Comparison of vestibular autorotation and
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The two most common stimuli of the vestibular system for diagnostic purposes are caloric and
rotational head movements, Caloric stimulation, by delivering thermal energy to the lateral
semicircular canal, is a well-studied method of vestibular testing, and its clinical usefulness has
been established. Vestibular autorotation testing uses high-frequency (2 to 6 Hz], active head
movements to stimulate the horizontal and vertical vestibulo-ocular reflex to produce measurable eye movements that can be used to calculate gain and phase. We compared the
allernate bilateral bithermal caloric results with the vestibular autorotation test results obtained
from 39 patients with peripheral vestibular disorders and from 10 patients with acoustic
neuroma. In the peripheral disorder group, only 2 of 14 patients with equal caloric response
( < 20% reduced vestibular response] had a normal vestibular autorotation test result. No
patients with a reduced vestibular response greater than 21% had a normal vestibular
autorotation test result. In the acoustic neuroma group, four patients had a normal reduced
vestibular response, but all patients had an abnormal vestibular autorotation test result. We
conclude that testing both the horizontal and vertical vestibulo-ocular reflexes in their physiologic frequency range with the vestibular autorotation test provides additional information
that could be missed by conventional caloric testing. Therefore high-frequency rotational
testing is a valuable addition to the vestibular test battery. (©TOLARYNGOL HEAD NECK SURG
1995;113:215-22.]

T h e two most common stimuli of the vestibular
system for diagnostic purposes are caloric and
rotational head movements. These result in eye
movement responses that are electronystagmographically measured for quantitative assessment.
Caloric stimulation, by delivering thermal energy to
the lateral semicircular canal, is a well-studied
method of vestibular testing, and its clinical usefulness has been established. 1~3 With advances in
computer technology, it became possible to analyze
natural head and eye movements to compute
dynamics of the vestibulo-ocular reflex (VOR).
Recently, high-frequency ( > 2 Hz) head rotational
testing was introduced to evaluate the V O R in its
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physiologic frequency range. 4-7 Vestibular autorotation testing (VAT; Western Systems Research,
Inc., Pasadena, Calif.*) uses high-frequency (2 to
6 Hz), active head movements to stimulate the
horizontal VORs (H-VORs) and vertical VORs
(V-VORs) to produce measurable eye movements
that can be used to calculate gain and phase2 ,7
The purpose of this article is to compare the
results of VAT and alternate bilateral bithermal
caloric testing in a series of patients. We test the null
hypothesis that high-frequency V O R testing with
VAT and ultralow-frequency V O R testing with caloric stimulation show the same abnormal vs. normal
results in these patients.
METHODS AND MATERIAL

Forty-nine patients who reported balance disorders underwent a neuro-otologic examination, audiometry, VAT, and electronystagmographic (ENG)
caloric testing. When indicated, some patients had
additional tests including brain stem audiometry,
rotational chair testing, blood examinations, corn*Dennis P. O'Leary cofounded and maintains a commercial
interest in this company.
2t5
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Fig. 1. Adjustable head strap with rotational sensor (vertical cylinder) and EOG preamplifier (rectangular box) worn by the patient during testing with the VAT system.

puterized tomography, magnetic resonance imaging,
and allergy testing. Ten patients had acoustic neuromas. Thirty-nine patients were diagnosed with the
following peripheral vestibular disorders: Meniere's
disease (13), vestibular neuronitis (3), labyrinthine
concussion (6), cochlear hydrops (1), cupulolithiasis
(1), chronic otitis media (1), postoperative from
vestibular nerve section (2), internal auditory canal
stenosis with eighth nerve entrapment (2), poststapedectomy (2), labyrinthitis (1), perilymphatic fistula (1), Ramsay Hunt syndrome (1), mal de debarquement syndrome (1), peripheral lesion but no
diagnosis (3), and facial nerve neuroma with labyrinthine fistula (1).
Vestibular Autorotation Testing

