will be invited for two separate test
moments, which will take 1 hour and a half each. During
the first session, the cognitive-motor interaction, the
overall motor performance, vestibular, auditory and
ophthalmological function will be assessed. During the
second moment, an intelligence screening and an exten-
sive neuropsychological investigation will be performed.
To avoid fatigue, the latter test moment will only be
executed in the morning and the two sessions will never
take place on the same day. The parents will be asked to
fill in the questionnaires during one of the two appoint-
ments. During the cognitive test appointment, the eight
neurocognitive tests will be performed in a randomised
order (Latin square counterbalanced design) in order
to minimise learning and order effects. The vestibular
and motor assessments will be performed in the order as
described below.

Vestibular assessment

Each vestibular organ consists of five parts, two otolith
organs (utricle and saccule) and three SCCs (lateral,
anterior and posterior SCC). To obtain information on

Table 1 Input values for the sample size calculation of the vestibular-impaired group (objective 2)
Study Parameter Groups Means SD o level Sample size Power level
Maes eta/®  Motor quotient (KTK) Control group 90 13,78 0=0.05 N=12 0.8
Experimental group 63,17 6,45 N=12
(vesibular impaired)
Lacroix etal®®  Spatial span Control group 8.2 2.3 0=0.027 N=60 0.8
Experimental group 6.3 1.9 N=13

(vesibular impaired)

KTK, Korperkoordination Test fir Kinder.
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PRIMARY OUTCOME MEASURES (ASSESSMENT OF) POTENTIAL CONFOUNDING FACTORS

Figure 2 The balanced growth protocol including
vestibular, cognitive, motor and cognitive-motor interaction
assessments, and also several additional screenings to
control for potential confounding factors.

the functionality of these five parts, all participants will be
assessed with a vHIT, cVEMP and oVEMP test (figure 3).
First, the vHIT will be executed, which assesses the
superior and inferior vestibular nerve and the func-
tioning of the six SCC for highfrequency movements,
using the VOR. vHIT measurements will be conducted
using the ICS Impulse system (GN Otometrics, Taastrup,
Denmark) and accompanying software ‘Otosuite’. Before
each vHIT assessment, the goggles will be configured and
individualised by a calibration procedure (15° saccades in
horizontal plane) and an additional calibration check (ie,
evaluating if the eye and head velocity traces match while
slowly rotating the head). To avoid slippage of the goggles,
the elastic band will be tightened firmly on the head
and will not be touched while performing the impulses.
The children will subsequently be instructed to sit on a
chair and fixate an attractive visual target (ie, movie on
a tablet) at 1.50m distance. Meanwhile, an examiner,
experienced in paediatric vestibular function testing, will
perform unpredictable head movements (10°-20° ampli-
tude) in, respectively, the horizontal, to stimulate the left
anterior and right posterior canal, and plane to stimulate

(|
AN\ veEmp

Figure 3 Vestibular test battery of the balanced growth
protocol. A cervical (air conduction) and ocular (using a
minishaker) vestibular evoked myogenic potential (c/oVEMP)
assessment; video Head Impulse Test (VHIT) in all planes of
the semicircular canals (lateral, anterior, posterior).

the right anterior and left posterior canal. To facilitate a
smooth registration of the pupil, the measurements will
be conducted in a well-lit room. Prior to interpretation of
the results, the data will be thoroughly cleaned according
to the following criteria: (1) head velocity between 120
(vertical) or 150 (horizontal) and 250°/s and (2) head
bounce below 25% of the peak head velocity.* * Records
with very noisy eye traces or clear eye blinks will be
excluded, based on the video recording. After this data
cleaning, at least 10 accepted impulses in each direction
will be included. The measured gain (of the VOR) (%),
the symmetry between the left and right side (%), and
the presence of covert/overt saccades (n, and % of the
performed HITs) will be taken as outcome measures of
this test.

