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Abstract

Background: The observation or measurement of eye movement can aid in the detection and localiza-

tion of vestibular pathology due to the relationship between the function of the vestibular sensory recep-
tors in the inner ear and the eye movements produced by the vestibulo-ocular reflex (VOR). The majority

of bedside and laboratory tests of vestibular function involve the observation or measurement of hori-
zontal eye movements (i.e., horizontal VOR) produced by stimuli that activate the horizontal semicircular

canals (SCCs) and the superior vestibular nerve. The video head impulse test (vHIT) is a new clinical test
of dynamic SCC function that uses a high-speed digital video camera to record head and eye movement

during and immediately after passive head rotations. The SYNAPSYS Inc. vHIT device measures the

“canal deficit” (deviation in gaze) during passive head impulses in the horizontal and diagonal (vertical)
planes. There is, however, a paucity of data that has been reported using this device.

Purpose: The purpose of this study was to obtain normative data and assess the test-retest reliability of
the SYNAPSYS vHIT (version 2.0).

Research Design: A prospective repeated measures design was utilized.

Study Sample: Thirty young adults with normal hearing, normal caloric test results, and a negative his-
tory of vestibular disorder, neurological disease, open or closed head injury, or cervical spine injury par-

ticipated in the study.

Data Collection and Analysis: A single examiner manually rotated each participant’s head in the hor-

izontal and diagonal planes in two directions (left and right in the horizontal plane; downward and upward
in each diagonal plane) resulting in the stimulation of each of the six SCCs. Each participant returned for

repeat testing to assess test-retest reliability. The effects of ear, session, and semicircular canal (hor-
izontal, anterior, posterior) on the magnitude of canal deficit during the vHIT were assessed using

repeated measures analysis of variance.

Results: The mean canal deficit of the horizontal canals (8.3%) was significantly lower than the mean

canal deficit of the anterior canals (16.5%) and the posterior canals (15.2%); there was no significant
difference between the mean canal deficits of the anterior and posterior canals. The main effects of ses-

sion and ear on canal deficit were not significant, and there were no significant interaction effects. There

was no significant difference between the mean canal deficit for session 1 and session 2 for the hori-
zontal, anterior, and posterior canals. The 95th percentiles for canal deficit were 19, 26, and 22% for the

horizontal, anterior, and posterior SCCs, respectively.

Conclusions: Testing of all six SCCs was completed in most participants in z10 min and was well-

tolerated. The vHIT has some important advantages relative to more established laboratory tests of hor-
izontal SCC function including the ability to assess the vertical SCCs, lower cost, shorter test time, greater
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portability, minimal space requirements, and increased patient comfort. Additional data, however, should

be obtained from older participants with normal vestibular function and from patients with vestibular dis-
orders. Within-subject comparisons between the results of the vHIT and the caloric and rotary chair tests

will be important in determining the role of the vHIT in the vestibular test battery.

Key Words: Head impulse test, semicircular canal, vestibulo-ocular reflex, video head impulse test

Abbreviations: HIT5 head impulse test; LARP5 left anterior and right posterior SCCs; RALP5 right anterior

and left posterior SCCs; RMANOVA5 repeatedmeasures analysis of variance; SCC5 semicircular canal;
SVN 5 superior vestibular nerve; vHIT 5 video head impulse test; VOR 5 vestibulo-ocular reflex

T
heangularvestibulo-ocular reflex (VOR)ensures

gaze stability during head rotations by generat-

ing eyemovements that are equal and opposite to
head rotation. The gain of the VOR (eye velocity/head

velocity) for natural head movements, therefore, ap-

proaches unity in healthy individuals. The VOR has

three main anatomic components: the semicircular

canals in the peripheral vestibular system, the vestibu-

lar and ocular motor nuclei in the brainstem, and the

extraocular muscles. The semicircular canals (SCCs)

are positioned in three nearly orthogonal planes within
the head allowing for the detection of head rotation in

three-dimensional axes. The SCCs function as angular

accelerometers in a push-pull fashion with two coplanar

canals on each side of the head working together, that

is, left and right horizontal SCCs, the right anterior

and left posterior SCCs or RALP, and the left anterior

and right posterior SCCs or LARP. For example, during

rightward head rotation in the horizontal plane, the
discharge rate of the right horizontal SCC afferents

increases, and, at the same time, the discharge rate of

the left horizontal SCC afferents decreases relative to

the resting discharge rate. The difference in output

between the right and left horizontal SCCs drives the

leftward compensatory eye movement of the VOR so that

the eyes remain still in space during head rotation and

enable stable vision. The observation ormeasurement of
eye movement, therefore, can aid in the detection and

localization of vestibular pathology due to the relationship

between the function of the vestibular sensory receptors

in the inner ear and the compensatory eye movements

produced by the VOR. Themajority of bedside and labora-

tory tests of vestibular function involve the observation

or measurement of horizontal eye movements (i.e., hori-

zontal VOR) produced by stimuli that activate the hori-
zontal SCCs and the superior vestibular nerve (SVN).