The VAT is a computer-controlled diagnostic test
of the high-frequency H- and V-VORs. The VAT
protocol was described previously2 '7-11 The VAT
preceded the caloric testing if done on the same
day. Conventional electro-oculographic (EOG)
electrodes were positioned at the bridge of the nose
as ground, at the outer canthi for recording horizontal eye movements, and below and above one eye for
recording vertical eye movements. Each patient was
seated in a well-lit room at a known distance from a
wall-mounted 1-cm-diameter disk positioned at the
patient's eye level. A lightweight, size-adjustable
head strap, containing an E O G amplifier and a calibrated rotational head velocity sensor (Fig. 1) connected to specialized electronic circuitry inside a
computer, was worn by each patient. Patients
were instructed to fix their eyes on the target and

smoothly shake their heads, from side to side (horizontal VAT test) or up and down (vertical VAT test)
in synchrony with a computer-generated audible cue
throughout an 18-second test epoch. Each patient
practiced one or more times before the data were
recorde& Because of the brevity of the test, it was
possible to test every patient three times in the horizontal plane and three times in the vertical plane to
assure test-retest reliability.
A computer equipped with special-purpose electronics amplified and digitized the head velocity and
eye position information received from the head
velocity sensor and E O G amplifier. Eye position was
converted digitally to eye velocity, and correction
factors were applied for systematic slippage of the
head strap and the target distance. 5'9 The first 6
seconds (frequency of 0.5 to 0. 8 Hz), when other
visual ocular movements maintained fixation on the
target, were used to calculate eye velocity. After
correction for vergence and the varying eye positions, eye velocity was calibrated by a least-squares
fit of 2 seconds of eye and already-calibrated head
velocity absolute magnitudes2 '9 The V O R gain and
phase characteristics were computed from the last
12 seconds of the test at higher frequencies (2 to
6 Hz) by use of conventional discrete Fourier
analysis. Gain, which represents the sensitivity of
the VOR, is defined as the eye velocity amplitude
divided by the head velocity amplitude, plotted vs.
frequency. Phase is defined as the time lag in
degrees of the eye velocity relative to head velocity,
plotted vs. frequency. Each test result was plotted
at 11 frequencies: 2.0, 2.3, 2.7, 3.1, 3.5, 3.9, 4.3,
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Fig. 2. Horizontal eye position (A), eye velocity (B), and head velocity (C) of representative patient,
H57, plotted vs. time. Patient had normal caloric result. Note that eye velocity amplitude (B) during
the later test epoch was less than that of head velocity (C). No nystagmus was present, Note small
amplitude, taster eye and head velocities interspersed with larger amplitude, and slower eye and
head velocities.

4.7, 5.1, 5.5, and 5.9 Hz. For most patients, gain
and phase data were plotted at all 11 frequencies.
However, some patients were unable to shake their
heads 'vigorously enough to produce usable data at
higher frequencies above 5.1 Hz. For these patients, data plotted from 2 to 4.9 Hz were sufficient
to interpret the results as normal or abnormal.
Ideal VOR results would be expressed as gains
equal to 1 degree and phases equal to 180 degrees.
The means and standard deviations from three or
more H- and V-VAT results from each patient
were compared with the normative data from 100
normal subjects tested previously¢ Results showing
two or more data adjacent points with error bars
clearly separable from those of the normal group
were considered abnormal. ~1If one or more of the
four results (horizontal and vertical gains and
phases) from a patient's data were abnormal, the
VAT result was considered clinically abnormal."
ENG Caloric Testing

After VAT testing, patients underwent an ENG
test battery consisting of spontaneous nystagmus,
optokinetic, positional, postural, and caloric tests.
The caloric stimulation system used was an alternate
binaural bithermal closed-loop system. 1'2'12The morpholog3r and intensity of nystagmus were carefully
examined, and its velocity was calculated by review
of the entire response and selection of the best

