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Abstract: Several studies in children with neurodevelopmental disorders (NDDs) including autism
spectrum disorders (ASDs), reading impairment, or attention deficit/hyperactive disorder (ADHD)
pointed toward a potential dysfunction of the vestibular system, specifically in its complex relationship
with the cerebellum. The aim of the present study was to test the functional vestibulo-ocular reflex
(VOR) responses in children with NDDs to measure functional performance of the vestibular system.
The VOR is specifically involved in this stabilization of the image on the retina during rapid movements
of the head. To perform this study, four groups of children with ASD, ADHD, reading impairment,
and with neurotypical development (TD) were enrolled (n = 80). We performed the functional head
impulse test (fHIT), which measured the percentage of correct responses by asking the child to identify
an optotype briefly presented during passive head impulse in each direction of each semicircular
canal plane. We observed significantly lower correct answers in children with NDDs compared with
those with TD (p < 0.0001). Surprisingly, there was no significant difference between the three groups
of children with NDDs. Our study fostered preliminary evidence suggesting altered efficiency of
vestibular system in children with NDDs. VOR abnormalities estimated using the fHIT could be used
as a proxy of NDD impairments in children, and represent a potential biomarker.

Keywords: vestibular and visual systems; atypical brain development; neurodevelopmental
disorders; etiology

Highlights The vestibulo-ocular reflex (VOR), which is specifically involved in the stabilization of the
image on the retina during rapid movements of the head, can be explored using the functional head
impulse test (fHIT). The number of appropriate responses during the fHIT was significantly lower in
children with neurodevelopmental disorders (NDDs) than in children with neurotypical development.
Surprisingly, we did not report any significant difference when exploring the VOR functioning between
all the three subgroups of children with NDDs. The VOR abnormalities we observed in children with
NDDs brought further evidence of the strong relationship between a loop involving the vestibular
system, the ocular system and the cerebellum, and atypical brain development.
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1. Introduction

Vision plays a key role in the knowledge of our environment during each moment of our daily life.
It is essential for the coordination of all our movements in natural space, for the precision to perform a
task, to use a tool, as well as for reading or writing, and is fundamental in relationships and social
communication with other humans. Eighty percent of the information coming from the world goes
through our eyes and is immediately processed by the brain. The stabilization of an image on the
retina mainly depends on the activity of the vestibular and visual systems [1]. The activity of each of
these two systems depends on the oscillation frequency of the head. For instance, at low frequencies
(<0.1 Hz), the visual system is predominant; at medium frequencies, the vestibular and visual systems
interact together to stabilize the gaze; while at high frequencies (from 1 to 5 Hz), only the vestibular
system enters into action [1].

When the head rotates rapidly in the horizontal or in the anterior or posterior planes, the two
semi-circular canals of each pair participate in the estimation of the speed of the head movement.
The ipsilateral canal at rotation gives the main excitatory information—via the vestibular nerve
fibers—to which the weaker and inhibitory information from the contra-lateral channel is added.
In response, the oculomotor system will induce an eye movement equal in amplitude, but in an opposite
direction to the movement of the head. This reflex, called the vestibulo-ocular reflex (VOR), allows the
stabilization of the image on the retina during rapid movements of the head and is measurable during
a test known as the head impulse test (HIT) [2].

The VOR is monitored at the central level [1] and, specifically, the cerebellum has a pivotal role in
continuously adapting visual gaze [3]. A recent study [4] also reported that VOR abnormalities can be
associated with central vestibular lesions in the vestibular nucleus, nucleus prepositus hypoglossi,
flocculus, or with diffuse cerebellar lesions. All these deficits could lead to a specific abnormal HIT
pattern; consequently, better examination of such HIT abnormalities may help clinicians to improve
the knowledge on the effect of central and peripheral vistibulopathies.

For instance, Kheradmand & Zee [5], combining lesion and physiologic studies, described the
cerebellar regions closely related to ocular motor functions (the VOR, the pursuit, and saccadic eye
movements). Neurons in the vestibulo-cerebellum (i.e., a region of the cerebellum found in the
flocculonodular lobe that receives vestibular and visual information) are activated in relation to head
or target motion, during eye fixation, and in vestibular responses to head motion. More precisely,
neurons located in the flocculus/paraflocculus are responsible for high-frequency (brief) vestibular
responses, while the nodulus and the ventral uvula modulate the velocity-storage mechanism for
low-frequency (sustained) vestibular responses, allowing a correct VOR response and reducing the
nystagmus that normally occurs.

For several years, the cerebellum has been considered a key brain actor in neurodevelopmental
disorders (NDDs) [6,7]. Some of the symptoms, such as social communication deficits, executive
dysfunctions, poor motor control, or memory impairments, reported in autism spectrum disorders
(ASD), dyslexia, and attention deficit/hyperactive disorders (ADHDs) may be related to functional
deficits in distinct cerebellar sub-regions [8–11]. Some studies reported the presence of vermal
morphologic abnormalities in subjects with ASD, a right cerebellar hypoperfusion in subjects with
dyslexia, and a volume reduction of the posterior vermis or of the whole cerebellum in subjects with
ADHD [12–14].