Thevideohead impulse test (vHIT) isanewclinical test

of dynamic SCC function that uses a high-speed digital

video camera to record head and eye movement during

and immediately after passive head rotations and is

based on the bedside head impulse test first described

by Halmagyi and Curthoys (1988). The head impulse

test is based on two principles in vestibular physiology:
(1) eye movements evoked by stimulation of a single

semicircular canal occur in the plane of that canal, and

(2) excitatory responses have a larger dynamic range

than inhibitory responses (Ewald, 1892; Goldberg and

Fernandez, 1971; Estes et al, 1975; Baloh et al, 1977;
Böhmer et al, 1985). Specifically, because the three

SCC pairs (horizontal, RALP, and LARP) are nearly

orthogonal to each other, a head impulse delivered in

the plane of one pair will stimulate mainly that pair

and not the other two SCC pairs. In addition, the VOR

during a canal-plane impulse toward a particular SCC

is driven largely by that SCC and not by its coplanar

counterpart due to the asymmetric response of primary
vestibular afferents. The head impulse test, therefore,

can assess the function of each SCC separately and, in

the case of unilateral vestibular hypofunction, the gain

of the VOR during ipsilesional head impulses will be

lower than the gain during contralesional head impulses.

To perform the vHIT, patients are seated and

instructed to maintain their gaze on an earth-fixed vis-

ual target. The clinician stands behind the patient and
manually rotates the head abruptly and unpredictably

to the left or right through a small angle (10–20�) in the

horizontal plane to stimulate the left and right horizon-

tal SCCs. To test either of the coplanar vertical canal

pairs (RALP or LARP), the head is turned z30–45� rel-
ative to the trunk (aligns the vertical canal pair with the

trunk’s sagittal plane) prior to rotating the head either

downward (stimulates the anterior canal) or upward
(stimulates the posterior canal) (see Fig. 1). A high-

speed digital infrared video camera uses pupil detection

methods to record two-dimensional eye movement dur-

ing and immediately after the head rotation. Depending

on the vHIT device, the camera is either embedded in

head-worn goggles or mounted on a tripod facing the

patient. Head movement is recorded by an inertial

measurement unit (triaxial linear accelerometer and
gyroscopes) mounted on the head-worn goggles, or the

change in the angle of head position during the head

impulse is recorded by an external camera.

The SYNAPSYS Inc. vHIT device measures the

deviation in gaze during passive head impulses in the

horizontal and diagonal planes using an external cam-

era (Ulmer andChays, 2005). There is, however, a pauc-

ity of data that has been reported using this device
(Ulmer et al, 2011). The purpose of this study was

to obtain normative data and assess the test-retest
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reliability of the SYNAPSYS vHIT (version 2.0) in

young healthy adult participants.

METHODS

Participants

Thirty participants (age range 5 18 to 30 yr; mean5

23.5 yr; 26 females) with normal hearing, a negative

history of vestibular or neurological disease, a negative

history of cervical spine injury, and normal caloric test

results were recruited for this study. Normal caloric test

results were defined as either a unilateral weakness

,25% for the alternate binaural bithermal caloric test
or an interear difference #10% for the monothermal

warm caloric screening test (slow phase eye velocity

of .7�/sec for each of the warm caloric irrigations)

(Murnane et al, 2009).

Procedures

The SYNAPSYS vHIT system was used to record
head and eye position in response to passive, unpredict-

able, low-amplitude (z10–20�), high-acceleration head

impulses. The system consists of a high-speed (250 Hz)

infrared digital video camera mounted on an adjustable

tripod, a computer, and the vHIT software (version 2.0).