The integrity of the saccule and the inferior vestibular
nerve (by means of the VCR), will be investigated by a
cVEMP test, using the Neuro-Audio equipment (version
2010, Neurosoft, Ivanovo, Russia) and accompanying soft-
ware. For the ¢cVEMP, air-conducted 500 Hz tone bursts
of 95 dBnHL (119dB SPL) will be presented monaurally
through insert earphones to elicit the responses, and the
response will be measured using four small self-adhesive
surface electrodes (Blue Sensor, Ambu) applied on the
upper 1/3rd part of the sternocleidomastoid muscle
(SCM) (active), on the sternum just beneath the intercla-
vicular ligament (reference), and on the nasion (ground).
A minimum of 100 sweeps will be presented per trial, and
at least two trials will be administered to ensure reproduc-
ibility of the response. Contraction of the SCM muscle,
necessary for this examination, will be achieved by lifting
and rotating the child’s head to the non-stimulus side in
supine position. Additionally, a prestimulus EMG measure-
ment of at least 20ms will be conducted for calculation
of the background EMG activity. Outcome measures that
will be included in the database are the absolute latencies
of P1 and N1 (ms), rectified interpeak amplitude (raw
peak-to-peak amplitude/averaged EMG level; according
to the Neurosoft software), asymmetry ratio (%), and
absence/presence of the cVEMP-response. The oVEMP
test, which is carried out with the same Neuro-Audio
equipment, will be used to examine the functioning of
the utricle and the superior vestibular nerve (by means
of the VOR). To provoke this specific VOR-response, a
mini-shaker (500 Hz stimulus (2-2-2 ms) with an intensity
of 140dB force level) will be used. In supine position, an
upward gaze of 30° will be ensured by a fixation mark on
the ceiling. If necessary, a smartphone playing a movie
will be attached to the wall to elicit the upward gaze.
The responses will be measured using electrodes on the
inferior oblique muscle just below the lateral canthus of
the eye, the reference electrode next to the medial eye
canthus on the nose, and the common electrode on the
nasion.” For the oVEMP measurement, a minimum of 60
sweeps will be presented per trial. The absolute latencies
of N1 and P1 (ms), interpeak amplitude (pV), asymmetry
ratio (%) and absence/presence of the oVEMP-response
will be the reported outcome measures.
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Although the vestibular-impaired children (objective
2) will already have been extensively tested for their
vestibular function at the Ghent University Hospital (cfr.
supra), they will receive an additional vestibular screening
similar to the one above, to ensure the same test condi-
tions (eg, examiner, test location, etc) as the other two
groups and to evaluate possible aberrations compared
with the last comprehensive test moment in the hospital.
The latter may be possible in several fluctuating vestib-
ular disorders (eg, vestibular dysfunction as a result of a
congenital Cytomegalovirus infection).

To assess the occurrence and characteristics of vestib-
ular dysfunctions in children with an NDD compared with
a typically developing group (objective 3), rotatory chair
testing including a visual suppression test will be included
as well. The rotatory chair test (V.1.70; Toennies Nystag-
liner, Hochberg, Germany), a sinusoidal harmonic accel-
eration test, investigates the superior vestibular nerve
and horizontal canal function for mid-frequency move-
ments. The child will be asked to sit on an age appro-
priate adapted rotatory chair,”® with the head fixated by
a neck pillow and headband. While the rotatory chair
will start to move, the examiner will continuously talk
with the participants, keeping the children comforted
but alert. Alertness will be stimulated by age-appropriate
mathematical exercises. The test will be performed at
0.16, 0.04 and 0.01 Hz, consecutively, with a peak velocity
of 60° per second. Lastly, in order to assess visual suppres-
sion of the VOR and central vestibular function as well,
one extra condition at 0.16 Hz will be performed with a
small light source attached to the chair in front of the
child. Electronystagmography software will be used to
register horizontal as well as vertical eye movements, with
electrodes placed bitemporally and a ground electrode
on the forehead to register horizontal eye movements. A
monocular infra-orbital and supraorbital electrode place-
ment will be adopted to monitor eye blinks. The response
parameters gain (%), phase (°) and asymmetry (%) will
be calculated.™

Lastly, in order to assess the contribution of the VOR
during head movements, a dynamic visual acuity (DVA)
test will be performed as well. The execution and stimulus
parameters are described in the ‘confounding factors’
section (cfr. visual screening).

Motor assessment

To investigate motor competence, a validated motor test
will be applied, the Movement Assessment Battery for
Children, second edition—Dutch version (M ABC 2NL).
This test battery is one of the most widely used assessment
tools to evaluate a child’s (3-17 years old) motor perfor-
mance, which involves children completing eight fine
and gross motor tasks grouped in three categories: fine
motor skills, aiming and catching, and balance. These
eight different and age appropriate tasks will be executed
in accordance to the user manual, and will yield a total

. 54
score, subscale scores and item scores.