In the present study, our goal was to further explore the VOR in the specific context of children
with NDDs. The fHIT was developed to estimate the VOR during passive head impulses. In other
words, the VOR is tested by asking the subject to identify an optotype briefly presented during passive
head impulses [15–17]. Compared with HIT, the fHIT offers a functional (recognition of the optotype)
rather than quantitative result; in fact, in patients with vestibular symptoms, it is frequent that the gain
of HIT returns to the normal range, while the fHIT continues to highlight a recognition deficit of the
optotype [16,17].
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Based on previous findings [16,17], we hypothesized that functional VOR (F-VOR), more than
the quantitative VOR (Q-VOR), could be affected in children with NDDs. Besides the qualitative
impact on the VOR in children with NDDs, we also hypothesized that the VOR parameters could be
more severely affected in children with ASD than those with ADHD and finally those with reading
impairments. Remember that the diagnosis of children with NDDs is quite difficult and is based on
subjective tests only. Our goal is to develop new technique and objective tool to improve the NDD
diagnosis; indeed, at least for children with ASD and ADHD, the diagnosis is based on subjective
assessment only and the fHIT could be used as biomarker in the diagnosis of these pathologies.

2. Materials and Methods

2.1. Subjects

Four different groups of sex-, intelligence quotient (IQ)-, and age-matched children participated
in the study (Table 1): Group 1 included twenty children with reading impairments; Group 2 enrolled
twenty children with ADHD; Group 3 included twenty children with autism spectrum disorder
(ASD), but without intellectual deficiency (ID); while Group 4 had twenty children with typical
neurodevelopment (TD). Subjects from Groups 1, 2, and 3 were enrolled in the study at the Child
and Adolescent Psychiatry Department, Robert Debré Hospital (Paris, France). To be included,
they should have a neurological exam in the normal range and should be naïve of psychotropic
treatment. Children with reading impairment were recruited from the Centre for Language and
Learning Disorders, to which they had been referred for a complete evaluation of their difficulties,
including an extensive examination of their phonological capabilities. For each child, the time required
to read a text passage, text comprehension, and the ability to read words and pseudo-words using the
L2MA battery (oral language, written language, memory, attention [18]) were measured. The diagnosis
of ADHD was done according to DSM-5 (Diagnostic and Statistical Manual of Mental Disorders)
criteria [19] and carried out using the Kiddie-SADS semi-structured interview (Kiddie Schedule for
Affective Disorders and Schizophrenia [20]). ADHD symptom severity was assessed using the ADHD
rating scale parental report (ADHD-RS). This scale is based on a large collection of normative data and
has demonstrated reliability and discriminant validity in children and adolescents [21,22]. Children
with ASD were evaluated by the Expert Centre for ASD without ID; the diagnosis of ASD was based
upon evaluation data from the ADI-R (Autism Diagnostic Interview-Revised [23], the ADOS (Autism
Diagnostic Observation Schedule [24]), and expert clinical judgment based on DSM-5 criteria. To avoid
a confounding effect of comorbidity on the main diagnosis, subjects with a comorbid diagnosis of
ASD or ADHD were excluded from group 1, subjects with a comorbid diagnosis of ASD or reading
impairment were excluded from group 2, and subjects with a comorbid diagnosis of ADHD or reading
impairment were excluded from group 3. The mean intelligence quotient (IQ) was evaluated using the
Wechsler Intelligence Scale for Children, fifth edition [25], for all subjects enrolled in groups 1 to 3.
For all them, the IQ total score was in the normal range, i.e., between 85 and 115. The IQ of children
with typical development was estimated using two subtests of the Weschler scale, one assessing his/her
verbal ability (the similarities test) and one assessing his/her performance ability (matrix reasoning test).
Exclusion criteria were as follows: (i) the presence of any binocular visual deficit, such as strabismus or
high phoria (>6 PD exophoria, or any esophoria); and (ii) the presence of any vestibular impairment as
vertigo, dizziness, or evident balance deficit.

The clinical characteristics of all four groups of children are summarized in Table 1.
The investigation followed the principles of the Declaration of Helsinki; the study was approved

by the Institutional Human Experimentation Committee in France at the Hotel-Dieu hospital
(INSERM-CEEI-IRB, n◦16-290). Written informed consent was obtained from children and their
parents after the nature of the procedure was explained.
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Table 1. Clinical characteristics (mean, standard deviation of the test score) in four groups of children
tested (DYS, children with dyslexia; ADHD, children with attention deficit hyperactivity disorder;
ASD, children with autism spectrum disorders; TD, children with typical development). For the L2MA
test done in children with dyslexia, the standard deviation from normal mean is reported. ADHD-RS,
ADHD rating scale parental report; L2MA, oral language, written language, memory, attention.

Group 1
DYS

N = 20

Group 2
ADHD
N = 20

Group 3
ASD

N = 20

Group 4
TD

N = 20

Age (years) 9.6 ± 0.2 9.5 ± 0.3 9.7 ± 0.5 9.2 ± 0.4

ADHD-RS total score 5.1 ± 1.8 38.7 ± 1.7 5.2 ± 1.1 4.8 ± 1.2

L2MA standard deviation from the mean

Oral Language 2.8
Written Language 2.6

Memory 2.7

Autism Diagnostic Interview-Revised (ADI-R) scores

Social Reciprocal Interaction 18.5 ± 1.5
Communication 12.5 ± 0.9

Stereotyped Patterns of Behaviors 5.1 ± 0.5

Autism Diagnostic Observation Schedule (ADOS) scores

Social Reciprocal Interaction 8.4 ± 0.8
Communication 3.9 ± 0.4

Wechsler scale (WISC-V) scores
Verbal Comprehension subscale 101 ± 6 100 ± 5 101 ± 2
Perceptual Reasoning subscale 99 ± 4 98 ± 3 97 ± 2