10 seconds of tracing. The velocity of each of
the four alternate bithermal stimuli was calculated, and two parameters were computed from
Jongkees' formulal3: (1) the reduced vestibular response (RVR) parameter, which compares the intensity of the response from one ear to the other, was
used to determine whether the intensity difference
varied sufficiently to be considered abnormal14; and
(2) the directional preponderance (DP) parameter
was used to compare the intensity of nystagmus in
one direction vs. the other. 14 Reported normal values for RVR and DP are variable. Brookler and
Pulec 14 studied the caloric results of 4990 patients.
Of the group °'without any neuro-otologic disease,"
98.1% had an RVR of less than 30%, and 96.7% had
a DP of less than 30% with the use of Jongkees'
formula. However, other investigators have reported
smaller figures for normal RVR and DP. 3'13We applied a conservative criterion for determining
abnormality: an RVR of 21% or greater and a DP of
21% or greater were considered abnormal in this
study.
For comparing the VAT high-frequency gain and
phase with caloric RVR, patients were arbitrarily
divided into three groups: group 1, bilaterally equal
caloric response or normal (RVR = 0% to 20%);
group 2, mild RVR (RVR = 21% to 60%); and
group 3, severe RVR (RVR > 60%, including patients with nonelicitable caloric response).
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Fig. 3. Magnified podion (from 15.5 to 17.0 seconds) of superimposed eye a n d h e a d velocity from
Fig. 2. Triangles, e y e velocity; circles, h e a d velocity. Note that e y e velocity amplitude is clearly less
than that of h e a d velocity.

Table 1. Comparison of caloric RVR and H- and V-VAT in 39 patients with peripheral vestibular disorders
RVR [%)
0-20 (n = 15)
21-60 (n = 15)
> 60 (n = 9)
TOTAL (n = 39)

H-VAT cases
[abnormal/normal)
10/5
14/0"
8/0*
32/5

V-VATcases
(abnormal/normal]
9/5*
12/2"
8/1
29/8

Both H- and V-VAT
(abnormal/normal)
13/2
15/0
9/0
37/2

*Indicates that one patient's data was not available for that test.

RESULTS

Both the ENG and the VAT tests were performed
on all 49 patients in this study. Table 1 shows the
RVR and VAT results of 39 patients with a peripheral vestibuIar disorder. All patients who had abnormal RVRs had abnormal horizontal VATs.
These included 2 patients who showed nonellicitable responses to ice-water calorics. Only 2 of 14
patients with normal RVRs had normal VATs.
Three patients with abnormal RVRs had normal
vertical VATs. However, no patients with a mild or
severe RVR (> 21%) had normal VATs. Table 2
shows the results of 10 patients with acoustic neuroma. Of these 10, 4 patients had normal RVRs, but
all patients had abnormal VATs. In the mild RVR
group, 1 patient had a normal vertical VAT but an
abnormal horizontal VAT. All patients with acoustic
neuroma had abnormal horizontal VATs.
Figures 2, 3, and 4 show the VAT data of a
representative patient, H57, obtained before caloric

testing on the same day. This 27-year-old woman
had a sudden onset of vertigo, tinnitus and decreased hearing in her right ear, followed by ongoing
fluctuating hearing loss. The audiogram showed a
severe sensorineural hearing loss in the right ear.
Rotatory vertigo had occurred once a month for a
few hours at a time with constant dysequilibrium
between the attacks. She was diagnosed as having
Meniere's disease. The caloric result of this patient
was within normal limits (3.5% right RVR and
6.35% left DP). The rest of the ENG battery was
also not remarkable. Figure 2 is an example of the
horizontal eye position (Fig. 2A) and eye and head
velocity (Fig. 2/3 and C) recordings of this patient.
Note that the VAT eye responses do not include
nystagmus fast components. Use of small-amplitude,
high-frequency head and eye movements in this test
did not activate the fast components of nystagmus
generated in the paramedian pontine reticular formation. 15 In normal subjects head and eye velocity
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Fig. 4. Vertical e y e position (A), e y e velocity (B), a n d h e a d velocity (C) of representative patient,

H57, plotted vs. time. In contrast to horizontal d a t a (Fig. 2), e y e a n d h e a d velocities are nearly e q u a l
in amplitude a n d opposite in direction. No nystagmus was present. Note irregular amplitude and
frequencies of the e y e (B) a n d h e a d (C) velocity trajectories from t 2 to 18 seconds.