Participants were seated facing the camera at a dis-

tance of 90 cm and were instructed to maintain their

gaze on an earth-fixed visual target located at eye level
beyond the camera at a distance of 2 m straight ahead

(see Fig. 2). The examiner stood behind each participant

and rotated the head in the horizontal and diagonal

planes in two directions (left and right in the horizontal

plane; downward and upward in each diagonal plane)

(see Fig. 1) resulting in the stimulation of each of the

six SCCs (right horizontal and left horizontal; right

anterior and left posterior; left anterior and right pos-

terior). A single examiner administered thehead impulses

for this study.
Participants underwent a minimum of six head

impulses in each plane and in each direction; the order

of the plane of head impulse was randomized. The

camera recorded eye and head position before and dur-

ing head rotation. If the following conditions were met,

then a computer algorithm calculated the percentage

of canal deficit at t 5 120 msec post–head impulse

onset:

1. Head acceleration exceeded the preset manufacturer-

recommended thresholds (2500�/sec2 for horizon-

tal head impulses and 2000�/sec2 for vertical head

impulses).

2. Camera detected pupil at t 5 0 msec and at t 5 120

msec post–head impulse onset (see Fig. 3).

Canaldeficitwasmeasuredat120msecanddefinedas

100*G/H, where H was the angle of head rotation (in

angular degrees relative to t 5 0 msec) and G was the

angle of gaze deviation (in angular degrees relative to

t 5 0 msec).
In general, low values of canal deficit (little or no devi-

ation in gaze during the head impulse) indicated normal

SCC function, whereas high values of canal deficit (gaze

Figure 2. The SYNAPSYS video head impulse test (vHIT) sys-
tem. The system consists of a high-speed infrared digital video
camera mounted on an adjustable tripod, a computer, and the
vHIT software. The camera is located at a distance of 90 cm from
the patient’s eyes and is connected to the computer via a USB
cable. The patient is seated in an immovable chair facing the cam-
era and is instructed to maintain their gaze on an earth-fixed tar-
get located beyond the camera at a distance of at least 2 m at eye
level. The clinician stands behind the patient when performing
the head impulses. The vHIT software provides the clinician with
real-time visual feedback re the adequacy of the head impulses
and auditory feedback re the direction (right versus left) and
the plane (horizontal, LARP, or RALP) of stimulation.

Figure 1. Initial head position and head impulse directions
(arrows) for RALP (right anterior and left posterior), LARP (left
anterior and right posterior), and lateral canal stimulation as
viewed from the earth-fixed visual target. Prior to testing the ver-
tical canals, the head is rotatedz45� relative to the trunk, and the
head impulse is a pitch movement either downward (red vertical
arrows) to stimulate the anterior canals or upward (blue vertical
arrows) to stimulate the posterior canals. For testing the lateral
(horizontal) canals, the head impulse is a rotation of the head
in the horizontal plane either to the right (red horizontal arrow)
to stimulate the right horizontal canal or to the left (blue horizon-
tal arrow) to stimulate the left horizontal canal. The desired
amplitude of head rotation used to stimulate each canal is 10–20�.
These images were modified from the free iPhone application
(aVOR) developed by Hamish G. MacDougall, PhD (Vestibular
Research Laboratory, School of Psychology, University of Sydney,
Sydney, NSW, Australia).
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shifts with the head in the direction of the head impulse)

indicated impaired function in the SCC toward which
the head was rotated. The canal deficit for each subject

was calculated as the mean of the six accepted head

impulses for each of the six SCCs. Each subject returned

for repeat testingwithin 1 to 14 days of thefirst session to

assess test-retest reliability.

Data Analysis

A three-way repeated measures analysis of variance

(RMANOVA) was conducted to assess the effect of ear

(right versus left), session (session 1 versus session 2),
and SCC (horizontal, anterior, posterior) on canal def-

icit (D%). The degrees of freedom for main effects were

corrected using Greenhouse-Geisser estimates of spher-

icity whenever Mauchly’s test indicated that the

assumption of sphericity had been violated. Post hoc

tests consisted of paired comparisons, and the p-values

were adjusted using the Bonferroni procedure to correct

for experiment-wise error. The difference between the
mean canal deficit for session 1 and session 2 for each

SCC was assessed using the paired-sample t-test. We

considered p-values,0.05 as significant. SPSS statisti-

cal software (Version 14.0, SPSS Inc., Chicago, IL) was

used for all analyses.

This study was approved by the institutional review

boardatEastTennesseeStateUniversity/MountainHome

VAMC, and all participants signed an informed consent
form prior to participation in the study. The study partic-

ipants were given nominal payment for their time.