Within the scope of the current project and to obtain
more detailed information on dynamic and static balance
function, the backward balance beam walking subtest of
the Korperkoordination Test fir Kinder (KTK)” and
posturography will be performed as well. For the posturo-
graphic assessment, the modified Clinical Test of Sensory
Interaction on Balance (m-CTSIB)* will be executed,
which is designed to assess the static balance performance
and the interaction and use of the most important sensory
inputs during postural stability (ie, vision, somatosensory
and vestibular information). During 30s, the participants
will be asked to stand barefoot with both feet together
(romberg stance) in four different conditions. In condi-
tion one, all sensory systems (ie, vision, somatosensory,
and vestibular) will be available for maintaining balance.
In condition two, the children will be asked to do the same
while blindfolded. In condition three, the romberg stance
will have to be performed on a foam pad (Airex AG, Sins,
Switzerland, 41x50x6cm). During the fourth and most
difficult condition, the participant will be asked to stand
blindfolded on a foam pad. Each condition will include
three trials until the maximum amount of 30s is achieved.
The trial with the longest duration will be selected for
analysis. This test will be performed on a force platform,
a Wii Balance Board (Nintendo), using the Colorado
University BrainBLoX software.”” Calculated by a custom-
made code in MATLAB (The MathWorks, Natick, Massa-
chusetts, USA) the following outcome parameters will be
included: area under the curve in both anterior-posterior
direction and medial-lateral direction, the centre of pres-
sure path length (cm), the sway velocity (m/s), and the
95% confidence ellipse area (cm?). An overview of the
motor test battery is depicted in figure 4. During the KTK
subtest the participants will be asked to walk barefoot and
backwards on three balance beams decreasing in width
(3m length—6, 4.5 and 3cm width, respectively). For
each beam, three trials will be executed, preceded by one
practice trial. A maximum of 24 steps (eight per trial) will
be counted for each balance beam, with a maximum of
72 steps.

=

+

j 00. [
@ n
MCTSIB
‘ @'
Il E STATICBALANCE

Figure 4 Motor and balance test battery of the balanced
growth protocol, which includes the motor assessment
battery for children (M ABC, second edition), the first subtest
of the Koérperkoordination test fir Kinder (KTK, backward
balance beam walking) and the modified clinical test of
sensory interaction on balance (m-CTSIB) performed on a Wii
balance board.
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PERCEPTUAL-MOTOR FUNCTIONS
VISUAL-MOTOR INTEGRATION TEST

EXECUTIVE FUNCTIONS
INHIBITION (NEPSY II NL)
SPATIAL SPAN BACKWARD
DIGIT SPAN BACKWARD
BRIEF QUESTIONNAIRE

COMPLEXATTENTION
CONTINOUS PERFORMANCE TASK

Open access

@ LANGUAGE
NOT INCLUDED IN THE CURRENT PROJECT
@ LEARNING AND MEMORY
SPATIAL SPAN FORWARD
DIGIT SPAN FORWARD

SOCIAL COGNITION
EMOTION RECOGNTION TASK (NEPSY 1] NL)

Figure 5 The extensive cognitive test battery of the balanced growth protocol based on the six neurocognitive domains of the
DSM-5; NEPSY II NL, developmental neuropsychological assessment, second edition, Dutch version, BRIEF, the parent-report
questionnaire behaviour rating inventory of executive function. DSM-5, Diagnostic and Statistical Manual of Mental Disorders,

Fifth Edition.

Cognitive assessment

Preceded by an intelligence screening (cfr. infra), the cogni-
tive part of the protocol includes eight neuropsychological
tests, which were selected based on the six neurocognitive
domains of the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5)47; Perceptual-motor func-
tion, learning and memory, social cognition, language,
complex attention and executive function) (figure 5). All
included cognitive tests are frequently reported and found
to be valid for the intended target population. Noteworthy,
as hearing impairment is often present in several target
populations of the current project (objectives 2 and 3),
during all included cognitive tests only non-auditory stimuli
will be used and the neurocognitive domain ‘language’
will not be assessed separately. To avoid learning and order
effects, the cognitive tests will be executed in a Latin square
counterbalanced design.

