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Abstract

Objective: Eye tracking technology has been employed in assessing ocular motor and

vestibular function following vestibular and neurologic conditions, including traumatic

brain injury (TBI). Assessments include tests that provide visual and motion (rotation)

stimuli while recording horizontal, vertical, and torsional eye movements. While some

of these tests have shown diagnostic promise in previous studies, their use in clinical

practice is limited by the lack of normative data. The goal of this study was to con-

struct normative reference ranges to be used when comparing patients' results.

Methods: Optokinetic response, subjective visual horizontal and vertical, and rotation

tests were administered to male and female volunteers, ages 18-45, who were free

from neurological, vestibular disorders, or other head injuries. Tests were adminis-

tered using either a rotatory chair or a portable virtual reality-like goggle equipped

with video-oculography.
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Results: Reference values for eye movements in response to different patterns of

stimuli were analyzed from 290 to 449 participants. Analysis of gender (self-reported)

or age when grouped as pediatric (late adolescent; 18-21 years of age) and adult

(21-45 years of age) revealed no effects on the test metrics. Data were pooled and

presented for each test metric as the 95% reference interval (RI) with 90% confidence

intervals (CI) on upper and lower limits of the RI.

Conclusions: This normative database can serve as a tool to aid in diagnosis, treat-

ment, and/or rehabilitation protocols for vestibular and neurological conditions,

including mild TBI (mTBI). This database has been cleared by the FDA for use in clini-

cal practice (K192186).

Level of evidence: 2b

K E YWORD S

concussion, eye tracking, mild traumatic brain injury, mTBI, Neurolign Dx 100, neurological
conditions, NOTC, rotation tests, vestibular conditions

1 | INTRODUCTION

Vestibular system dysfunctions have been reported in as many as

35% of adults and approximately 18% of children.1,2 Symptoms

include dizziness, blurred vision, and balance issues.1-5 In recent years,

a large body of literature has shown numerous vestibular deficits fol-

lowing mild TBI (mTBI; also known as concussion). It has been

reported that vestibular symptoms are present in up to 95% of indi-

viduals at the initial presentation following TBI,3,5,6 can be associated

with prolonged recovery after mTBI, and can persist for weeks to

months or even years post injury.5,7-10

The function of the vestibular system has traditionally been inves-

tigated using a battery of assessments that include dynamic and static

vestibular testing and ocular motor testing.11 Dynamic vestibular

testing uses motion stimuli provided by a rotational chair and includes

tests such as sinusoidal harmonic acceleration (SHA), visual enhance-

ment (VE), visual suppression (VS), and the head impulse test (HIT).

The computerized rotational head impulse test (crHIT) is delivered by

a computer-controlled rotational chair using brief, whole-body, earth-

vertical axis impulsive rotations while subjects are maintaining fixation

on an earth-fixed target. Eye movements are measured using video-

oculography, overcoming the limitations of manual HIT.12 Static ves-

tibular testing includes positional/positioning tests, caloric, subjective

visual vertical (SVV), and subjective visual horizontal (SVH). Ocular

motor tests include spontaneous nystagmus, gaze nystagmus, optoki-

netic response (OKN), pursuit, saccade, vergence tests, and others.

Many of these tests have been employed traditionally in the eval-

uation of vestibular conditions such as Meniere’s disease (MD) and

vestibular neuritis or examination of semicircular canal and otolith

function.12-23 A number of research studies, including several from

our group, have employed these tests for evaluation of mTBI and have

shown that metrics from these tests can be useful to detect and moni-

tor deficits following mTBI.24-29 Furthermore, the availability of high-

resolution eye-tracking technology, which can accurately measure eye

movements on the order of less than 0.1�, makes these tests valuable

tools for the assessment of mTBI and other neurological conditions.

However, the scarcity of normative data has impeded the wide adop-

tion of these tests in clinical practice. Very few studies include data

from healthy subjects; many involve a small number of participants

and/or a wide range of ages.13,14,30-33 A normative database repre-

sents the ranges of test performance of a group of medically healthy

individuals.34 Such a database could be useful for diagnostic purposes

and for tracking improvements over time, to aid in diagnosis and eval-

uation of treatment efficacy, rehabilitation, and return to duty/work/

activity decisions.

The goal of this study was to construct a normative database

(defined as a reference interval to be used to determine if the test

result of a subject is in the normal range) for eye-tracking ocular

motor and vestibular tests for healthy 18-45-year-old participants.