RESULTS

The SYNAPSYS software displays the results of the

vHIT via a canalogram, and Figure 4 shows a rep-

resentative canalogram for a normal participant. In the

canalogram, the SCCs are represented by the six white

branches, and the concentric circles around the six

branches represent different intervals for canal deficit

(%). The canal deficit value obtained for each head

impulse is represented by a solid green circle that is
plotted in real timewithin the branch of the canalogram

that corresponds to the stimulated SCC. The central

light-green shaded area represents the manufacturer’s

suggested normal range for canal deficit (0–40%), and

the results obtained for the normal participant in Fig-

ure 4 indicate that each value of canal deficit for each

SCC was within the normal range.

The means and standard deviations for canal deficit
for session 1 and session 2 are shown for each SCC in

Figure 5. The red bars represent the data obtained

in session 1, and the green bars represent the data

obtained in session 2. In general, the mean canal defi-

cits obtained for each SCC were similar for sessions 1

and 2 and for the right and left ears. The mean canal

deficits obtained for the horizontal canals were smaller

than the mean canal deficits for the two vertical canals,
and the mean canal deficits for the two vertical canals

were similar. The magnitude of the standard deviation

for each SCC appears to be similar both within and be-

tween sessions. The descriptive statistics for canal def-

icit are listed in Table 1. For comparison, the results of

the only published study using the SYNAPSYS vHIT

device (Ulmer et al, 2011) are also included in the bot-

tom row of Table 1.
The RMANOVA indicated that the main effect of

SCC on canal deficit was significant (F(2, 58) 5 98.7,

p 5 .0001), and post hoc paired comparisons revealed

Figure 3. Corneal reflection and gaze deviation during a right hor-
izontal canal head impulse (left column) and during a left anterior
canal head impulse (right column) for two normal subjects. The video
images in the top row show the position of the corneal reflection (small
white circle near the pupil indicated by red arrow) at 0msec relative to
the onset of head impulse, and the video images in the bottom row
show the position of the corneal reflection at 120 msec post–head
impulse onset. Note that there is little or no change in the position
of the corneal reflection at t 5 120 msec relative to t 5 0 msec (i.e.,
little or no deviation in gaze during the head impulse).

Figure 4. Representative canalogram for a normal participant.
The semicircular canals (SCCs) are represented by the six white
branches, and the concentric circles around the six branches rep-
resent different intervals for canal deficit (range 5 0–100%). The
canal deficit value obtained for each head impulse is represented
by a solid green circle plotted on the canalogram. The central light-
green shaded area represents the manufacturer’s normal range
for canal deficit (0–40%). ANT 5 anterior SCC; LAT 5 lateral
(horizontal) SCC; POST 5 posterior SCC.

247

SYNAPSYS Video Head Impulse Test/Murnane et al



that the mean canal deficit of the horizontal canals

(8.3%) was significantly lower than the mean canal def-
icit of the anterior (16.5%) and the posterior (15.2%)

canals (p 5 .0001); there was no significant difference

between the mean canal deficits of the anterior and pos-

terior canals (p5 .073). Themain effects of session (ses-

sion 1 versus session 2) and ear (right versus left) on

canal deficit were not significant (p $ .542); there were

no significant interaction effects among canal, session,

and ear (p $ .198).
Figure 6 shows bivariate plots of the canal deficits

obtained from each ear in session 1 as a function of

the canal deficits obtained from each ear in session

2 for the horizontal canals (top panel), the anterior

canals (middle panel), and the posterior canals (bot-

tom panel). The diagonal line within each panel is

the line of equality. For the paired-sample t-test, the

data for the left and right ears for each SCC were
pooled as the RMANOVA indicated no significant

effect of ear on canal deficit. The results of the paired-

sample t-tests are shown in the upper-left portion of

each panel in Figure 6 and indicated no significant dif-

ference between the mean canal deficit for session 1

and session 2 for the horizontal (t(59) 5 1.64, p 5 .107),

anterior (t(59) 5 .08, p 5 .937), and posterior SCCs

(t(59) 5 2.17, p 5 .862).