Working Memory subscale 93 ± 3 91 ± 4 86 ± 4
Processing Speed subscale 89 ± 3 90 ± 5 91 ± 3

Similarity test 12 ± 1 12 ± 2 10 ± 2 12 ± 1
Matrix reasoning test 11 ± 1 10.2 ± 1 10.5 ± 1 10.8 ± 2

2.2. Functional Head Impulse Test (fHIT)

This test, commercialized by BeOnSolutions society (www.beonsolutions.it), is based on the ability
of a subject to read an optotype briefly presented during impulsive head rotations at varying angular
accelerations [26]. Several studies have been conducted already using this test in adults from the
general population [15,27] or with vestibular neuritis [16,28]. Briefly, the testing procedure was as
follows: the child was seated on a chair placed at 150 cm distance from a computer screen connected to
the fHIT device (Figure 1).

First, the static visual acuity was assessed using distance-scaled white Landolt C optotypes
displayed on screen. All children had a normal visual acuity of 0.2 logMAR. As a consequence, this size
was used in the experiment. During the test, childen had a head mounted gyroscope to measure head
angular velocities in order to be sure that the head velocity reached optimal values to test the VOR
(more than 150 deg/s). A trained operator performed subsequent head impulses, consisting of brief,
small rotatory movements executed with both hands on the head of the child in the plane of each
semi-circular canals pair and, at the same time, the child was asked to recognize the Landolt C optotype
that was presented on a black PC screen for 80 ms in eight possible orientations (Figure 1A). Note that
this time was based on preliminary tests done on children; moreover, several studies have already
been done with adults using the same experimental set up used in the present study. Furthermore,
it has been shown that subjects with normal vestibular function are able to stabilize the image and
perfectly recognize the optotype with 80 msec target duration. The child had to recognize the Landolt
C orientation and report it on a keypad showing all possible ring eight orientations (Figure 1B).
The operator performed a minimum of 10 head impulses in each direction for each semi-circular canal

www.beonsolutions.it
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plane (the left and right horizontal, left anterior and right posterior, and right anterior and left posterior
directions). Normally, the subject is able to respond correctly, that is, to obtain 100% of correct responses.
Before running the experiment, some trials were done for each direction of each semi-circular canal
in order to be sure that child understood the test correctly. The software allows to evaluate, through
visual feedback, the correct orientation of the vertical canals during the test execution and the correct
acceleration imposed on the patient’s head. Between the tests of each semi-circular canal, a break of a
few minutes was done in order to avoid fatigue. Note that, to avoid fatigue, the child had few breaks
during the 10 trials; for this reason, we did not find any difference between the first 5 trials and the
other one.
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Figure 1. Experimental set up of the functional head impulse test (fHIT). (A): The child is positioned in
front of a PC’s black screen (at 1.5 m) with a gyroscope fixed on the head by a head band. The child is
invited to fixate on a small cross (not shown) presented on the center of the PC’s screen. A trained
operator make head impulses in the lateral plane randomly to the right or to the left and a white
Landolt C optotype appears eighty ms after head velocity surpasses 10 deg/s. (B): Then, eight different
orientations of the Landolt C optotype are shown on the PC’s screen, and the child is instructed to
select the correct position on a keypad.

2.3. Data Analysis

Data were divided into 1000 deg/s2 wide bins based on the peak head angular acceleration reached
during each head impulse that triggered the display of the Landolt C. Thresholds ranged from 2000
to 7000 deg/s2 and the data were thus organized in six bins for each subject. The fHIT software
automatically separated the trials (i.e., the head impulses) according to the acceleration bins defined
above and the semi-circular canal stimulated. As established by the fHIT procedure, the performance
of a subject was assessed estimating the proportion of appropriated answers, that is, when the child
recognized the correct orientation of the Landolt C [15].

2.4. Statistical Analysis

Statistical analysis was performed with the Statistica software (IBM SPSS Statistics 19, Armonk,
NY, USA) using the GLM (Advanced Linear Models) with the four groups of children as inter-subject
factors, and the percentage of the correct responses for the distinct semi-circular canals stimulated in the
two directions (left and right) as within-subject factors. In the case of significant effects, we conducted
post-hoc comparisons using Bonferroni correction for multiple comparisons. The effect of a factor was
considered significant when the corrected p-value was below 0.05.

3. Results

We first explored the percentage of correct answers in the left- and rightward direction for each
vestibular canal (horizontal, posterior, and anterior, respectively) for each group of children (Figure 2).
We observed a significant group effect (F(3,76) = 67.48, p < 0.0001). Bonferroni post hoc test showed that
the performance of the fHIT of children with TD was significantly better than those of the three groups
of children with NDDs (all p < 0.0001).
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Figure 2. Boxplot with median and inter-quartile range of corrected answer of the Landolt C optotypes in
the left- and rightward direction for each vestibular canal (A): horizontal, (B): posterior, and (C): anterior
for each child tested. DYS, children with dyslexia; ADHD, children with attention deficit hyperactivity
disorder; ASD, children with autism spectrum disorders; TD, children with typical development.