A computerised spatial span task, which assesses visual-
spatial short-term memory (learning and memory—
DSM-5), was created using the Psychology Experiment
Building Language (PEBL) software.” During this
task, administered on a touch screen monitor (Prolite
T2253MTS-B1, 227, liyama, Japan), the participants will
see nine squares (3x3cm, resolution 1440x900) sequen-
tially changing colours (stimulus rate: 1000 ms) (figure 6).

They will be asked to reproduce this sequence by touching
the squares with their preferred hand in the same order
as the squares were changing colours. Preceded by three
practice items of a two-square sequence, there will be two
test trials in each level of span length, increasing from
2 to 9. The sequence length will be increased by one,
following a correct trial in one of the two trials within a
span length, whereas the test will be terminated when the
child fails two consecutive trials at any level of span length.
All sequences will be selected randomly from the soft-
ware, with the constraint that a square could be included
only once in each sequence. The measures obtained from
this cognitive test are: the longest span (n), amount of
correct squares (n, %), amount of incorrect squares (n,
%), number of correct trials (n, %) and the response rate
(ms).

Similar to the previous task, a digit span task was
programmed using the PEBL software. In this task,
assessing visual short-term memory (learning and
memory—DSM-5), participants will be instructed to recall
visually presented sequences of digits (1000ms stimulus
interval) by typing the sequence in the exact order as it
appeared. A series of digits in black font (6.4 cm, 1440x900
resolution) will be randomly presented on a monitor
(Prolite T2253MTS-B1, 227, liyama, Japan) increasing

Figure 6 Test set up, including a touch screen monitor, for
the spatial span task (forward/backward).

Figure 7 Test set up for the digit span (forward/backward)
and continuous performance task.

Van Hecke R, et al. BMJ Open 2021;11:¢049165. doi:10.1136/bmjopen-2021-049165



in length (2-9 digits) (figure 7). With their preferred
hand, children will be instructed to repeat the sequence
on an adapted keypad (ie, larger keys). Two trials per
level, starting with a sequence of 2 digits and gradually
increasing to 9 digits, will be presented. Difficulty of the
task will increase, if one or both trials are correct. The
task will be terminated after an error on both items of
one difficulty level. The dependent measures of interest
are the length of the longest correct list (digit span, n),
number of correct digits (n, %), number of incorrect
digits (n, %), number of correct trials (n, %) and mean
response rate (ms).

A child’s ability to recognise emotions from facial
expressions (social cognition—DSM-5) will be assessed
using the emotion recognition subtest from the Devel-
opmental NEuroPSYchological AssessmentII NL test
battery (NEPSY, Second Edition, Dutch version).” %
This non-verbal subtest consists of four tasks that assess
the ability to recognise emotions (happy, sad, anger, fear,
disgust and neutral) from photographs of children’s
faces. During the first condition, the participants will
be asked to tell the examiner if the two photographs on
display indicate the same emotion. For the second condi-
tion, the children will see three or four photographs and
will be instructed to select two faces expressing the same
feeling. The third condition consists of a task in which the
participants will be asked to select one out of four faces
from the bottom of the page which represents the same
feeling as the face at the top of the page. Finally, during
the last condition (>6 years only), one photograph will be
shown for 5s, after which the participants will be asked
to point out two photographs out of six with the same
emotion as the face in the photograph previously shown
to them. During this test, a total score (n) ranging from
1 to 25 (6 years) or 1 to 36 (>6 years) will be reported
as outcome measure, with higher scores reflecting better
ability to recognise emotions.

Visual sustained and selective attention (complex
attention—DSM-5) will be measured using a computer-
ised continuous performance task, programmed in PEBL
(figure 7). In this task, the children will see a sequence
of digits (6.4cm; resolution 1440x900) on a computer
monitor (Prolite T2253MTS-B1, 227, liyama, Japan). The
participants will be instructed to press the space bar of the
keyboard in front of them with their preferred hand every
time they see a digit 9 that is preceded by a digit 1 (GO
stimulus), but to suppress a response in any other case. A
practice item will first be administered to ensure that the
child understands the task. Throughout the task, a total
of 540 digits will appear at a rate of 1 per second (total
duration: 9min). The digits will be classified into three
blocks (180 digits each) with the target (a 1 followed by
a 9) occurring 15 times per block. This task results in six
outcome variables: (1) omissions (a participant fails to
press the button after the target appears) (n), (2) commis-
sions (‘false alarm’, when a participant presses the button
for a non-target) (n), (3) total amount of errors (n), (4)
sustained attention which is measured by calculating the

change in hit and false alarm rates throughout the task
(across the 3 blocks), (5) B and (6) d’. B is a measure of
the participant’s likelihood to press the button for both
targets and non-targets and is, therefore, considered a
measure of impulsivity, whereas d’ is a global measure of
visual selective attention that combines total hits and false
alarms.”!