2 | MATERIALS AND METHODS

2.1 | Study participants

All research activities were approved by Institutional Review Board (IRB)

protocols and registered under NCT02486003 and NCT01832714. Partic-

ipants, male and female volunteers 18-45 years of age (see demographics

TABLE 1 Demographics of the participants included in this study

Age/groups (years) Mean age (years ± SD) N Sex M/F

18–45 24.75 ± 6.28 449 294/155

Group 1:18–21 19.62 ± 1.12 196 122/74

Group 2:22–45 28.64 ± 5.77 253 172/81

Abbreviations: M, male; F, female; N, number of participants; SD, standard
deviation.
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TABLE 2 Battery of ocular motor, reaction time and cognitive tests

Tests Metrics

1 Optokinetic (OKN) 20 deg/s: Participants see a stimulus consisting

of a field of dots moving on the display first to the right, then to

the left, with a velocity of 20 deg/s. Each test consists of a

stimulus rotating for 10 seconds clockwise (CW) and then

10 seconds counterclockwise (CCW), with 3 seconds of rest

between CW and CCW rotation.

a. Average eye velocity CCW (deg/s) = eye velocity during the

slow phase of nystagmus for stimuli moving in

counterclockwise (CCW) direction

b. Average eye velocity CW (deg/s) = eye velocity during the

slow phase of nystagmus for stimuli moving in clockwise

(CW) direction

c. Gain = ratio between average eye slow phase velocity and

stimulus for CW and CCW segments

d. Gain Asymmetry (%) = represents the difference between

gain calculated for CW and CCW segments

e. *Area Under Velocity Fit +(30 deg) = proportional to fast

beat velocity for CCW stimuli

f. *Area Under Velocity Fit (30 deg) = proportional to fast beat

velocity for CW stimuli

g. Normalized OKN CW velocity gain (normalized at 20 deg/s)

h. Normalized OKN CCW velocity gain (normalized at

20 deg/s)

*-see details for calculation in the method section

Optokinetic (OKN) 60 deg/s – same as OKN 20 deg/s, but with the

stimulus moving at 60 deg/s.

Same as above

2 Sinusoidal harmonic acceleration (SHA) 0.02 Hz (also known as

Chair rotation sinusoidal): subject is rotated back and forth

sinusoidally in the dark at frequency of 0.02 Hz with a peak

velocity of 60 deg/s.

a. Gain = average of gain left and gain right, that is, vestibulo-

ocular reflex (VOR) gain, where gain (left or right) is the ratio

of the peak slow phase eye velocity to the peak head

velocity and is expressed as a percentage

b. Asymmetry = represents the percentage difference between

gain calculated for left and right gains

c. *Phase = temporal relationship between peak eye and peak

head velocity, expressed in degrees

*see details for calculation in the method section

Sinusoidal Harmonic Acceleration (SHA) 0.64 Hz Same as above

3 Visual enhancement (VE): subject is rotated back and forth

sinusoidally at frequency of 0.64 Hz with a peak velocity of

60 deg/s. A static optokinetic stimulus is presented during this

rotation.

a. Average gain

b. Asymmetry

c. Phase

All values that have similar meaning are calculated similar to

those described in the SHA test

4 Visual suppression (VS): subject is rotated back and forth

sinusoidally at frequency of 0.64 Hz with a peak velocity of

60 deg/s. Subject is directed to fixate on laser dot that moves

with the chair.

This allows an individual to suppress the VOR. Suppression is

poorer at higher frequencies of rotation.

a. Average gain

b. Asymmetry

c. Phase

All values that have similar meaning are calculated similar to

those described in the SHA test

5 Controlled rotational head impulse test (crHIT): subject is rotated

briefly in pseudo-random direction (6 CW and 6 CCW) for a

total of 12 rotations. An acceleration of 1000 deg/s2 is included

in this test. Participants are directed to fixate on earth-fixed

target during rotation. Each stimulus consists of 150

milliseconds acceleration using an “S” type profile (to minimize

patient’s discomfort), followed by 300-400 milliseconds run at

speed up to 180 deg/s and slow “S” type deceleration for 2–
3 seconds. Between each stimulus the subject is at rest for 5–
8 seconds.

a. *Gain = Average VOR Gain

b. *Asymmetry = Average VOR Gain Asymmetry (%)

*see details for calculation in the method section

6 Subjective visual vertical (SVV): subject is presented with a non-

vertical line and by using the left and right buttons on the

handheld control box (Dx 100) or the buttons located on the

chair handle (NOTC), orients the line to the vertical (upright)

position, and then presses the accept button on the control box

(Dx 100), or verbally acknowledges the alignment (NOTC). A

total of 6 trials were performed per subject, 3 with a positive

and 3 with a negative angle preset, presented randomly.