We also estimated the effect of the type of vestibular canal tested (F(2,152) = 24.11, p < 0.0001) on
the performance. Bonferroni post hoc analysis revealed that the percentage of correct responses of the
horizontal vestibular canal was higher than the percentage of responses reported after posterior and
anterior stimulations of the vestibular canals (both p < 0.01).

Finally, the analysis of variance (ANOVA) exhibited two significant interactions (vestibular canal
× direction, F(2,152)= 10.89, p < 0.0001 and vestibular canal × group, F(6,152) = 2.21, p < 0.04, respectively).

The Bonferroni post hoc analysis showed that the number of appropriated responses for both
directions (left and right) of the horizontal vestibular canal was significantly higher with respect to the
two directions of the posterior and anterior canals (all p < 0.01).

The performances measured for the posterior and anterior canals in the children with NDDs were
significantly lower than those recorded in the horizontal canal (both, p < 0.001).

4. Discussion

The aim of the present study was to explore the VOR using the fHIT in children with NDDs
in order to develop a new technique and objective tool to improve NDD diagnosis. We reported
the following: (i) that children with neurodevelopmental disorders (NDDs) showed lower correct
responses during the fHIT when compared with children with neurotypical development (we failed
to report any significant difference between the three subgroups of children with NDDs); (ii) that all
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children reported higher correct responses for the horizontal semi-circular canal with respect to the
other two semi-circular canals (posterior and anterior).

We compared the performance on this test to estimate a potential functional defect of the loop
involved in the VOR, i.e., the vestibular and ocular systems, and the cerebellum [5]. As hypothesized,
we observed that children with reading impairments, ADHD, and ASD had significantly poor
performance on the fHIT. However, we were unable to identify a quantitate graduation between the
potential severity of the phenotype and the impact on the VOR.

This finding is in line with previous studies suggesting deficiencies in vestibular capabilities in
cognitive dysfunction and psychiatric disorders [29] and in children with NDDs. The corner piece of the
vestibular system in NDDs has been stressed in a recent meta-analysis [30], which reported vestibular
dysfunctions in children with intellectual disability (ID), ASD, ADHD, and specific learning disorders.
These authors reviewed twenty studies in which central and/or peripheral vestibular deficiencies
have been reported. For instance, Carson et al. [31], measuring the rotational vestibulo-ocular reflex
(rVOR) in children with ASD, reported increased rVOR gain, which is the ratio of eye velocity to
head velocity, indicating a possible lack of cerebellar inhibitory input to brainstem vestibular nuclei
in this population and suggesting the presence of central vestibular deficiency in children with
ASD. Note also that Deroualle and Lopez [32] reported several behavioral and neuroimaging studies
suggesting the vestibular contribution to emotional and social cognition. Furthermore, Isaac et al. [33]
reported reduced cVEMPs (cervical vestibular evoked myogenic potentials) amplitudes or a total lack
of responses in children with ADHD, suggesting the presence of peripheral and central vestibular
impairments in these children. Note that, even if cervical and ocular VEMPs have mostly been related
to peripheral vestibular disorders, the characteristics and the diagnostic values of VEMPs have been
used to assess the function of the central otolithic pathways; indeed, the cervical VEMPs are mediated
by vestibular nuclei and uncrossed medial vestibulospinal tract descending in the lower brainstem
and spinal cord [34].

Interestingly, Van Hecke and colleagues [30] pointed out that the majority of the studies were
mainly based on the assessment of the horizontal semi-circular canals alone, which did not fully report
the whole aberrations of the vestibular system. Recall also that some studies [35,36] observed the
presence of the asymmetrical tonic neck reflex (which is a primitive reflex found in newborn humans
that normally vanishes around 6 months of age) in children with ADHD, with dyslexia, and with
emotional and behavioral difficulties. All these authors encouraged the community to develop a
complete vestibular test battery to further characterize the vestibular capability in children with NDDs.
In this line, we decided to use the fHIT, which allowed an extensive exploration of the qualitative
vestibular functions. We thus observed that the VOR abnormalities were not similar in the distinct
directions, and unequally affected the semi-circular canals; the best response was observed in the
horizontal semi-circular canals than in the other two semi-circular canals (posterior and anterior).
This result could be explained by the fact that horizontal canal is more frequently used, also in
accordance with the study of Hullar [37], suggesting that the horizontal canal is particularly used
during extrapolation of information to maintain good postural control. Contrary to our hypothesis,
we have not identified patterns of abnormalities to discriminate the three groups of patients. The VOR
abnormalities we reported allowed us to differentiate the group of affected patients versus controls.
This suggests that the VOR abnormalities were more related to phenotypic or mechanistic characteristics
shared by the three types of NDDs. Numerous studies have exhibited the link between vestibular
function and several domains of visuospatial ability, which included spatial memory, navigation,
mental rotation, and mental representation of three-dimensional space [38]. Substantial reports also
suggested the vestibular system had an impact on attention and executive functions [39,40]. At the
mechanistic level, one can hypothesize that the poor capability of vestibular system to compensate the
head movements in children with NDD we observed in our study could be linked to shared abnormal
regulation of the VOR, specifically by the cerebellum in NDDs [41,42]. In fact, the peripheral vestibular
system, including semicircular canals and otolithic organs, projects to the vestibular nuclei located in
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the dorsal medullary brainstem; in turn, the neurons in the vestibular nuclei provide sensory input to
the cerebellum, oculomotor nuclei, and spinal cord [43]. The cerebellum is one of the most consistent
brain structures associated with ASD, gathering evidence from genetic, animal model, post-mortem,
and neuroimaging studies [7,44]. For example, grey matter reductions were consistently reported in
right Crus I, left lobule VIII, and medial IX, which may have specific long-term impacts on specific
brain pathways involved in social communication abilities or executive functions in ASD [45,46].
As in ASD, several studies pointing out the pivotal role of the cerebellum in ADHD smaller cerebellar
volumes have been reported [12], with a strong correlation between ADHD symptoms and the degree
of reduction [47]. Additional abnormalities of the cerebellum have been reported in ADHD such as
grey matter reductions in lobule IX and functional cerebellar dysconnectivity [48]. Finally, in subjects
with reading impairment, structural and functional neuroimaging studies were also reported in the
cerebellum. Reduced grey matter reductions have been reported consistently involving the left and
right lobules VI [49].