The inhibition subtest, selected from the NEPSY II
NL, will measure the child’s ability to inhibit a natural
response and to switch between automatic and inhibitory
response types (executive function—DSM-5). Black and
white shapes or arrows will be shown to the participants,
who will be instructed to respond as quickly as possible.
The test will be performed in three conditions: ‘Naming’,
where the child will be asked to name the shape or say the
direction of the arrow without making mistakes; ‘Inhibi-
tion’, where the child will have to provide the opposite
of the correct response (eg, say ‘circle’ when a square is
presented); and ‘Switching’ (>6 years only), where the
child will have to switch between providing the correct
response and the opposite response depending on the
colour of the shape or arrow. The dependent measures of
interest are: total amount of self-corrected errors during
each condition (n), total amount of uncorrected errors
during each condition (n), total amount of errors during
each condition (n), the time needed to complete each
condition (s).

To assess visuo-spatial and visual working memory, cate-
gorised by the DSM-5 as executive functions, a backward
spatial and digit span task were included in the protocol.
With the same experimental setting and outcome vari-
ables as the previously mentioned ‘spatial span’ and
‘digit span’ tasks, the participants will be instructed to
recall digits and sequences of squares as presented on a
computer monitor, yet in the reverse order as displayed.
Additionally, the span difference between the forward
and backward subtask will be calculated as well.

To limit the overall test duration, but to receive more
information on the participants’ executive functions,
the parentreport questionnaire Behaviour Rating Inven-
tory of Executive Function (BRIEF) will be used to assess
executive functions in everyday situations. The overall
score and subscores (n) of this validated questionnaire
consisting of 86 items (3-point Likert scale) will be
reported as response parameters.

Lastly, to test perceptual-motor function (DSM-5), the
validated Beery-Buktenica Developmental Test of Visual-
Motor Integration (VMI—sixth edition,” and its two
supplementary tests (visual perception (VP) and MC),
will be administered. During the VMI, children will be
instructed to copy developmentally ordered geometric
forms. All 30 items will be scored based on the objec-
tive scoring criteria outlined in the user manual, with a
maximum score of 30. Additionally, the two supplemen-
tary tests VP and MC will be performed as well. They
contain the same geometric shapes as used in the VMI
test. The VP test focuses on children’s ability to visually
discriminate by asking them to look at a series of pictures
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and select the geometric figure that matches a target
figure from a series of choices. The MC subtest assesses
children’s ability to trace forms within the given bound-
aries. Again, the instructions and scoring principles of
the user manual will be applied, which will result in ‘total
number of correct drawings’ (n), ‘total number of correct
identified forms’ (n) and ‘total number of correctly
completed shapes’ (n) as the outcome parameters.

Cognitive—motor interaction assessment

Although the motor and cognitive single-task conditions
represent a lot of children’s activities of daily living (eg,
performing cognitive tasks at school in a sitting posi-
tion), a dual-task assessment, simultaneously performing
a cognitive and motor task, will be included as well to
represent activities of daily living even more accurately
in the (audio) vestibular-impaired group (objective 2).1
During the cognitive-motor interaction assessment, chil-
dren will be asked to walk on an adaptive walking tread-
mill (Xiaomi WalkingPad Cl; Xiaomi Bé¢ijing, China;
144.9 cm x 52.8 cm x 11.7cm), while performing the
NEPSY II NL inhibition task (cfr. supra). In order to
normalise the walking pattern first, each child will start
with a familiarisation period with a maximum duration
of 5min. Then, the participant will be asked to walk at
a selfselected pace without additional task (single-task
walking condition). After 30s, the previously described
inhibition task will be introduced (dual-task condition)
in an identical way, with each condition of the inhibition
task preceded by a practice item. The test duration of the
cognitive-motor interaction assessment will be 10min.
Using the Xiaomi Walkingpad software and two cameras
(D3300, Nikon, Tokyo, Japan—operating at 50 frames/
second for the sagittal plane, and D500, Canon USA,
Melville, New York, USA—operating at 30 frames/second
for the frontal plane) (figure 8) information on a variety
of spatiotemporal parameters will be collected: step width
(cm), based on the frontal images, and stride and step
length (cm), step and stride time (s) and walking velocity
(cm/s) based on the sagittal images. For the assessment
of the cognitive performance during the dual-task setting,
the same response parameters of the single-task modality

g

£

Figure 8 Test set up for the cognitive-motor interference
assessment of the balanced growth project.

of the inhibition task (cfr. supra) will be used during the
analysis.