Mean error (deg) = difference between subject’s orientation
angle and true vertical. Data are presented as a mean of

errors of all measurements.
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in Table 1), were recruited from three different sites: a) University of

Miami, Miami, FL, IRB#2015036; b) Naval Medical Center San Diego, San

Diego, CA, IRB# NMCSD.2013.0060; and c) Madigan Army Medical Cen-

ter, Tacoma, Washington, IRB# 393240-1. All participants signed an

informed consent. To create a representative sample of the general popu-

lation, the study included civilians, military service members, and non-

professional athletes who participate in intercollegiate athletics. Exclusion

criteria were conditions and diseases that could impact the vestibular and

ocular motor systems. These include a history of brain injury, repeated

blast exposure, presence of severe aphasia, history of diagnosed neuro-

psychiatric disorders (eg, hypochondriasis, major depression, schizophre-

nia), neurodegenerative disorders, disorders of hearing and balance (eg,

MD, multiple sclerosis, vestibular neuritis, vestibular schwannoma, sudden

sensorineural hearing loss), cerebrovascular disorders, history of ear opera-

tion other than myringotomy tube, and systemic disorders (eg, chronic

renal failure, cirrhosis of the liver). Special populations including women

who were pregnant, children under 18 years old, and those with impaired

decision-making capacity were also excluded from this study. Data pres-

ented here include 300 healthy controls subjects included in earlier papers

from this group that described the use of ocular motor and vestibular tests

for evaluation of mTBI.24,27,35 All sites used the same inclusion/exclusion

criteria, which are listed in the Supplemental data.

2.2 | Battery of tests

Table 2 describes the tests and metrics measured in this study. These

include OKN response, SVV and SVH, SHA, VE, VS, and crHIT.

2.3 | Devices

The devices, eye tracking technology, and software used in this study

were developed by Neurolign USA, LLC (formerly known as Neuro

Kinetics, Inc.; Pittsburgh, PA). Two FDA-cleared eye-tracking devices

were used in this study: a) neurolign Dx NOTC, formerly known as

I-Portal Neurotologic Test Center (NOTC) and b) neurolign Dx

100, formerly known as I-Portal Portable Assessment System—

Nystagmograph (I-PAS). The study started using the NOTC initially

and was later supplemented by the Dx100. These devices are sub-

stantially equivalent, that is, they use the same acquisition and

analysis software, have the same high-resolution eye tracking capabili-

ties, and data obtained with each device are statistically or clinically

equivalent. The only difference is in the type of stimuli that each

device can deliver and their size. The Neurolign Dx NOTC is a rota-

tional chair that provides rotational, visual, and auditory stimuli while

recording eye movements and reaction time responses. The Neurolign

Dx 100 is a portable, compact, 3D, head-mounted display system with

integrated eye tracking that provides visual and auditory stimuli while

recording eye movements. Both the Neurolign Dx NOTC and the

Neurolign Dx 100 use infrared video-oculography. High-resolution

eye-tracking images are acquired via two high-speed digital infrared

cameras (940 nm illumination; sampling rate 100 frames/sec). Spatial

resolution for horizontal, vertical, and torsion eye tracking is <0.1�;

eye-tracking range is at least ±24� horizontal, ±20� vertical, and ± 10�

torsional. Data were collected using I-Portal software, which captures,

time stamps (critical for synchronization), and analyzes digital images

of the eye to capture horizontal and vertical eye movement data.

VESTTM software was used to operate the hardware, manage and

capture the stimulus profiles, integrate I-Portal eye-tracking data, and

analyze the data to generate a comprehensive set of metrics. Tests

using motion as stimulus were administered only using the NOTC and

included: SHA, VE, VS, and crHIT. The remainder of the tests (OKN,

SVV, and SVH) were administered using both devices.

2.4 | Data Analysis

Acquired data for each test were inspected for completion and valid-

ity and analyzed using VEST software. Data were then exported to

IBM SPSS Statistics for Windows, version 21 (IBM Corp., Armonk,

NY, USA) and Microsoft Excel for further analysis.