Finally, we have to point out that the fHIT testing the VOR abilities confirms our hypothesis of
poor cerebellar abilities in children with NDDs, even if imaging studies combined with eye movement
recordings and quantitative vestibular tests will need to be done in such child populations to confirm
our hypothesis.

Taken together, all these findings underlined the importance of systematically introducing the
assessment of vestibular abilities (even indirectly tested) in children with neurodevelopmental disorders
together with other clinical examinations of sensory and motor capabilities [50,51] in order to improve
the diagnosis of these patients.

Finally, we could suggest that vestibular/cerebellar rehabilitation could help children with NDDs
to develop compensatory mechanisms in order to override/decrease their pathologies. This hypothesis
will be tested in future studies.

5. Limitation

This study reported a “qualitative” VOR deficit in children with NDDs. Note, however, that some
NDD children had a correct response similar to TD children. Consequently, further studies with
video-HIT could be necessary to explore the “quantitative” VOR capabilities in a larger population
of NDD children. In the future, we could test together dynamic visual acuity and gaze stabilization
capabilities in children with NDD in order to better understand the relationship between visual and
vestibular abilities in these children. Finally, it will be also interesting to explore, in a larger number of
NDD children, the eventual correlations between the fHIT response and clinical evaluation in order to
more precisely define biomarkers in NDDs.

6. Conclusions

VOR abnormalities estimated using the fHIT could be used as a proxy for NDD impairments in
children. Additional efforts will be required to better understand the intimate links between vestibular
abnormalities and brain developmental disorders. Despite considerable efforts that have been made to
identify biomarkers in NDDs, the results continue to be contrasting. The machine-assisted approach
of neuroimaging/electrophysiological data may provide new directions to NDD research and leads
to the identification of patterns of clinical, cognitive, and biological features, helpful for diagnosis
and treatment. Qualitative-VOR abnormalities, which are easily measurable in patients with NDDs,
could be integrated into these statistical models. In the future, we could explore the eventual benefits
of vestibular rehabilitation in these kinds of patients.

Author Contributions: All persons designated as authors qualify for authorship. Each author participated
sufficiently in the work to take public responsibility for appropriate portions of the content. M.P.B. conceived and
designed the study, drafted the initial manuscript, reviewed the manuscript for intellectual content, and finalized
the final submitted version. S.C. performed experiments, analyzed the data, performed statistical analysis,
and drafted the initial manuscript. M.B. performed experiments and carried out the initial analyses. A.M. and E.A.
had primary responsibility for ADHD patient screening and enrollment and corrected the draft of the manuscript.



Brain Sci. 2020, 10, 887 9 of 11

V.M. corrected the draft of the manuscript. P.A. and R.D. were involved in patients with ASD screening and
enrollment, and also drafted the manuscript. C.-L.G. and H.P. had a primary responsibility for reading impairment
patient screening and enrollment, and corrected the draft of the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: M.P.B. was grateful to the Académie des Sciences, Institut de France/Fondation NRJ for their
financial support.

Acknowledgments: The authors thank the children and their families who participated in the study and the
society Beon Solution Srl in Zero Branco (Treviso, Italy) for leading the functional head impulse test—fHIT 1.0
(www.beonsolutions.it).

Conflicts of Interest: The authors have no financial relationships relevant to this article to disclose.

References

1. Leigh, R.J.; Zee, D.S. The Neurology of Eye Movements; Oxford University Press (OUP): Oxford, UK, 2015.
2. Halmagyi, G.M.; Curthoys, I.S. A Clinical Sign of Canal Paresis. Arch. Neurol. 1988, 45, 737–739. [CrossRef]
3. Beh, S.C.; Frohman, T.C.; Frohman, E.M. Cerebellar Control of Eye Movements. J. Neuro Ophthalmol. 2017, 37,

87–98. [CrossRef] [PubMed]
4. Choi, J.-Y.; Kim, H.-J.; Kim, J.-S. Recent advances in head impulse test findings in central vestibular disorders.