Secondary outcome measures and potential confounding
factors

While creating the Balanced Growth protocol, several
potential influencing factors and effects were taken into
account. First, given the close anatomical relationship of
the vestibular and auditory organs, the hearing status of
each participant will be evaluated. Moreover, as hearing
impairment is often present in the target population of
the current project, all included cognitive tests are non-
auditory and each test instruction will be given verbally
as well as visually. The auditory test battery includes
otoscopy, tympanometry, transient-evoked and distor-
tion product otoacoustic emissions (Sentiero desktop,
Path Medical, Germany). Second, as neuropsychological
performances may be related to intelligence, an intelli-
gence screening will be performed prior to the entire
cognitive assessment. For this intelligence screening a
short version of the Wechsler Intelligence Scale for Chil-
dren (WISC-V-NL) will be used:*® matrix reasoning, simi-
larities, vocabulary and block design. Based on this short
version an estimated intelligence score will be reported.

As the visual system is also an important sensory system
involved in cognitive and motor skills, a visual screening
will be performed as well. Both static visual acuity (SVA)
and DVA will be completed. The DVA will be completed
with passive head movements, that is, the examiner will
stand behind the child and move the head of the partic-
ipant in the horizontal plane with a velocity of 2Hz. For
both tests, the optotype (the letter ‘E’) will be randomly
presented each trial at 0°, 90°, 180° or 270° rotation and
subjects will be asked to report the direction of the open
prongs of the ‘E’ (right, left, up, down) at a distance of
3m. The optotype size will decrease in steps equivalent to
a visual acuity change of 0.1 Logarithm of the Minimum
Angle of Resolution (LogMAR). Besides the raw scores on
both test conditions, the difference between the SVA and
the DVA score will be calculated, in order to assess the
contribution of the VOR during head movements. As this
is mainly a functional screening, participants who wear
glasses or contact lenses will asked to wear them during
the examination.

In addition, several practical considerations were made
to avoid the impact of the following potential confounding
factors. To prevent fatigue or loss of attention, the assess-
ments were spread over two separate test appointments
and the cognitive appointment will only be performed in
the morning. During the development of the cognitive
tests, a manual response by use of a computer mouse or
small buttons was avoided (cfr. supra) in order not to add
a (difficult) motor task, which may affect the cognitive
performances (in the vestibular-impaired) group. When
group differences will be analysed, all participants will be
matched for the following variables: age, gender, hand-
edness, (hearing loss) and randomisation order of the
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cognitive test battery. A learning effect will be minimised
as each test will be preceded by practice items.

Lastly, to account for other participant-related factors
(eg, physical activity, demographics and NDD comorbid-
ities), an extensive anamnestic questionnaire (including
questions on general information, general medical
history, hearing, balance, vision and motor/cognitive
performance), the Flemish Physical Activity Question-
naire,” the validated Dutch translation of the American
Disruptive Behaviour Disorder rating scale (6-16 or
Vragenlijst voor Gedragsproblemen bij Kinderen,” DCD
Questionnaire®® (DCD-Q, Dutch version) and Social
Communication Questionnaire-Life time form® (Dutch
version) will be administered as well.

