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Abstract
Purpose The video Head Impulse Test is routinely used to assess semicircular canal function in adults, but to date, pediatric 
reference values are scarce. This study aimed to explore the vestibulo-ocular reflex (VOR) in healthy children at different 
development stages and to compare the obtained gain values with reference to those in an adult population.
Methods This prospective, single-center study recruited 187 children from among patients without otoneurological diseases, 
healthy relatives of these patients, and staff families from a tertiary hospital. Patients were divided into three groups by age: 
3–6 years, 7–10 years, and 11–16 years. The vestibulo-ocular reflex was assessed by video Head Impulse Test, using a device 
with a high-speed infrared camera and accelerometer  (EyeSeeCam®; Interacoustics, Denmark).
Results We found a lower vestibulo-ocular reflex gain of both horizontal canals in the 3–6-year-old group when compared 
with the other age groups. No increasing trend was found in the horizontal canals from age 7–10 years to age 11–16 years, 
and no differences were found by sex.
Conclusion Gain values in the horizontal canals increased with age until children reached age 7–10 years and matched the 
normal values for adults.

Keywords Adolescent · Balance · Children · Vertigo · Vestibulo-ocular reflex · Video head impulse test

Introduction

Vertigo is a more common complaint among adults than in 
the pediatric population [1]. However, the incidence of ves-
tibular disorders during childhood is rising, probably due to 
greater awareness of their existence and the improvements 
in otoneurological and vestibular diagnosis [2–5]. Indeed, 
various reports describe children with vestibular dysfunction 

[6–10], including those presenting as complications after 
cochlear implantation [11], Meniere’s disease [12], otitis 
media with effusion [13], cytomegalovirus infection [14], 
primary ciliary dyskinesia [15], sensorineural hearing loss 
[16], and migraine [8, 17]. In response, criteria have recently 
been published for the diagnosis and management of ves-
tibular migraine of childhood, probable vestibular migraine 
of childhood, and recurrent vertigo of childhood [18], based 
on patient-reported clinical features. Otoneurological evalu-
ation and the diagnosis of vestibular disorders are also more 
challenging in young children than in adults because of the 
difficulty describing unsteadiness and vertigo accurately [17, 
19, 20]. Consequently, vestibular disorders are often con-
fused with neurological, motor, or coordination problems, 
leading to other specialists assessing them before referral to 
an otolaryngologist, which could delay the achievement of 
motor skills [21]. All patients with these symptoms should 
therefore undergo objective tests of their vestibular function 
[22].

The examination of eye movement is of utmost impor-
tance for the diagnosis of vestibular disorders and should 
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include assessment of the vestibulo-ocular reflex (VOR), 
nystagmus, and saccades [23]. Most vestibular tests evaluate 
the VOR, which acts to stabilize the gaze during head move-
ments. Nystagmus refers to physiological or pathological 
involuntary eye movement, with pathology typically result-
ing from central nervous system disorders, toxicity, alcohol, 
and drugs. Saccades consist of a rapid eye movement that 
orientates gaze toward a target and locate its image onto the 
fovea [17, 24]. However, the VOR may only be altered dur-
ing or shortly after an episode of vertigo, with disturbances 
occurring when asymptomatic [25]. Vestibular diagnosis is 
difficult in young children because it requires collaboration 
and can be influenced by anatomical and functional artifacts 
[26, 27].

The video Head Impulse Test (vHIT) is typically used 
to record abnormal eye movements or saccades, which may 
not be visible to the naked eye, and provide quantitative 
assessment of the VOR [26, 27]. This can reveal vestibular 
dysfunction. Furthermore, the vHIT can quantify semicircu-
lar canal function by measuring VOR gain (the ratio of the 
eye movement response to passive head movement applied 
during acceleration) [28]. To complete the test and minimize 
errors caused by slippage, patients must wear tight-fitting 
goggles that hold a camera. This tight fit can be difficult 
for children to tolerate and is a major reason for artifacts in 
the pediatric population [22, 29]. The vHIT should also be 
performed with high rotational velocities (150°/s or more) 
because most patients with unilateral vestibular dysfunction 
will have normal VOR gains at lower speeds [20, 30]. It 
is possible, for example, that lower velocities are experi-
enced during normal activities that require compensatory 
processes. Therefore, pulses at low velocities should be con-
sidered invalid and discarded.