2.4.1 | Treatment of artifacts and outlying samples

Data were calibrated for position by the comparison of eye movement

to fixation positions with known displacement. The software detected

artifacts such as blinks, recording noise, and temporary failures of eye

tracking. These and other artifacts, such as shifting of goggles, errone-

ous responses, or responses not related to the task, were manually

evaluated to separate eye movement signals from other recording

TABLE 2 (Continued)

Tests Metrics

7 Subjective visual horizontal (SVH): subject is presented with a non-

horizontal line and by using the left and right buttons on the

handheld control box (Dx 100) or the buttons located on the

chair handle (NOTC), orients the line to the horizontal position,

and then presses the accept button on the control box (Dx

100), or verbally acknowledges the alignment (NOTC). A total of

6 trials were performed per subject, 3 with a positive and 3

with a negative angle preset, presented randomly.

Mean error (deg) = difference between subject’s orientation
angle and true horizontal. Data are presented as a mean of

errors of all measurements.

Note: Description of each test and metrics measured for each test.
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noise. Manual analysis was also performed in some cases to segregate

saccadic activity from pursuit activity. The software reported data

validity, which is the percentage of data needed to calculate a metric.

If this percentage was below 60%, the software had a blinking func-

tion to attract attention. In these cases, the software analyzed data

from a single eye (left or right), if data for that particular eye met

the 60% validity criteria. If not, data from that particular test were

discarded. For some participants, individual tests were removed

from analysis when the data quality was judged to be inadequate for

accurate measurement or produced analytic errors.

2.4.2 | Test metrics calculation

The metrics defined in Table 2 are calculated by VEST software, as

described below. The OKN test delivers light stimuli moving rightward

(or clockwise, CW, relative to the subject seated at the central axis)

and leftward (counterclockwise, CCW) across the visual field and mea-

sures eye movements in response to these moving stimuli. The eye

movements are composed of slow and fast phase beat movements;

the slow phase represents eye movement in the direction of a moving

object; and the fast phase represents rapid return of the eye in the

opposite direction. For this test, the metric “average eye velocity”
represents the average of the slow phase velocity (ASPV; deg/s). The

metric “gain asymmetry” was then calculated using ASPV for stimuli

moving in the CW and CWW direction:

Gain Asymmetry¼CWASPV�CCWASPV
CWASPVþCCWASPV

�100%:

Normalized OKN CW velocity gain (normalized at 20 deg/s) repre-

sents gain CW at 60 deg divided by gain CW at 20 deg. Normalized

OKN CCW velocity gain (normalized at 20 deg/s) represents gain

CCW at 60 deg divided by gain CCW at 20 deg.

Fast phase eye movements of OKN-induced nystagmus are quan-

tified with peak velocity and beat amplitude. The “main sequence” of

fast phase beats represents beat peak velocity as a function of beat

amplitude. CW direction of stimulus rotation produces leftward fast

phase movements, and CCW direction of stimulus rotation produces

rightward fast phase movements. Two separate main sequences are

built for leftward and rightward fast phase eye movements. The fol-

lowing model function is used to fit the main sequence data: y

(x) = AeBx-A, where x is the fast phase beat amplitude and y is the fast

phase beat peak velocity.36-38 Nonlinear regression is applied to each

main sequence, and A and B coefficients are calculated. Area under

velocity fit is then calculated using the following equations:
Ð 30
0 AeBx�A, for fast beat velocity for CCW stimuli and

Ð 0
�30Ae

Bx�A

for fast beat velocity for CW stimuli.

The SHA (0.02, 0.64 Hz) is a test that assesses the vestibulo-

ocular reflex (VOR) by rotating the patient in a sinusoidal pattern at

various frequencies, with vision denied. In this test, the phase metric

represents the temporal relationship between peak eye and peak head

velocity. The phase metric is computed as the sinusoidal-cycle

difference between the stimulus and eye movement. Phase metrics

are reported for eye and stimulus position and for eye and stimulus

velocity. The “asymmetry” metric is calculated as the difference

between left and right gain divided by the sum of left and right gain.

Throughout the test period, the subjects were given verbal tasks,

including alphabetically naming things, places, foods, or counting, to

maintain a constant level of alertness.

The crHIT delivers a precise, brief, whole-body, earth-vertical axis

impulsive rotation, while subjects are maintaining fixation on an

earth-fixed target, and eye movements are measured using video-

oculography.12 Data collected are eye position, head and chair

velocity, and acceleration in X, Y, and Z planes. The gain is calculated

using Gain = Veye/ Vℎead, where Veye is eye velocity and Vℎead is

head velocity, for L and R, respectively. The gain is calculated for all

rightward (L) and leftward (R) impulses, and the average gain is com-

puted as (Gain L + Gain R)/2. Asymmetry represents the VOR gain

asymmetry and is computed as [(R-L)/(R + L)] � 100, percentage,

where R = mean right VOR gain and L = mean left VOR gain. The VS

test is another test of the rotary chair that assesses the VOR, using

the reduction in the VOR as an evaluation of the central (cerebellar/

brainstem) function. This test involves the patient staring at a target

light that moves with the chair, while the chair produces the sinusoi-

dal harmonic rotation. Similar to the SHA, gain, phase, and asymmetry

are recorded. The VE test is another test of the rotary chair that

assesses the VOR, similar to VS test. This test involves the patient

staring at a full field, stationary optokinetic stimulus, while the chair

produces the sinusoidal harmonic rotation. Similar to the SHA, gain,

phase, and asymmetry are recorded.