Data collection and management

The described outcome parameters will be collected by
the principal investigator (RVH), who was trained to
perform the paediatric motor, cognitive and audioves-
tibular assessments. The research data will be gathered
through observation and manual measurements during
the M ABC 1I, visual, intelligence, and the traditional
neuropsychological assessments. The outcome param-
eters of the audiovestibular, computerised cognitive
and motor assessments will be obtained by automatic
measurements of the used equipment and software. After
data collection, all outcome parameters will be organ-
ised and stored by the principal investigator (RVH) in a
password-protected database. In addition, the answers of
the questionnaires, which will be collected with an inter-
active PDF document, will automatically be stored in a
password-protected Excel file. Validation checks, such as
range checks for data values, were programmed to mini-
mise the number of errors. Personal information will be
pseudonymised, of which only the principal investigator
and the supervisor of this project (LM) know the coding
system. The information collected in this study is kept
strictly confidential, and will be stored for 20 years. The
(coded) data will, if possible, and in accordance with the
General Data Protection Regulation and rules and regu-
lations of the ethical committee and the Ghent Univer-
sity, be shared and/or added as online supplemental
material if this would be expected by the editorial board
of a journal. The data collection, organisation (, and
analysis) procedures will not be blind since these will be
performed by the same principal investigator. To opti-
mise quality control of the collected data, a guidance
team for this project was assembled, which supports the
principal investigator in the data collection process,
discusses the study progress, and will be consulted when
problems would arise. This team consists of experts in
(paediatric) audiology/vestibulology (LM), otology
(ID), movement (FJAD), rehabilitation (HVW) and
cognitive/psychological sciences (JRW), and therefore,
covers all disciplines involved in this project. No formal
data management plan and/or committee have been
registered.

Statistical analysis

All data will be analysed using SPSS software (IBM, Released
2017. IBM SPSS Statistics for Windows, V.26.0.). The level
of significance will be set at p=0.05. The normality of the
data will first be assessed using the Kolmogorov-Smirnov
test, QQ) plots and histograms. Normally distributed data will
be presented as mean (SD) and non-normally distributed
data as median (IQR). General characteristics of all partici-
pants will be described quantitatively. The data derived from
questionnaires will also be presented in a quantitative way.
If participants would prematurely cease their participation
and would not complete one of the two appointments, they
will still be included in the analyses on the outcome param-
eters of the first appointment. If the latter would occur, the
participant will be replaced via additional recruitment to
maintain the required sample size for the overall research
questions and the assessment on the relation between the
outcomes of both appointments. Within the typically devel-
oping group (objective 1), visual investigation and analytical
analyses will be performed along with multiple linear and
logistic regression analyses to determine whether partici-
pant (motor and cognitive) characteristics may predict the
vestibular outcome parameters, taking into account possible
confounding factors (cfr. supra). Cross-sectional motor and
cognitive results of the audiovestibular group (objective 2)
will be studied using Fisher’s exact test for categorical data,
the (Paired) Student’s t-test and the Mann-Whitney U test or
the Wilcoxon rank-sum test for normally and non-normally
distributed continuous variables, respectively. In addition,
correlation analyses will be performed to assess the associ-
ation between the motor and cognitive outcome measures
on the one hand, and the audiovestibular data on the other
hand. Additionally, adjustments for potential confounders
and subgroup analyses will be executed, if possible. In order
to assess the occurrence and vestibular characteristics in the
NDD group compared with a typically developing group
(objective 3) the (paired) Student’s t-test and variance anal-
yses or the non-parametric alternatives in case of violation of
the assumptions for continuous variables (eg, VEMP ampli-
tude and vHIT gain) will be executed. Categorical variables
(eg, absence/presence of VEMPs) will be analysed using the
x test.

PATIENTS AND PUBLIC INVOLVEMENT

The research questions were developed based on prob-
lems expressed by vestibular-impaired children and their
parents. They were notinvolved in the outcome measures,
the design or implementation of the study. All partici-
pants and their parents will receive an individual report
on the results of both test appointments. The results of
the overall project will be sent to the communication
department of Ghent University and Ghent University
Hospital for a press release of the research highlights to
the general public. Additionally, because of the multidis-
ciplinary nature of the current research, the results of the
study will not only be published in specialised journals,
but also in more general or multidisciplinary journals,

10

Van Hecke R, et al. BMJ Open 2021;11:¢049165. doi:10.1136/bmjopen-2021-049165



psychological and physiotherapy journals to reach a
broader audience.

ETHICS AND DISSEMINATION

Ethical approval was obtained for this test protocol
at the Ghent University Hospital on 4 June 2019
(B670201940165). After written and oral explanation
of the project, all participants’ parents are asked to give
written informed consent in accordance with the Decla-
ration of Helsinki.

All research findings will be disseminated in peer-
reviewed journals and presented at audiovestibular as
well as psychological, physiotherapy or multidisciplinary
international conferences.
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