Chapter 5
The Vestibulo-ocular Reflex and Head
Impulse Testing
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The vestibulo-ocular reflex (VOR) is a vestigial reflex that serves to maintain visual
focus on a target during head movement. The reflex arc includes the end organs of
balance — the three paired semicircular canals and two paired otolith organs — the
vestibular and oculomotor nuclei, and extraocular muscles; it is also under modula-
tory control by the cerebellum [1, 2]. VOR can be suppressed when desired, such as
when reading in a moving vehicle, and it is most active with high-frequency head
movements greater than 2 Hz. In fact, at slower frequencies, eye movements are
under the control of a variety of reflexes, including optokinetics, smooth pursuit,
and the cervico-ocular reflex. Therefore, high-frequency head movements specifi-
cally test VOR and, by proxy, the peripheral vestibular system [3].

Head movement stimulates the semicircular canal (or canals) ipsilateral and in the
plane of the head movement; simultaneously, the contralateral semicircular canals
are inhibited. First, this afferent signal travels to the ipsilateral vestibular nucleus.
The signal then decussates, traveling to and stimulating the contralateral abducens
nucleus. Internuclear neurons travel via the medial longitudinal fasciculus to the ipsi-
lateral oculomotor nucleus. The sum of these signals is a slow eye movement oppo-
site the head movement. For example, head movement to the left would result in an
excitatory impulse to the right abducens nucleus and left oculomotor nucleus, creat-
ing contraction of the right lateral rectus and left medial rectus with resultant move-
ment of both eyes to the right. The eyes remain focused on their target, and the visual
scene is not disturbed by head motion [3]. The particular set of semicircular canals
and otolithic end organs stimulated by a head motion is determined by the location
of the head relative to gravity, the rotation in x, y, and z axes, and the amount of pitch
(rotation around an axis through the external auditory canals), yaw (rotation around
a cranial caudal axis), and roll (rotation around an anterior to posterior axis) [2, 4].
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Results of VOR testing are often expressed in terms of gain — a numeric value derived
from the ratio of the area under of the curve of eye velocity and the area under the
curve of head velocity [3]. Gain of 1 suggests perfect compensation of eye move-
ments with head movement. When VOR fails, corrective saccades re-center the point
of interest on the gaze; they are typically contralateral to the direction of stimulation.
The movement of the target in the visual scene, known as retinal slip, targets visual
re-fixation on the target [5]. Overt saccades are easily visible by an observer testing
the vestibular system and are the basis of bedside head impulse testing (see below)
[6]. In contrast, covert saccades are not readily detectable by a clinician and require
objective, precise measurement of eye movement and head movement [7].

Described by Barany in his work on the vestibular system that ultimately won the
Nobel Prize in 1914, caloric testing was long the gold standard test of peripheral ves-
tibular function [8]. However, caloric testing is generally a specific testing of the hori-
zontal semicircular canals and, by extension, the superior vestibular nerve. Therefore,
interest grew in provocative tests that evaluate the VOR and, by extension, the function
of any of the three paired semicircular canals and otolith end organs. In general, these
provocative tests can be divided into whole body or head-only impulse testing. Whole
body impulse testing in the form of rotary chair gained popularity in the 1980s as a way
to evaluate the VOR. However, rotary chair testing is limited by the frequency a rotary
chair can produce and the velocity patients can tolerate. Frequencies more than 1 Hz
are technically infeasible, which confounds results given the non-vestibular reflexes
that dominate eye movements at these frequencies [9]. In contrast, the head alone can
be rotated rapidly to reach VOR-specific frequencies of greater than 2 Hz; this is
referred to as head-only impulse testing. Head-only impulse testing can be classified
into active and passive testing. In active testing, patients are in control of head motion;
in passive testing, the examiner controls the patient’s head movements.

Halmagyi and Curthoys first described passive head impulse testing in 1988. In
this testing paradigm, the head is rapidly turned by the examiner 15-20° from neu-
tral in one direction, while the patient is instructed to fix their gaze on a central
midpoint. The patient is observed for overt catch-up saccades, suggestive of ves-
tibular dysfunction ipsilateral to the direction of the head turn [6]. If the vestibular
end organs in the plane of the head thrust on the ipsilateral side are hypofunctioning,
the VOR will fail and eyes will drift with head movement; therefore, a corrective
saccade to the contralateral side will be necessary to re-center the visual scene.
Scleral search coils have been used with this paradigm to provide objective data
about eye movements; however, comfort and expense make this technique of lim-
ited clinical utility [3]. While bedside head thrust testing is appealing for its simplic-
ity, its sensitivity is too low to function independently as a test of peripheral
vestibular function; it is, however, highly specific [10]. The position of the head
during head thrust can be altered to more specifically test particular semicircular
canals or otolithic end organs. Clinical evaluation of catch-up saccades has provided
quick, simple bedside testing of peripheral vestibular function and can provide valu-
able evaluation about the semicircular canals and otolithic end organs [11].