DISCUSSION

The purpose of this study was to obtain normative

data and assess the test-retest reliability of the

SYNAPSYS vHIT (version 2.0) in young healthy adult

participants. The mean canal deficit for the horizontal

canal (8.3%) was significantly lower than the mean
canal deficit of either the anterior canal (16.5%) or

the posterior canals (15.2%); there was no significant

difference between the mean canal deficits of the ante-

rior and posterior canals. The larger canal deficits

obtained for the vertical canals may be related to a

number of factors including the smaller amplitude of

eye movement in the vertical plane than in the hori-

zontal plane, the camera’s smaller field of vision in
the vertical plane (3.8�) than in the horizontal plane

(7.1�), and the smaller number of pixels in the vertical

plane than in the horizontal plane (i.e., camera resolution

is poorer by a factor of 1.57 in the vertical plane). There

was no significant difference between the mean canal

deficit for session 1 and session 2 for each SCC, suggest-

ing good test-retest reliability. Testing of all six SCCs

was completed in most participants in z10 min and
was well tolerated in this sample of young adults.

Themean canal deficits obtained in the present study

were nearly identical to those of Ulmer et al (2011) (see

Table 1), although the standard deviations for the cur-

rent study are smaller than those obtained by Ulmer

and colleagues, especially for the vertical canals. One

possible source of the increased variability in canal def-

icit reported by Ulmer et al (2011) may be their older
participant sample; the mean age of the participants

in the current study was 23.5 yr (n 5 30; range 5

18–30 yr) compared to a mean age of 40 yr (n 5 49;

range 5 21–64 yr) in the Ulmer et al (2011) study.

AlthoughUlmer and colleagues did not report a statisti-

cally significant effect of age on canal deficit, they did

observe a trend for larger canal deficits for older partici-

pants (.60 yr of age) compared to younger participants
(,25 yr of age).

Figure 5. Means and standard deviations for canal deficit (%) for
sessions 1 and 2 for each semicircular canal. The red bars repre-
sent the mean data obtained in session 1, and the green bars rep-
resent the mean data obtained in session 2. Error bars indicate 1
standard deviation. L5 left; R5 right; H5 horizontal canal; A5

anterior canal; P 5 posterior canal.

Table 1. Mean 6SD (95% CI for mean) for Canal Deficit (%) for Session 1 (S1) and Session 2 (S2) of the Current Study
and the Mean 6SD for Ulmer et al (2011)

Canal Horizontal Anterior Posterior

Ear Left Right Left Right Left Right

S1 8.9 6 4.7 8.7 6 5.3 15.9 6 4.9 17.1 6 5.3 15.6 6 4.0 14.7 6 3.6

(7.1–10.7) (6.7–10.7) (14.1–17.8) (15.1–19.0) (14.2–17.1) (13.3–16.0)

S2 8.0 6 3.9 7.5 6 4.0 16.0 6 4.6 16.9 6 5.2 15.8 6 5.4 14.7 6 4.9

(6.6–9.5) (5.9–8.9) (14.3–17.7) (14.9–18.8) (13.8–17.9) (12.9–16.6)

Ulmer et al

(2011)

8.4 6 7.4 7.8 6 6.8 16.3 6 10.7 16.3 6 10.7 16.0 6 10.7 16.4 6 10.6
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Presently, the manufacturer recommends a single

normal cutoff value (40%) for canal deficit for the hori-

zontal and vertical canals. The 40% cutoff value is based

on the clinical experience of Dr. Erik Ulmer (Stéphane

Curcio, SYNAPSYS, pers. comm., March 11, 2013).

The results of the current study, however, suggest that

the use of a lower normal cutoff value may be war-

ranted, at least for young adults. It is common practice
for the upper bound of a normal reference range to be

set at two standard deviations above the mean, which

approximates the 95th percentile of the normal dis-

tribution (e.g., Kirkwood and Sterne, 2003). The 95th

percentiles for canal deficit (collapsed across ear and

session) obtained in the current study were 19, 26,

and 22% for the horizontal, anterior, and posterior

SCCs, respectively. In comparison, the 95th percen-
tiles for canal deficit (averaged across ears) obtained

by Ulmer et al (2011) were 20% for the horizontal

canals and 34% for both the anterior and posterior

canals. The lower 95th percentiles for the vertical canal

deficits obtained in the current study are due to the

smaller standard deviations (half the magnitude of
those obtained by Ulmer et al, 2011), which, as noted

above,may be related to our younger participant sample.