Table 2. C o m p a r i s o n of c a l o r i c RVR a n d H- a n d V-VAT in 10 patients with a c o u s t i c n e u r o m a
RVR (%)

H-VAT cases
[abnormal/normal]

V-VAT cases
[abnormal/normal)

0-20 (n = 4)
21-60 (n = 2)
> 60 (n = 4)
TOTAL (n = 1O)

4/0
2/0
4/0
10/0

3/I
1/1
4/0
8/2

are nearly equal in amplitude and opposite in direction. In contrast, the eye velocity amplitude
(Fig. 2B) from patient H57 was less than the head
velocity amplitude (Fig. 2C), especially in the final
portion of the test that consisted of higher frequency
movements. This is more apparent in Fig. 3, which
shows a magnified representation of eye and head
velocity superimposed for easier comparison, taken
from the later (15.5 to 17.0 seconds) portion of Fig.
2. The difference in eye and head velocity amplitudes could result in the relative motion of images
on the retina or oscillopsia during faster motions.
Oscillopsia is defined as perceived motion of
the visual field when the "retinal image velocity"
exceeds a perceptual threshold of about 3 degrees/second. 16 In addition, this patient produced
erratic horizontal eye and head movements at higher
frequencies (Fig. 2B and C). Faster, small-amplitude
eye and head velocities were interspersed with
slower, large-amplitude eye and head velocities at

Both H- and V-VAT

[abnormal~normal]
4/0
2/0
4/0
10/0

higher frequencies (from 12 to 18 seconds). This is
more apparent on the time-expanded, magnified
representation in Fig. 3. This erratic pattern was
observed frequently in patients with unilateral lesions/ '1° Furthermore, these erratic waveforms, with
a proper application of Fourier analysis, can be used
to accurately analyze higher harmonic frequencies
that are interspersed with the apparent fundamentals.10 Figure 4 is a representation of the vertical
eye position (Fig. 4/1) and eye and head velocity
(Fig. 4B and C) recordings of patient H57. Note that
no vertical nystagmus is present (Fig. 44). The head
and eye velocity (Fig. 4B and C) are nearly equal in
amplitude and opposite in direction.
Figure 5 shows horizontal and vertical gain and
phase vs. frequency plots computed from the data of
patient H57. The gain and phase characteristics can
be compared with the superimposed normal range
( _+1 SD) established previously. Note that the horizontal gain decreased relative to the normal range as
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the frequency increased. The low gain implies that
the H-VOR eye velocity amplitudes were less than
those of the head. The horizontal phase showed a
pronounced numerical increase relative to the normal range, especially at higher frequencies. The
numerical increase in phase indicates that the HVOR responded too slowly to keep the head on the
target. Abnormal gain and phase values are indicative of retinal image movements, which could result
in oscillopsia.
Figure 6 shows the gain and phase results of
another patient, H228, with a chief symptom of
dizziness described as a feeling of "floating." This
symptom had been present for 6 months. The onset
of her symptoms occurred after a 4-day boat trip.
Her dizziness lasted all day, accompanied by nausea
but not vomiting. She further described feelings of
swaying to one side or the other while walking. She
reported that her symptoms were somewhat alleviated by the use of meclizine hydrochloride (Antivert). Her dysequilibrium was triggered again after
a plane trip. She was diagnosed as having mal de
debarquement syndrome.17,18 This patient's caloric
results were normal. The horizontal and vertical
gain and horizontal phase characteristics were also
within normal ranges. However, the vertical phase
was numerically higher than the normal range,
which implies that the V-VOR in this patient re-

sponded too slowly to keep the head on the target
during vertical oscillations.
DISCUSSION