Another problem with the VOR gain recorded by the 
vHIT is the lack of normal values for the pediatric popula-
tions. Whereas some consensus exists for normal values in 
adults [30, 31], the lack of data on vHIT values in children 
without dizziness forces a reliance on adult reference values 
irrespective of age. Therefore, this study aimed to evaluate 
the VOR gain values measured by vHIT in children without 
otoneurological symptoms and to quantify their evolution 
through childhood. These results may be useful as reference 
values when evaluating children with vestibular disorders.

Methods

Subjects

This prospective study included 187 children from among 
healthy patients, the healthy relatives of those patients, and 
the families of staff at our tertiary hospital. Patients were 
divided into three age groups (3–6, 7–10, and 11–16 years) 

after excluding those diagnosed with otoneurologic or oph-
thalmologic disorders, sleep apnea, and morbid obesity, as 
well as those using vestibular sedatives and wearing cor-
rective glasses. A minimum sample size of 30 subjects per 
group was required to achieve statistical power.

Written informed consent was provided by all parents. 
The study was conducted in accordance with the ethical 
standards of the Declaration of Helsinki and was approved 
by the Ethics committee of our institution (file number: 
PS-09-20).

Protocol

All subjects underwent complete otomicroscopic and oto-
neurologic examination, including tympanometry, Dix-Hall-
pike and McClure maneuvers, and balance assessment by the 
Romberg, tandem walk, and Unterberger–Fukuda tests. We 
then performed the vHIT between February 2019 and March 
2021 to assess the VOR, using a device with a high-speed 
infrared camera and accelerometer  (EyeSeeCam® Intera-
coustics, Denmark). This provided data on the gain values 
for the six semicircular canals, together with the presence or 
absence of saccades. Children were asked to fix their sight 
on a dot placed on the wall 1 m away, with cartoon stick-
ers used to attract the attention of children aged 3–6 years 
old. All data were collected by the same examiner. Tests 
considered invalid due to a lack of co-operation, excessive 
blinking, involuntary cervical muscle contraction, or any 
other factor that diminished reproducibility were discarded. 
Consistent with the protocol reported by Zamaro et al., arti-
facts or invalid impulses due to high or low test velocity 
were also excluded [32].

Statistical analysis

Categorical data were compared using chi-squared or Fish-
er’s exact tests, as appropriate, and continuous data were 
assessed using analysis of variance. The Mann–Whitney U 
test was used to compare the mean VOR gain values by age 
and gender, with Bonferroni multiple comparison post-hoc 
tests used to compare median VOR gain values among the 
age groups. The relationship between the VOR gain values 
in any canal and age was analyzed by Spearman’s rank cor-
relation. All statistical analyses were performed using IBM 
SPSS, version 25.0 (IBM Corp., Armonk, NY, USA), and 
P-values of < 0.05 were considered statistically significant.

Results

Of the 187 children (117 girls and 70 boys) enrolled 
in this study, 34 (18.2%) were aged 3–6 years old, 69 
(36.9%) were aged 7–10 years old, and 84 (44.9%) were 
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aged 11–16 years old. Table 1 and Fig. 1 show the VOR 
gains for the six semicircular canals by age. The mean 
VOR gains differed between the three age groups in all 

six canals (P < 0.001). Bonferroni’s multiple comparison 
post-hoc tests (Table 2) revealed that the VOR gain values 
in 3–6-year-old group were most relevant to daily clinical 