The SVV and SVH tests measure the ability of a person to per-

ceive verticality or horizontality, respectively, which involves primarily

vestibular and ocular motor system interaction, and a host of other

interactions, such as (but not limited to) somatosensory, memory, cog-

nition, and musculoskeletal interactions. In this study, these tests were

only performed under static and not head tilt or dynamic rotational

conditions. The test presents a line at a certain angle and the subject

is asked to place the line either vertical or horizontal. The software

measures the mean error (deg) as the difference between subject’s
orientation angle and true vertical or horizontal, respectively. The SVV

test has been performed on both devices, the NOTC (N = 287 sub-

jects) and the Dx 100 (N = 159 subjects). In the NOTC, the stimulus is

projected on the wall of the dark enclosure and the subject is asked to

press buttons located on the chair arm to adjust the line to their per-

ceived vertical position. The subject’s head is positioned between two

adjustable arms ensuring the head is aligned to the vertical

gravity axis.

In the Dx 100, the stimulus is projected inside the head mounted

screen, and the subject is instructed to press the buttons located on a

hand-held button box. The Dx 100's head mounted screen has a 6� of

freedom (6 DOF) sensor which compares the subject’s head position

relative to the vertical gravity axis, providing extra information on

how well the subject’s head is aligned to the vertical gravity axis.

Therefore, data from the Dx 100 have confirmatory information of

vertical head position, while data from the NOTC rely on the tester
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for ensuring head verticality. Because of these potential differences in

the head position evaluation, differences between data (i.e., mean

error in aligning the presented line to the vertical axis) collected on

each device were compared. The univariate analysis of variance indi-

cated that there is no statistically significant difference between the

data collected with each device (P = 0.161). Therefore, data were

pooled for constructing the normative ranges presented here. In the

experiments using Dx100, the subject’s head position was adjusted to

less than ±2.5 deg.

2.5 | Statistical analysis

Descriptive statistics and results reported were based on raw mea-

surements, using IBM SPSS Statistics for Windows, version 21. Raw

measurements were visually and statistically inspected. Values that

were potential outliers were individually inspected examining the orig-

inal data from which the test value was obtained, formulas, and possi-

ble human error. Values deemed incorrect were not included in the

final analysis. Values deemed correct but still yielding results outside

of the expected values were included. To construct a normative data-

base for the test metrics (e.g., computing the reference intervals), we

first examined the homogeneity of the participants' test results.

We examined whether the test results were affected by the age

and/or gender of the participants. For this purpose, the data were

grouped by (a) age into two populations: pediatric or late adolescent

(18-21 years) and adult (22-45 years) and (b) gender (ascertained by

self-report): female and male. Possible effects of age and gender were

tested using the t-test (mean difference) for independent samples and by

applying univariate one and two-way (with interaction) analysis of variance

(ANOVA). The t-test and one-way ANOVA were used to examine each

effect separately, whereas a two-way ANOVA was used to test jointly the

potential effects of age and gender including their possible dependence

measured by interaction (i.e., age group � gender). Levene’s test for equal
variance was used to decide whether to apply t-test assuming equal vari-

ances or not. To construct a normative database, for each test metric we

calculated a 95% reference interval (RI) with 90% confidence interval

(CI) on the lower and upper limits of the RI assuming a nonparametric dis-

tribution, according to the FDA suggested guidelines and other published

references.39,40 To calculate the RI, individual metrics (results) were orga-

nized by rank from the lowest to highest values: y1,y2,…,yN, where N is

sample size. The 100 1�αð Þ% RI is given by the upper and lower

limits, RL and RU, calculated as follows: RL ¼ y N� α=2ð Þ½ � and RU ¼
y N� 1�α=2ð Þ½ � with α¼0:05. (Square brackets indicate that the number is

rounded to the nearest integer.) Next, for each limit of the 95% RI, RL,

and RU, the 90% CI, Rq and Sq
39,40 were calculated.