The acoustic neuroma group was classified separately from the peripheral vestibular disorder group
because an acoustic neuroma could functionally behave as a peripheral and/or a central disorder. A
tumor large enough to reach the brain stem or
cerebellum can result in a central-component contribution to the vestibular dysfunction. Of our patients with acoustic neuroma, six had a tumor 1.5 cm
or smaller, three had a tumor larger than 1.5 cm, and
one had a tumor that could not be measured exactly
but was large enough to be categorized with the
larger than 1.5 cm group. These measurements were
based on the convention (established over many
years) that refers to the diameter of the mass within
the cerebellopontine angle proper and excludes tumor extensions into the internal auditory canal. An
exception to this convention was necessarily applied
to tumors confined specifically to the internal auditory canal, in which case the total tumor size was
measured. Two neuromas were from the superior
and four were from the inferior vestibular nerves.
The other four either originated from both nerves or
their origins were difficult to determine intraoperatively. Both patients with superior tumors had RVRs
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of greater than 60% and severely abnormal H- and
V-VAT results. Of the four patients with inferior
tumors, one had a normal RVR and V-VAT result
but an abnormal H-VAT result, one had a normal
RVR but abnormal H- and V-VAT results, one had
a normal V-VAT result but abnormal RVR and
H-VAT result, and one had abnormal results for all
tests. A larger population of acoustic neuroma patients is needed to investigate the possibility of a
recognizable pattern that can distinguish superior
from inferior nerve tumors.
The most significant results of this study were
those observed in the normal RVRs (Tables 1 and 2,
first row). In the peripheral disorder group (Table
1), 13 of 15 patients with a RVR of 20% or less had
an abnormal VAT result. Of the four acoustic neuroma cases with normal RVRs (Table 2), all had
abnormal VAT results. Although both caloric and
high-frequency rotational head movements stimulate the horizontal VOR, the responses differ in the
following characteristics:
1. Caloric testing stimulates the VOR at ultralow
frequencies, whereas head movements tested
by the VAT system stimulate the VOR over its
natural frequency range (2 to 6 H z ) S Cognitive processes or other competing ocular motor
systems can strongly influence or even suppress
the VOR's contribution to visual stabilization

below 2 Hz but are ineffective at higher frequencies. 4,6,19,2°It has been shown that VOR is
most active at frequencies above 2 Hz in daily
life?,6,7The functional boundary between lower
and higher frequency responses can be considered to be 2 Hz, because smooth pursuit is
relatively ineffective at stabilizing the eye at
frequencies higher than 2 Hz. 7'9'1°
2. The semicircular canals are positioned in three
different spatial planes so that head movements in any direction will be detected. Standard caloric testing stimulates only the lateral
canal. Therefore caloric stimulation tests only
the VOR pathways projecting from the lateral
canal. In contrast, the VAT uses horizontal
(side to side) and vertical (up and down) rotational head movements to evaluate VOR
responses of all three canals.
3. In the evaluation of a dizzy patient, one of the
goals is to replicate the patient's signs and
symptoms. Rotational head movements in different planes are natural stimuli of the VOR
that result in physiologic compensatory eye
movements. In contrast, caloric testing is a
nonphysiologic stimulus that results in nonphysiologic ocular responses.
Another interesting result is shown by comparing
the H- and V-VAT responses in which one test was

222

SAADAT et al.

normal and the other abnormal (second and third
columns of Tables 1 and 2). In 16.3% of cases, the
H-VAT result was abnormal but the V-VAT result
was normal regardless of the value of RVR. Conversely, in 6.1% cases the H-VAT was normal and
the V-VAT was abnormal (i.e., Fig. 6). This suggests
that testing of both the H- and V-VOR pathways is
necessary because they can provide independent
information.
Our results include clinical entities that are
known to cause time-varying degrees of vestibular
dysfunction, such as Meniere's disease, in addition
to relatively "stable" lesions, such as vestibular neuronitis. It is therefore necessary to emphasize that
both caloric and VAT results refer to those obtained
on aparticular test day, and if repeated at significant
time intervals, these results may vary for those
pathologic conditions that are dynamically changing.
Repeated use of the VAT to objectively monitor
such dynamic changes appears to be useful for
monitoring the progress of treatment or therapy and
is a topic of current studies.
CONCLUSION

The results of this study suggest that VAT shows
more abnormal vs. normal results than alternate
bilateral bithermal caloric in patients with peripheral vestibular pathology and acoustic neuroma. For
example, all cases of acoustic neuroma had an abnormal VAT result, including those originating from
the inferior vestibular nerve even when the caloric
test result was normal. However, comparison of the
tests is difficult because they stimulate different
aspects of the VOR. The VAT, which uses highfrequency, active head rotational stimulation, is
more sensitive in indicating VOR abnormalities with
respect to retinal image instabilities in a physiologic
frequency range. In addition, all canals are evaluated with VAT. In contrast, the caloric test measures right side vs. left side relative nystagmus slowcomponent velocity at ultraslow frequencies. Only
the lateral canal is tested. Further investigation is
needed to determine the existence of a pattern that
can preoperatively separate inferior from superior
vestibular nerve tumors.
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