The only published patient data using the SYNAPSYS

vHIT device were obtained from 10 patients following

surgical removal of a unilateral vestibular schwannoma,

and the average canal deficits were 97, 89, and 92% for

the horizontal, anterior, and posterior canals, respec-

tively (Ulmer et al, 2011).
The vHIT has several advantages over the bedside

head impulse test (HIT) first described by Halmagyi

and Curthoys (1988). The bedside HIT is a subjective

test, and there is no objective measure of the eye move-

ment response; the outcome of the bedside HIT is based

on the clinician’s subjective visual observation of the

presence or absence of overt saccades (large fast changes

in eye position also referred to as corrective or catch-up
saccades) that occur at the cessation of head rotation.

If the corrective saccades occur during the head rota-

tion, then it is likely that they will not be observed

by the clinician (covert saccades) and thereby increase

the likelihood of a false-negative result (Weber et al,

2008, 2009). In contrast to the bedside HIT, the vHIT

records eye movement and, depending on the device,

provides objective measures of either gaze deviation
(Ulmer andChays, 2005; Ulmer et al, 2011) or VORgain

(Bartl et al, 2009; MacDougall et al, 2009; Weber et al,

2009; Blödow et al, 2013; Pérez-Fernández et al, 2012).

Importantly, at least two vHIT devices also detect and

record both covert and overt saccades (MacDougall

et al, 2009; Weber et al, 2009; Blödow et al, 2013;

Pérez-Fernández et al, 2012). The false-negative rate

of the bedside HIT in patients with peripheral vestibu-
lar disorders has recently been estimated at 14% based

on the rate of occurrence of isolated covert saccades

detected with the vHIT (Blödow et al, 2013). Similarly,

a disassociation between the outcomes of the horizon-

tal vHIT and the bedside HIT was observed in 32% of

patients with peripheral vestibular disorders (Pérez-

Fernández et al, 2012). The most frequently occurring

disassociation was the finding of a normal bedside HIT
in combination with normal VOR gain and the presence

of covert saccades on the vHIT. These results under-

score the importance of recording corrective saccades

and of considering the presence/absence of corrective

saccades, in addition to VOR gain or gaze deviation,

in the determination of the outcome of the vHIT.

Although the vHIT software version (2.0) used in the

present study did not have the capability of recording
covert saccades, the current version (SYNAPSYS vHIT

Evolution) provides a recording of both the angular

head position and the angular gaze deviation during

the head impulse and, therefore, is able to record covert

Figure 6. Bivariate scatterplots of the canal deficits from each
ear obtained in session 1 as a function of the canal deficits obtained
from each ear in session 2 for the horizontal canals (top panel), the
anterior canals (middle panel), and the posterior canals (bottom
panel). The diagonal line in each panel is the line of equality.
The results of the paired-sample t-tests comparing the difference
between the mean canal deficit for session 1 and session 2 are
shown in the upper-left portion of each panel.
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saccades (Stéphane Curcio, SYNAPSYS, pers. comm.,

March 11, 2013).

Currently, it is not clear how the vHIT will be incor-

porated in the vestibular test battery. The two most
widely used clinical laboratory tests of vestibular func-

tion are the caloric test and the rotary chair test. The

main advantage of the caloric test is the ability to later-

alize a vestibular deficit by stimulating each ear inde-

pendently, and it is generally considered the gold

standard test of horizontal SCC function, especially

for the identification of unilateral vestibular losses (e.g.,

Herdman et al, 1998). The caloric test, however, is
limited to the assessment of the horizontal SCCs and

generates an extremely low-acceleration, low-frequency

(z0.003 Hz) stimulus that is well below the optimal

operating range of the sensory receptors of the SCCs

(Hamid et al, 1987; Minor et al, 1999). Similar to the

caloric test, the rotary chair test is limited to the assess-

ment of horizontal SCC function. Although the VOR

response can be measured over a wider frequency range
for the rotary chair test (sinusoidal harmonic accel-

eration test) than the caloric test, the frequencies of

natural head rotations largely exceed the frequencies

typically used for the rotary chair test (0.01 to 0.64

Hz). For example, the fundamental frequencies of rota-

tional head perturbations during locomotion are in the

range of 0.5 to 6.0 Hz with significant harmonics up to

20 Hz (Grossman et al, 1988). An additional major lim-
itation of the rotary chair test is that it frequently fails

to lateralize a unilateral vestibular loss since both lab-

yrinths are stimulated simultaneously. Although the

test can show asymmetries toward the side of lesion

in some patients with acute (uncompensated) unilat-

eral vestibular losses (Hamid, 1991), it usually pro-

vides no evidence of the side of lesion in patients with

chronic (compensated) unilateral vestibular losses (Barin,
2008).