Table 1  Vestibulo-ocular reflex gain values in each semicircular canal by age

Semicircular canal Age P

3–6 Years Old 7–10 Years Old 11–16 Years Old

Mean SD Median P25 P75 Mean SD Median P25 P75 Mean SD Median P25 P75

Right horizontal 0.78 0.02 0.78 0.77 0.79 0.83 0.04 0.83 0.80 0.86 0.82 0.05 0.81 0.78 0.83  < 0.001
Left horizontal 0.76 0.02 0.76 0.74 0.77 0.81 0.04 0.80 0.78 0.83 0.81 0.04 0.80 0.78 0.84  < 0.001
Right anterior 0.75 0.03 0.76 0.72 0.78 0.78 0.04 0.79 0.77 0.80 0.75 0.08 0.74 0.68 0.80  < 0.001
Left posterior 0.72 0.03 0.72 0.70 0.74 0.76 0.04 0.77 0.75 0.78 0.74 0.08 0.74 0.67 0.80  < 0.001
Left anterior 0.72 0.04 0.72 0.69 0.76 0.76 0.04 0.77 0.74 0.78 0.72 0.09 0.70 0.65 0.80  < 0.001
Right posterior 0.70 0.04 0.70 0.67 0.72 0.74 0.04 0.75 0.72 0.77 0.71 0.08 0.71 0.66 0.78  < 0.001

Fig. 1  Box chart of the gain 
values for the vestibulo-ocular 
reflex in the six canals by age
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practice, with lower results than in the other groups 
for both horizontal canals. No increasing trends were 
observed in the horizontal canals from the 7–10-year-
old to 11–16-year-old groups. Spearman’s rho correla-
tion of the mean gains in each canal by age detected a 
positive correlation in both horizontal canals, though this 
was lower in the right (0.157) than in the left (0.384) 
(Table 3). No correlation was demonstrated in the anterior 
or posterior canals. Finally, Table 4 and Fig. 2 show the 
VOR gain values by sex, revealing no statistical differ-
ences (P > 0.001) in the values for any canal between the 
two groups.

Discussion

Evidence suggests that the incidence of vestibular disorders 
is increasing in pediatric populations [3, 4, 8–10, 33, 34]. 
Although vHIT is among the most widely used methods for 
studying vertigo, normal VOR gain values have not been 
established for young children. This may reflect the difficulty 
in performing a complete vestibular evaluation, especially 
in the young and when patients may have hearing loss, neu-
rological disorders, or developmental disorders [1, 5, 26].

The present study reports the vHIT results for healthy 
children at three developmental stages to provide reference 
values. We show that the VOR gains of the horizontal semi-
circular canals were more homogeneous than those of the 
anterior or posterior canals. This probably reflects the rela-
tive ease of applying head acceleration to study the horizon-
tal semicircular canals compared with the vertical canals 
[29], even though most children have better ranges of neck 
movement than older people. Although Wiener–Vacher and 
Wiener have also reported normal values for infants and 
children, their results are not comparable to ours because 
they used a remote camera system to avoid intolerance of 
the tight-fitting goggles in classical vHIT testing [29]. Some 
authors also describe that children produce more artifacts 
than adults and that greater care is required to avoid techni-
cal errors in children [26].

Cut-off values for VOR gain may vary by age even in 
adult populations, though normal values probably sit 
between 0.8 and 1.0 [27]. The researchers also demonstrated 
an optimal cut-off point of 0.7 (specificity, 100%; sensitiv-
ity, 67%) in a non-healthy pediatric cohort [27], consist-
ent with our results among younger children. It seems that 
the VOR gain is low in children younger than 3 years old 
[20] and that it follows a rapid increase until age 6 years. 
Therefore, progress slows to age 16 years, when adult val-
ues are achieved [20, 29], and finally decrease again from 
age 80 years [30, 31]. We observed a similar evolution, 
with the trend for VOR gains in the horizontal canals to 
increase rapidly until age 7–10 years and then stabilize to 

Table 2  Bonferroni’s multiple comparison post-hoc tests of vestib-
ulo-ocular reflex gain values in each semicircular canal by age

Bold values denote statistical significance

Semicircular canal Age group (years)

3–6 vs 7–10 3–6 vs 11–16 7–10 vs 11–16

Right horizontal  < 0.001  < 0.001 0.013
Left horizontal  < 0.001  < 0.001 1.000
Right anterior 0.002 1.000 0.001
Left posterior  < 0.001 0.040 0.069
Left anterior 0.004 1.000 0.001
Right posterior 0.001 0.335 0.013

Table 3  Spearman’s rho correlation of mean gains with age for each 
semicircular canal. Bold values denote statistical significance.