The percentiles, 2.5, 5, 10, 25, 75, 90, 95, and 97.5 for each test

metric were calculated using a SPSS built in function.

2.5.1 | One sided metrics

The OKN test includes one metric (area under velocity fit, a measure

of beat velocity) for which the lower or the upper limits are either

TABLE 4 Normative data for optokinetic (OKN) tests

Test Metric RI lower limit RI upper limit 90% CI for lower limit RI 90% CI for upper limit RI

OKN 20 deg/s Average eye velocity – for CCW stimuli

(deg/s)

�20.05 �12.15 (�20.31) - (�19.84) (�13.00) - (�11.37)

Average eye velocity – for CW stimuli

(deg/s)

14.56 19.75 13.74-14.66 19.58-20.84

Gain 0.66 0.97 0.62-0.70 0.96-0.98

Gain asymmetry (%) �7.66 10.55 (�10.41) - (�5.42) 9.99-12.01

Area under velocity fit +(30 deg) 5740 NA 5674-5886 NA

Area under velocity fit (30 deg) NA �6175 NA (�6359) - (�6060)

OKN 60 deg/s Average eye velocity CCW (deg/s) �52.94 �21.15 (�54.01) - (�52.21) (�22.39) - (�19.69)

Average eye velocity CW (deg/s) 24.15 55.93 21.22-25.06 54.90-56.71

Gain 0.40 0.90 0.37-0.42 0.90-0.92

Gain asymmetry (%) �14.54 18.10 (�16.13) - (�12.39) 17.46-19.69

Area under velocity fit +(30 deg) 6491 NA 6390-6642 NA

Area under velocity fit (30 deg) NA �6420 NA (�6479) - (�6312)

Normalized OKN CW velocity gain

(normalized at 20 deg/s)

0.47 0.98 0.37-0.48 0.95-1.01

Normalized OKN CCW velocity gain

(normalized at 20 deg/s)

0.45 0.95 0.40-0.48 0.92-1.03

Note: The upper and lower limits of the RI and 90% CI for each limit are presented. For one sided metrics, the limit of no interest is marked with not

applicable (NA). For description of each metric see Table 2. The OKN 20 deg/s test was performed only in the NOTC device in 290 participants. The OKN

60 deg/s was performed in both devices, NOTC and Dx100, in a total of 449 participants.
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meaningless or are not of clinical interest for the general population.

For example, the upper limit of beat velocity is not of clinical concern,

whereas the lower limit, indicative of a slow beat, may represent a

clinical concern. For these metrics, the 5th or 95th percentile was cal-

culated for the limit of interest; the limit of no interest was marked as

not applicable (NA).39,40

3 | RESULTS

The database presented here includes seven ocular motor and vestib-

ular tests commonly used in conjunction with eye tracking to assess

peripheral and central vestibular system function: OKN response, SVV

and SVH, SHA, VE, VS, and crHIT (Table 2). These tests are commonly

used to evaluate ocular motor and vestibular deficits following mTBI

and/or other neurological conditions.24,27,41-45 Metrics describing dif-

ferent components of eye movement (e.g., gain, phase) for each test

were computed (detailed description of each metric is included in

Table 2).

3.1 | Age and gender effect

The US FDA considers the pediatric population as being 0 to 21 years

of age, and the Journal of Academy of Pediatrics terms them as "Late

Adolescents”.46 Here, the pediatric or late adolescent participants

(ages 18-21 years) and adult participants (ages 22-45 years) were ana-

lyzed to determine whether late adolescent vs adult age status had

any effect on test results (Table 3). Gender (self-reported) was also

examined (Table 3). The findings indicated that age and gender had a

statistically significant effect (0.05 level) on only five of the 28 test

metrics, and that even for those five metrics, statistical effects did not

indicate clinical significance. This is based on the fact that the 95% RIs

(with 90% CI) showed great overlap. For example, in the OKN

60 deg/s test, for the metric “Average eye velocity” for clockwise

(CW) stimulus, the 95% RIs were (deg/s): [25.64-56.71], [24.12-

54.26], and [24.15-55.93] for the 18-21, 21-45, and 18-45-year-old

groups, respectively. These small differences with significant overlap

of the RI (as well as 90% CI for each upper and lower limit) suggest no

clinical significance.