In contrast to the caloric and rotary chair tests, the

vHIT also evaluates the function of each vertical SCC

and assesses the vestibular system using a stimulus

that is more physiologically relevant and more repre-

sentative of the head movements that occur during

activities of daily living. Other important advantages

of the vHIT relative to the caloric and rotary chair tests
include lower cost, shorter test time, greater portability,

minimal space requirements, and increased patient

comfort. The bedside HIT, the horizontal vHIT, and

the caloric test are all measures of horizontal SCC/

SVN function, and each test can lateralize a unilateral

vestibular loss. As the caloric test is considered the gold

standard test of horizontal SCC function, especially for

the identification of unilateral vestibular losses, it has
been used as the reference standard to evaluate the per-

formance of the HIT. The bedside HIT has been shown

to have a sensitivity of 100% and specificity ranging

from 97 to 100% in cases of vestibular nerve sections

(Foster et al, 1994; Lehnen et al, 2004; Cremer et al,

1998; Halmagyi and Curthoys, 1988). In less severe

cases of vestibular loss, however, the sensitivity and

specificity are reduced with sensitivity ranging from
34 to 75% (average5 51%) and specificity ranging from

82 to 97% (average 91%) (Harvey and Wood, 1996;

Harvey et al, 1997; Beynon et al, 1998; Pérez and

Rama-Lopez, 2003; Schubert, et al, 2004).

Several recent studies have evaluated the test per-

formance of the horizontal SCC vHIT using the caloric

test as the reference test (Bartolomeo et al, 2014;

Mahringer andRambold, 2014;McCaslin et al, forthcom-
ing). The false-positive rates (normal caloric response

[UW ,30% or UW ,25%] and an abnormal vHIT) were

low (0% and 1%). In contrast, the false negative findings

(abnormal caloric [UW $30% or UW $25%] and a nor-

mal vHIT) were 31% and 59% (Bartolomeo et al, 2014;

Mahringer and Rambold, 2014). Using receiver operating

characteristic (ROC) curve analysis, the best compromise

between optimizing both specificity and sensitivity of
the vHIT was obtained at a unilateral caloric weakness

of 52% (Bartolomeo et al, 2014) and 39.5% (McCaslin

et al, forthcoming). The authors (Bartolomeo et al,

2014; Mahringer and Rambold, 2014) recommended a

test protocol in which vHIT is performed first followed

by caloric testing only for patients with normal vHIT

findings. The use of this protocol in the two studies

would have reduced the number of caloric tests by
13% and 20%. The results of these studies suggest that

the inclusion of the vHIT in the vestibular assessment

protocol and the performance of the vHIT prior to calo-

ric testing will result in decreased test time, decreased

costs, increased patient comfort, and a decrease in the

overall testing burden imposed on a relatively substan-

tial proportion of patients referred for vestibular assess-

ment. Disassociations between the results of the caloric
test and the vHIT may be due, at least in part, to the

substantial difference between the acceleration/frequency

profiles of the stimuli used to activate the horizontal

SCC for each test. The results of the two tests, therefore,

may provide complementary information concerning

low-acceleration/low-frequency versus high-acceleration/

high-frequency horizontal SCC function in some pro-

portion of patients referred for vestibular assessment
(Halmagyi et al, 1990; Prepageran et al, 2005; Kessler

et al, 2008).

CONCLUSION

Themean canal deficits obtained from normal young

adults with the SYNAPSYS vHIT (version 2.0) were

8.3, 16.5, and15.2% for thehorizontal, anterior, andpos-
terior SCCs, respectively. Test-retest reliability was

good, and the 95th percentiles for canal deficit were

19, 26, and 22% for the horizontal, anterior, and poste-

rior SCCs, respectively. These percentiles can beused as
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normal cutoff values for young adults. The vHIT has

some important advantages relative to more estab-

lished laboratory tests of horizontal SCC function in-

cluding the ability to assess the vertical SCCs, lower
cost, shorter test time, greater portability,minimal space

requirements, and increased patient comfort. Additional

data, however, should be obtained from older partici-

pants with normal vestibular function and from patients

with vestibular disorders. Additional within-subject com-

parisons between the results of the vHIT and the caloric

and rotary chair tests will be important in determining

the role of the vHIT in the vestibular test battery.
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