Neurology 2018, 90, 602–612. [CrossRef] [PubMed]
5. Kheradmand, A.; Zee, D.S. Cerebellum and Ocular Motor Control. Front. Neurol. 2011, 2, 53. [CrossRef]

[PubMed]
6. Koziol, L.L.; Budding, D.D.; Andreasen, N.N.; D’Arrigo, S.S.; Bulgheroni, S.S.; Imamizu, H.H.; Ito, M.M.;

Manto, M.; Marvel, C.C.; Parker, K.K.; et al. Consensus Paper: The Cerebellum’s Role in Movement and
Cognition. Cerebellum 2014, 13, 151–177. [CrossRef]

7. Wang, S.S.-H.; Kloth, A.D.; Badura, A. The Cerebellum, Sensitive Periods, and Autism. Neuron 2014, 83,
518–532. [CrossRef]

8. Goulardins, J.B.; Marques, J.C.B.; De Oliveira, J.A. Attention Deficit Hyperactivity Disorder and Motor
Impairment. Percept. Mot. Ski. 2017, 124, 425–440. [CrossRef]

9. Lim, Y.H.; Partridge, K.; Girdler, S.; Morris, S.L. Standing Postural Control in Individuals with Autism
Spectrum Disorder: Systematic Review and Meta-analysis. J. Autism Dev. Disord. 2017, 47, 2238–2253.
[CrossRef]

10. Bucci, M.P.; Goulème, N.; Stordeur, C.; Acquaviva, E.; Scheid, I.; Lefebvre, A.; Gerard, C.-L.; Peyre, H.;
Delorme, R. Discriminant validity of spatial and temporal postural index in children with neurodevelopmental
disorders. Int. J. Dev. Neurosci. 2017, 61, 51–57. [CrossRef]

11. Stins, J.F.; Emck, C. Balance Performance in Autism: A Brief Overview. Front. Psychol. 2018, 9, 901. [CrossRef]
12. Valera, E.M.; Faraone, S.V.; Murray, K.E.; Seidman, L.J. Meta-Analysis of Structural Imaging Findings in

Attention-Deficit/Hyperactivity Disorder. Biol. Psychiatry 2007, 61, 1361–1369. [CrossRef] [PubMed]
13. Stoodley, C.J. Distinct regions of the cerebellum show gray matter decreases in autism, ADHD,

and developmental dyslexia. Front. Syst. Neurosci. 2014, 8, 92. [CrossRef] [PubMed]
14. Bruchhage, M.M.; Bucci, M.P.; Becker, E.B.E. Cerebellar Involvement in Autism and ADHD; Elsevier BV:

Amsterdam, The Netherlands, 2018; Volume 155, pp. 61–72.
15. Ramat, S.; Colnaghi, S.; Boehler, A.; Astore, S.; Falco, P.; Mandalà, M.; Nuti, D.; Colagiorgio, P.; Versino, M.

A Device for the Functional Evaluation of the VOR in Clinical Settings. Front. Neurol. 2012, 3, 39. [CrossRef]
[PubMed]

16. Corallo, G.; Versino, M.; Mandalà, M.; Colnaghi, S.; Ramat, S. The functional head impulse test: Preliminary
data. J. Neurol. 2018, 265, 35–39. [CrossRef] [PubMed]

17. Versino, M.; Colnaghi, S.; Corallo, G.; Mandalà, M.; Ramat, S. The functional head impulse test: Comparing
gain and percentage of correct answers. Prog. Brain Res. 2019, 248, 241–248. [CrossRef]

18. Chevrie-Muller, C.; Simon, A.M.; Fournier, S. Batterie Langage oral écrit. Mémoire. Attention: L2MA; Editions
du Centre de Psychologie Appliquée: Paris, France, 1997.

19. American Psychiatric Association APA. Diagnostic and Statistical Manual of Mental Disorders (DSM 5th ed.);
American Psychiatric Association: Washington, DC, USA, 2013.

www.beonsolutions.it
http://dx.doi.org/10.1001/archneur.1988.00520310043015
http://dx.doi.org/10.1097/WNO.0000000000000456
http://www.ncbi.nlm.nih.gov/pubmed/27643747
http://dx.doi.org/10.1212/WNL.0000000000005206
http://www.ncbi.nlm.nih.gov/pubmed/29490911
http://dx.doi.org/10.3389/fneur.2011.00053
http://www.ncbi.nlm.nih.gov/pubmed/21909334
http://dx.doi.org/10.1007/s12311-013-0511-x
http://dx.doi.org/10.1016/j.neuron.2014.07.016
http://dx.doi.org/10.1177/0031512517690607
http://dx.doi.org/10.1007/s10803-017-3144-y
http://dx.doi.org/10.1016/j.ijdevneu.2017.06.010
http://dx.doi.org/10.3389/fpsyg.2018.00901
http://dx.doi.org/10.1016/j.biopsych.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16950217
http://dx.doi.org/10.3389/fnsys.2014.00092
http://www.ncbi.nlm.nih.gov/pubmed/24904314
http://dx.doi.org/10.3389/fneur.2012.00039
http://www.ncbi.nlm.nih.gov/pubmed/22470364
http://dx.doi.org/10.1007/s00415-018-8910-z
http://www.ncbi.nlm.nih.gov/pubmed/29868981
http://dx.doi.org/10.1016/bs.pbr.2019.04.028


Brain Sci. 2020, 10, 887 10 of 11

20. Goldman, L.S.; Genel, M.; Bezman, R.J.; Slanetz, P.J.; American Medical Association for the Council on
Scientific Affairs. Diagnosis and Treatment of Attention-Deficit/Hyperactivity Disorder in Children and
Adolescents. JAMA 1998, 279, 1100–1107. [CrossRef]

21. Du Paul, G.J.; Power, T.J.; Anastopoulos, A.D.; Reid, R. ADHD Rating Scale-IV: Checklists, Norms and Clinical
Interpretation; Guilford: New York, NY, USA, 1998.