TABLE 6 Normative data for subjective visual vertical (SVV) and horizontal (SVH)

Test Metric RI lower limit RI upper limit 90% CI for lower limit RI 90% CI for upper limit RI

SVV Mean error (deg) �2.84 3.08 (�3.00) - (�2.64) 2.81-3.35

SVH Mean error (deg) �3.00 2.90 (�3.27) - (�2.74) 2.33-3.14

Note: The upper and lower limits of the 95% RI and 90% CI for each limit are presented. For one-sided metrics, the limit of no interest is marked with not

applicable (NA). For description of each metric see Table 2. SVV test has been performed in a total of 446 participants, on both devices, the NOTC

(N = 287) and the Dx100 (N = 159). SVH test has been performed in the NOTC device only in a total of 291 participants.

TABLE 5 Normative data for rotational tests: sinusoidal harmonic acceleration (SHA), visual enhancement (VE), visual suppression (VS), and
controlled rotational head impulse test (crHIT)

Test Metric RI lower limit RI upper limit 90% CI for lower limit RI 90% CI for upper limit RI

SHA 0.02 Hz Gain average 0.21 0.67 0.2-0.22 0.61-0.73

Asymmetry (%) �20 25 (�21) - (�17) 22-29

Phase (deg) 10.28 34.84 8.6-12.16 31.62-39.26

SHA 0.64 Hz Gain average 0.29 0.83 0.28-0.32 0.8-0.87

Asymmetry (%) �17 15 (�22) - (�15) 11-19

Phase (deg) �6.46 13.56 (�8.57) - (�4.15) 12.89-15.15

VE 0.64 Hz Gain average 0.77 1.08 0.71-0.79 1.08-1.10

Asymmetry (%) �2.80 3.97 (�2.94) - (�2.00) 3.16-5.03

Phase (deg) �3.51 3.61 (�4.52) - (�2.94) 2.99-4.29

VS 0.64 Hz Gain average 0.08 0.25 0.07-0.08 0.24-0.27

Asymmetry (%) �21.85 22.25 (�23.37) - (�18.11) 19.27-25.68

Phase (deg) �7.18 31.74 (�15.21) - (�5.4) 30.48-32.34

crHIT Gain 0.89 1.03 0.87-0.9 1.02-1.04

Asymmetry (%) �4.42 4.35 (�5.07) - (�3.94) 3.91-4.91

Note: The upper and lower limits of the 95% RI and 90% CI for each limit are presented. For one-sided metrics, the limit of no interest is marked with

not applicable (NA). For description of each metric see Table 2. These tests have been performed only using the NOTC device, in a total of 290–299
subjects.
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3.2 | Normative database

Following the age and gender analyses, data from all subjects were

pooled for the purpose of constructing a normative database. The

95% RI with a 90% CI on the lower and upper limits of the RI are

reported in Tables 4, 5, 6 for all tests and metrics. The 2.5, 5, 10,

25, 75, 90, 95, and 97.5 percentile for each metric within each test

are presented in Supplemental Tables 1-3, included in the

Supplemental data.