Bold values denote statistical significance

Semicircular canal Correlation coefficient P

Right horizontal 0.157 0.032
Left horizontal 0.384  < 0.001
Right anterior −0.051 0.488
Left posterior 0.107 0.144
Left anterior −0.059 0.421
Right posterior 0.025 0.736

Table 4  Vestibulo-ocular 
reflex gain values for each 
semicircular canal by sex

Semicircular canal Participant sex P

Girl Boy

Mean SD Median P25 P75 Mean SD Median P25 P75

Right horizontal 0.82 0.04 0.81 0.79 0.84 0.81 0.05 0.80 0.78 0.84 0.245
Left horizontal 0.80 0.04 0.79 0.77 0.83 0.80 0.04 0.79 0.78 0.82 0.639
Right anterior 0.76 0.06 0.77 0.72 0.79 0.76 0.06 0.78 0.71 0.80 0.494
Left posterior 0.74 0.06 0.75 0.71 0.78 0.74 0.06 0.75 0.70 0.78 0.973
Left anterior 0.73 0.07 0.74 0.69 0.78 0.74 0.08 0.76 0.69 0.78 0.699
Right posterior 0.72 0.06 0.72 0.67 0.77 0.72 0.07 0.74 0.68 0.77 0.591
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age 11–16 years old. Most studies also confirm that no dif-
ferences exist between older children or adolescents and 
adults [27, 35, 36]. Contrasting with these results, however, 
some authors have not observed changes from age 4 years 
to age 18 or 20 years [27, 37]. Some of the variation among 
these findings may result from the different devices used, 
as demonstrated by van Dooren et al. when comparing the 
EyeSeeCam (Interacoustics VOG; Munich, Germany), ICS 
Impulse (GN Otometrics; Taastrup, Denmark), and Ulmer 
(Synapsys, Marseille, France) in adults [38]. For example, 
when analyzing normative values for semicircular canal 
function in adolescents aged 11–18 years with the Otomet-
rics IC Impulse vHIT, Emekci et al. obtained mean VOR 
gain values higher than ours (i.e., 0.89 and 0.87 for the lat-
eral and posterior canals, respectively) [39]. They also found 
no age-related differences among adolescents, consistent 
with our data for adolescents aged 11–16 years old [39]. 
When using the EyeSeeCam device, Retamal et al. found no 

differences between their 5–10-year-old and 11–17-year-old 
groups, although this research was also limited by a particu-
larly small sample size [40]. Surprisingly, and contrasting 
with our findings, they also found differences between the 
VOR gain values of the right and left horizontal canals [40].

Although the vestibular end organs are considered mature 
even before birth [41], anatomical and functional develop-
ment could explain the changes in VOR gain with age. Nota-
bly, central pathways in the cerebellum that are important 
for controlling the VOR lack maturation at birth and mature 
during the first years of life [42]. Another reason for could 
be that anatomical changes occur in eye size and interpupil-
lary distance during childhood [43]. Children under 3 years 
of age often have hypermetropia, which could compromise 
their view of the target during the vHIT [44]. These factors, 
together with the lack of co-operation and poor fit of goggles 
among young children [27], justify the exclusion of children 
aged < 3 years from our study.

Fig. 2  Box chart of the gain 
values for the vestibulo-ocular 
reflex in the six canals by 
gender
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The main limitations of this study are the difficulty in 
performing examinations in young children and the differ-
ences in anatomical development and neurological matura-
tion between subjects in each age group. Both factors may 
have affected the results. Future prospective studies should 
include more participants grouped into shorter age groups 
to define the range of normal test values for children at dif-
ferent ages.

Conclusion

The vHIT is a reliable, non-invasive, and easy-to-perform 
test that can be used in emergency rooms to assess children 
with dizziness or vertigo, potentially avoiding the need for 
costly CT scans or MRI that frequently require sedation. 
However, the vHIT test results are difficult to interpret in 
pediatric populations because standard gain values have not 
been fully established for children without otoneurological 
pathology. Our results suggest that the gain values of hori-
zontal canals increase with age until age 7–10 years, when 
the normal values remain largely stable to adolescence and 
approximate normal values in adults. We also found no dif-
ferences by sex. The reference values identified in this study 
have the potential to inform the evaluation of children with 
vestibular disorders. Research with other vestibular tests 
should now try to elucidate the evolution or maturation of 
pathways necessary for the VOR and how these affect age-
specific normal values.
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