22. Collett, B.R.; Ohan, J.L.; Myers, K.M. Ten-Year Review of Rating Scales. V: Scales Assessing
Attention-Deficit/Hyperactivity Disorder. J. Am. Acad. Child Adolesc. Psychiatry 2003, 42, 1015–1037.
[CrossRef]

23. Lord, C.; Rutter, M.; Le Couteur, A. Autism Diagnostic Interview-Revised: A revised version of a diagnostic
interview for caregivers of individuals with possible pervasive developmental disorders. J. Autism Dev.
Disord. 1994, 24, 659–685. [CrossRef]

24. Lord, C.; Risi, S.; Lambrecht, L.; Cook, E.H., Jr.; Leventhal, B.L.; DiLavore, P.C.; Pickles, A.; Rutter, M.
The Autism Diagnostic Observation Schedule—Generic: A Standard Measure of Social and Communication
Deficits Associated with the Spectrum of Autism. J. Autism Dev. Disord. 2000, 30, 205–223. [CrossRef]

25. Wechsler, D. Wechsler Intelligence Scale for Children-Fifth Edition; Pearson: Bloomington, MN, USA, 2014.
26. Böhler, A.; Mandalà, M.; Ramat, S. A software program for the Head Impulse Testing Device (HITD).

In Proceedings of the 2010 Annual International Conference of the IEEE Engineering in Medicine and Biology,
Buenos Aires, Argentina, 31 August–4 September 2010; Institute of Electrical and Electronics Engineers
(IEEE): Piscataway, NJ, USA, 2010; Volume 2010, pp. 6615–6618.

27. Romano, F.; Bertolini, G.; Agostino, D.; Straumann, D.; Ramat, S.; Feddermann-Demont, N. Functional Head
Impulse Test in Professional Athletes: Sport-Specific Normative Values and Implication for Sport-Related
Concussion. Front. Neurol. 2019, 10, 387. [CrossRef]

28. Van Dooren, T.S.; Lucieer, F.M.P.; Duijn, S.; Janssen, A.M.L.; Guinand, N.; Fornos, A.P.; Van Rompaey, V.;
Kingma, H.; Ramat, S.; Van De Berg, R. The Functional Head Impulse Test to Assess Oscillopsia in Bilateral
Vestibulopathy. Front. Neurol. 2019, 10, 365. [CrossRef] [PubMed]

29. Gurvich, C.; Maller, J.J.; Lithgow, B.; Haghgooie, S.; Kulkarni, J. Vestibular insights into cognition and
psychiatry. Brain Res. 2013, 1537, 244–259. [CrossRef] [PubMed]

30. Van Hecke, R.; Danneels, M.; Dhooge, I.; Van Waelvelde, H.; Wiersema, J.R.; Deconinck, F.J.A.; Maes, L.
Vestibular Function in Children with Neurodevelopmental Disorders: A Systematic Review. J. Autism Dev.
Disord. 2019, 49, 3328–3350. [CrossRef] [PubMed]

31. Carson, T.B.; Wilkes, B.J.; Patel, K.; Pineda, J.L.; Ko, J.H.; Newell, K.M.; Bodfish, J.W.; Schubert, M.C.;
Radonovich, K.; White, K.D.; et al. Vestibulo-ocular re ex function in children with high-functioning autism
spectrum disorders. Autism Res. 2017, 10, 251–266. [CrossRef] [PubMed]

32. Deroualle, D.; Lopez, C. Toward a vestibular contribution to social cognition. Front. Integr. Neurosci. 2014,
8, 16. [CrossRef]

33. Isaac, V.; Olmedo, D.; Aboitiz, F.; Délano, P.H. Altered Cervical Vestibular-Evoked Myogenic Potential in
Children with Attention Deficit and Hyperactivity Disorder. Front. Neurol. 2017, 8, 90. [CrossRef]

34. Oh, S.-Y.; Kim, H.-J.; Kim, J.-S. Vestibular-evoked myogenic potentials in central vestibular disorders. J. Neurol.
2016, 263, 210–220. [CrossRef]

35. Konicarova, J.; Bob, P. Asymmetric tonic neck reflex and symptoms of attention deficit and hyperactivity
disorder in children. Int. J. Neurosci. 2013, 123, 766–769. [CrossRef]

36. Taylor, B.; Hanna, D.; McPhillips, M. Motor problems in children with severe emotional and behavioural
difficulties. Br. J. Educ. Psychol. 2019, 90, 719–735. [CrossRef]

37. Hullar, T.E. Semicircular canal geometry, afferent sensitivity, and animal behavior. Anat. Rec. Part A Discov.
Mol. Cell. Evol. Biol. 2006, 288, 466–472. [CrossRef]

38. Bigelow, R.T.; Agrawal, Y. Vestibular involvement in cognition: Visuospatial ability, attention, executive
function, and memory. J. Vestib. Res. 2015, 25, 73–89. [CrossRef] [PubMed]

39. Sugaya, N.; Arai, M.; Goto, F. Changes in cognitive function in patients with intractable dizziness following
vestibular rehabilitation. Sci. Rep. 2018, 8, 9984. [CrossRef] [PubMed]