4 | DISCUSSION

Vestibular testing in conjunction with eye-tracking represents a non-

invasive method of assessing the peripheral and central deficits in the

vestibular and ocular motor systems in many neurological conditions,

including brain injury. Work from our group and findings from other

studies have shown the utility of ocular motor and vestibular testing

in the detection, diagnosis, and monitoring of mTBI,24,27,28,44,47,48 ves-

tibular, neurotological, and neurological conditions.12,21-23,35

Appropriate tools for diagnosis and monitoring of the mTBI/con-

cussion have gained significant interest in recent years. Impairments

in the optokinetic response have been reported in acute and chronic

mTBI patients.28,49 In conjunction with metrics from ocular motor and

cognitive tests (e.g., smooth pursuit, antisaccades, predictive sac-

cades), metrics from the crHIT test (gain, gain asymmetry) and the

optokinetic response test have been shown as reliable indicators of

acute mTBI.24 These same metrics have been found useful in monitor-

ing the progress of patients following mTBI.27 Tests including SHA,

VE, VS, SVV, and SVH, have been used to screen for acute concussion

in athletes26 and military service members.49 Metrics such as VOR

suppression gain and variance of SVV and SVH errors were found to

differ between healthy and concussed subjects 26; deficits in many of

these test metrics (e.g., SHA, SVV, and visual fixation) were found in a

large percentage of service members.49

Vestibular testing using a rotary chair and static tests like SVV

and SVH have long been used in clinical practice for patients who pre-

sent with dizziness and balance complaints due to conditions including

MD, chronic otitis, vascular disorders, BPPV, vestibular neuritis,

migraines, acute labyrinthitis, cochlear hydrops, sudden deafness, oto-

sclerosis, perilymphatic fistula, and other vestibular lesions.12-23,50-56

SHA is considered one of the cornerstone tests in the evaluation and

understanding of the peripheral and central aspects of the vestibular

system. A large study (6000 patients) showed that the temporal pat-

tern of asymmetry can reliably differentiate peripheral from central

vestibular dysfunction and by combining phase and symmetry metrics,

the side of the lesion can also be reliably determined.19 Similarly,

asymmetry was frequently seen in patients suffering from migraines50

and unilateral vestibular loss.51 Patients with unilateral vestibular loss

demonstrated low gains at frequencies below 0.02 Hz and large phase

shifts at frequencies below 0.32 Hz.51 Another study found that a

selection of the 0.01, 0.05, and 0.1 Hz SHA rotations creates an ideal

rotatory test protocol that when combined with caloric and VEMP

testing provides comprehensive evaluation of patients diagnosed with

unilateral peripheral vestibular pathology, including Meniere’s disease,
vestibular neuritis, labyrinthitis, acoustic neuroma, superior canal

dehiscence, and post traumatic vertigo.52

OKN has also been employed in the evaluation of patients with

various conditions. For example, several studies have shown impair-

ment of the OKN response in patients with cerebral palsy and

Parkinson's disease (slow-phase optokinetic nystagmus).53,54 OKN

was employed in the evaluation of patients with ocular diseases, such

as generalized retinal diseases, media opacity, refractive errors, glau-

coma, maculopathies, and optic neuropathies.55 OKN gain and asym-

metry are associated with the development of binocular vision and

have been helpful to identify patients with binocularity or binocular

potential in strabismus.56

Collectively, these studies, as well as many other publications,

indicate the utility of ocular motor and vestibular testing not only in

mTBI/concussion but also in many other vestibular disorders. By pro-

viding an FDA-cleared normative ocular motor and vestibular data-

base, our study enables wide adoption of these tests in clinical

practice.

Data from healthy subjects have been previously published for

various vestibular tests. For example, SHA test metrics (gain, phase,

and asymmetry) were reported in healthy volunteers 6-81 years of

age,13,30-32,57 OKN gain data in subjects 1-89 years of age,33 and SVV

data in subjects 4-89 years of age.14 A number of studies report nor-

mative values for SHA metrics including gain, phase, and asymmetry,

with the majority of data presented as mean and SD. For example,

Peterka et al.57 report VOR gain, phase, and asymmetry at 0.05, 0.2,

and 0.8 Hz (216 subjects ages 7-81), Maes et al.31 report gain, phase,

and asymmetry at 0.01-0.16 Hz (150 subjects ages 18-40), Chan

et al.30 present VOR gain at 0.01-0.64 Hz (100 subjects ages 6-78,

reported by age groups 6-12, 13-17, 18-30, 31-50, and >50.30 Other

papers report data from smaller cohorts, including Wall58 (50 subjects

ages 20-59; 0.005-1.0 Hz), Moller59 (50 subjects ages 17-39;

0.01-0.32 Hz), Li13 (41 subjects ages 21-67, 0.01-0.64 Hz). Collec-

tively, these studies reflect the importance of this test and need for

normative data. The results presented here add to previous studies,

providing normative data from a larger group of subjects presented in

the format that is typical for clinical laboratory tests, that is, reference

ranges.

Although the age ranges, age groupings, metrics, and values

reported (mean ± SD vs RI ± 90% CI) vary between studies and can-

not be directly compared to our data, the relationship between test

metrics and age and gender can be examined. The normative data

presented here indicated no clinically significant differences for age or

gender between the ages of 18 and 45. These results are in line

with previous publications, which have reported stable OKN gain in

subjects 10-45 years old,33 no influence of age on SVV in subjects

ages 20-49,14 and no effect of age on SHA metrics in subjects

younger than 50 years old.16,32 In another study, participants

over the age of 40 showed some differences for phase and gain.13

Comparisons of five age groups (6-12, 13-17, 18-30, 31-50,

and > 50 years, 20 subjects per group) indicated that VOR gain was

1124 KULLMANN ET AL.



mostly influenced by age in the preadolescent and geriatric groups.30

Gender did not have an effect on SHA metrics,13,31,57 or on SVV.14

Together, these data are consistent with our findings of stable metrics

for the 18-45-year-old group. Future studies are required for the

pediatric population younger than 18 years of age, as well as for

populations older than 45. Additionally, a present limitation of the cur-

rent database is that some tests, such as OKN or SHA, have a limited

number of outcome metrics. Future studies will need to focus on

adding more granularity to these tests.
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