In active head thrust or autorotational testing, subjects rotate their heads while
fixing their gaze on a central target. They are directed to rapidly rotate their heads in
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response to auditory stimulation in the form of clicks or beeps; these sound cues
result in headshake in the range of 2—6 Hz. Electrooculography with electrodes at
the lateral canthi bilaterally is used to obtain objective measurements of eye move-
ment [12]. The gain measures in autorotational testing have proven valuable in a
number of clinical scenarios. The use of this testing has revealed significant decrease
in gain with cisplatin (vestibulotoxic chemotherapy) [13], increased gain in
Meniere’s disease [14], and decreased gain in acoustic neuroma that positively cor-
relates in many cases to the size of the tumor [15]. Similarly, autorotational testing
has been shown to pick up peripheral vestibular pathology that caloric testing may
miss when compared head to head [16]. However, volitional head movements can
still be confounded by secondary reflexes, such as the cervico-ocular reflex, even at
high frequencies [2]. Therefore, autorotational testing has fallen out of favor.
Passive head-only impulse testing has taken a modern form in video head impulse
testing (VHIT). vHIT testing involves high-impulse head movements combined with
video software that measures pupil velocity. For patients, it is a relatively simple
and noninvasive test; instead of electrooculography or scleral coils, a set of goggles
that precisely track pupil movements are worn (Fig. 5.1). Data suggests that this
tracking technology is equivalent to the precision seen with scleral search coils

Fig. 5.1 The testing set up for video head impulse test. At left, neutral head position with video gog-
gles in place. Right: after thrust 15-20° lateral, patient continues to fix their eyes on a midline target
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while being more comfortable and cost-effective [17]. Two sets of data can be col-
lected with VHIT technology. In head impulse testing or HIMP testing, the patient
fixes their gaze on a set target, while an examiner performs head thrust maneuvers.
Eye and head velocity, along with overt and covert catch-up saccades, are recorded.
Secondary data can be obtained with suppression head impulse or SHIMP testing.
In this paradigm, the stimulus of rapid, passive, unpredictable head turns is
unchanged; however, the visual target moves with the patient’s head. In contrast to
HIMP testing, patients with normal vestibular function make the catch-up saccade
as they overcome VOR to fix on the visual target [18]. In contrast, patients with
vestibular dysfunction are able to track the moving target freely with rapid head
thrust. SHIMP testing eliminates the need to monitor for overt saccades in patients
with peripheral vestibular pathology, with easy interpretation of results [3, 19]. As
with bedside head thrust testing, the position of the head during the examination can
be manipulated to provide information more specific to certain portion of the periph-
eral vestibular system. These data sets are complementary and can provide signifi-
cant information for the examiner about the function of the peripheral vestibular
system.

Some authors have suggested VHIT may replace caloric testing as the gold stan-
dard screen for peripheral vestibular system function, and it has shown significant
promise (Figs. 5.2 and 5.3). vHIT has shown value in a number of clinical scenarios.
In acoustic neuroma, VHIT shows ipsilesional decreased gain and presence of catch-
up saccades. Similarly, decreases in gain have been shown to positively correlate
with tumor size [20]. In acute vestibular neuritis, VHIT both can show unilateral
weakness in terms of ipsilesional reduced gain and presence of catch-up saccades
and improvement in ipsilesional gain that correlates with clinical recovery [21]
(Fig. 5.4). In Meniere’s disease, outside of active vertigo, VHIT testing can be
variable and may be normal or gain may be decreased [22]. In Meniere’s disease,
significant decrease in VHIT gain after ablative intratympanic gentamicin injection
has been shown to correlate with symptom control [23]. Additionally, vHIT provides
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Fig. 5.2 Normal VHIT tracing. Blue represents head thrust to the left (in this case, in the plane of
the lateral semicircular canal); orange represents head thrust to the right. The green tracing is cal-
culated vestibulo-ocular reflex activity during head thrust. In normal patients, there is excellent
compensation for head thrust by the VOR
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Fig. 5.3 vHIT in bilateral vestibular loss. Blue represents head thrust to the left; orange represents
head thrust to the right. The green tracing is calculated vestibulo-ocular reflex activity during head
thrust. Red represents compensatory saccades. Head thrust in either direction in the planes of all
semicircular canals shows decreased VOR activity compared to head thrust with catch-up saccades
noted. Note that for testing of the anterior and posterior canals, the contralateral thrust is to the
appropriate LARP or RALP pairing. Top panel, lateral canal testing; middle panel, LARP testing;
bottom panel, RALP testing

two complementary forms of data in calculations of gain and presence of saccades,
and the presence of catch-up saccades in the presence of normal calculated gain
may still be of significant clinical importance in some scenarios [24, 25]. However,
McCaslin et al. found that mild unilateral peripheral weakness (<40% UW)
detectable on caloric testing may be missed with measurement of VHIT gain [26].
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Fig. 5.4 vHIT in acute left superior vestibular neuritis. Blue represents head thrust to the left;
orange represents head thrust to the right. The green tracing is calculated vestibulo-ocular reflex
activity during head thrust. Red represents compensatory saccades. On head thrust to the ipsile-
sional side for the lateral and anterior semicircular canals, VOR activity is decreased compared to
head thrust and catch-up saccades are noted (top and middle panels). VHIT tracings, in contrast, for
the ipsilesional posterior semicircular canal are expectedly normal (bottom panel). Note that for
testing of the anterior and posterior canals, the contralateral thrust is to the appropriate LARP or
RALP pairing

Others have found that caloric testing is more sensitive than VHIT in detecting uni-
lateral weakness associated with acoustic neuroma [27]. vHIT continues to grow in
clinical use and is a valuable complementary test in the peripheral vestibular test
battery, but further research is needed to determine its utility in various clinical
scenarios.
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