40. Pineault, K.; Pearson, D.; Wei, E.; Kamil, R.; Klatt, B.; Agrawal, Y. Association Between Saccule and
Semicircular Canal Impairments and Cognitive Performance Among Vestibular Patients. Ear Hear. 2020, 41,
686–692. [CrossRef]

http://dx.doi.org/10.1001/jama.279.14.1100
http://dx.doi.org/10.1097/01.CHI.0000070245.24125.B6
http://dx.doi.org/10.1007/BF02172145
http://dx.doi.org/10.1023/A:1005592401947
http://dx.doi.org/10.3389/fneur.2019.00387
http://dx.doi.org/10.3389/fneur.2019.00365
http://www.ncbi.nlm.nih.gov/pubmed/31105632
http://dx.doi.org/10.1016/j.brainres.2013.08.058
http://www.ncbi.nlm.nih.gov/pubmed/24012768
http://dx.doi.org/10.1007/s10803-019-04059-0
http://www.ncbi.nlm.nih.gov/pubmed/31102194
http://dx.doi.org/10.1002/aur.1642
http://www.ncbi.nlm.nih.gov/pubmed/27220548
http://dx.doi.org/10.3389/fnint.2014.00016
http://dx.doi.org/10.3389/fneur.2017.00090
http://dx.doi.org/10.1007/s00415-015-7860-y
http://dx.doi.org/10.3109/00207454.2013.801471
http://dx.doi.org/10.1111/bjep.12327
http://dx.doi.org/10.1002/ar.a.20304
http://dx.doi.org/10.3233/VES-150544
http://www.ncbi.nlm.nih.gov/pubmed/26410672
http://dx.doi.org/10.1038/s41598-018-28350-9
http://www.ncbi.nlm.nih.gov/pubmed/29968816
http://dx.doi.org/10.1097/AUD.0000000000000795


Brain Sci. 2020, 10, 887 11 of 11

41. Ramos, T.C.; Balardin, J.B.; Sato, J.R.; Fujita, A. Abnormal Cortico-Cerebellar Functional Connectivity in
Autism Spectrum Disorder. Front. Syst. Neurosci. 2019, 12, 74. [CrossRef] [PubMed]

42. Fernandez, V.G.; Juranek, J.; Romanowska-Pawliczek, A.; Stuebing, K.K.; Williams, V.J.; Fletcher, J.M.
White matter integrity of cerebellar-cortical tracts in reading impaired children: A probabilistic tractography
study. Brain Lang. 2016, 161, 45–56. [CrossRef]

43. Zhu, Y.; Chen, S.-R.; Pan, H.-L. Muscarinic receptor subtypes differentially control synaptic input and
excitability of cerebellum-projecting medial vestibular nucleus neurons. J. Neurochem. 2016, 137, 226–239.
[CrossRef]

44. Becker, E.B.; Stoodley, C.J. Autism spectrum of the cerebellum. Int. Rev. Neurobiol. 2013, 113, 1–34.
45. Verly, M.; Verhoeven, J.; Zink, I.; Mantini, D.; Peeters, R.; Deprez, S.; Emsell, L.; Boets, B.; Noens, I.; Steyaert, J.;

et al. Altered functional connectivity of the language network in ASD: Role of classical language areas and
cerebellum. NeuroImage Clin. 2014, 4, 374–382. [CrossRef]

46. D’Mello, A.M.; Crocetti, D.; Mostofsky, S.H.; Stoodley, C.J. Cerebellar gray matter and lobular volumes
correlate with core autism symptoms. NeuroImage Clin. 2015, 7, 631–639. [CrossRef]

47. Stoodley, C.J. The Cerebellum and Neurodevelopmental Disorders. Cerebellum 2016, 15, 34–37. [CrossRef]
48. Tomasi, D.; Volkow, N.D. Abnormal Functional Connectivity in Children with Attention-Deficit/Hyperactivity

Disorder. Biol. Psychiatry 2012, 71, 443–450. [CrossRef] [PubMed]
49. Norton, E.S.; Black, J.M.; Stanley, L.M.; Tanaka, H.; Gabrieli, J.D.E.; Sawyer, C.; Hoeft, F. Functional

neuroanatomical evidence for the double-deficit hypothesis of developmental dyslexia. Neuropsychologia
2014, 61, 235–246. [CrossRef] [PubMed]

50. Levit-Binnun, N.; Davidovitch, M.; Golland, Y. Sensory and motor secondary symptoms as indicators of
brain vulnerability. J. Neurodev. Disord. 2013, 5, 26. [CrossRef] [PubMed]

51. Dewey, D.; Bernier, F.P. The Concept of Atypical Brain Development in Developmental Coordination Disorder
(DCD)—A New Look. Curr. Dev. Disord. Rep. 2016, 3, 161–169. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fnsys.2018.00074
http://www.ncbi.nlm.nih.gov/pubmed/30697151
http://dx.doi.org/10.1016/j.bandl.2015.07.006
http://dx.doi.org/10.1111/jnc.13554
http://dx.doi.org/10.1016/j.nicl.2014.01.008
http://dx.doi.org/10.1016/j.nicl.2015.02.007
http://dx.doi.org/10.1007/s12311-015-0715-3
http://dx.doi.org/10.1016/j.biopsych.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22153589
http://dx.doi.org/10.1016/j.neuropsychologia.2014.06.015
http://www.ncbi.nlm.nih.gov/pubmed/24953957
http://dx.doi.org/10.1186/1866-1955-5-26
http://www.ncbi.nlm.nih.gov/pubmed/24063566
http://dx.doi.org/10.1007/s40474-016-0086-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Functional Head Impulse Test (fHIT) 
	Data Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Limitation 
	Conclusions 
	References

