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SUMMARY

-« chapter deals with the ocular motor sub-
’SI;:;I(;S 1?:hat hold images steady upon the
retina during motion of the head. This ocular
oscopic function guarantees clear and sta-
Dle vision during natural activities that induce
head perturbations, such as locomotion (Fig.
7-1). To hold gaze steady, the brain primarily
uses labyrinthine and visual cues, though in

disease, information from muscle spindles and

joint receptors may also substitute for deficient

vestibular signals.
Historically, quantitative descriptions of

vestibular and optokinetic behavior long pre-
ceded any knowledge of the substrate for these
reflexes. The labyrinth itself received its name
from Galen in the second century AD when he
first peered into the inner ear and noted the
similarity to the Cretin ‘labyrinthos’.3% In
1796, Erasmus Darwin described how body
rotation induced movement of the eyes 133 and,
in 1819, Purkinje reported how optokinetic
nystagmus and sensations of movement were
produced while watching a cavalry parade.®®
The mechanisms for these phenomena were
unknown and the prevailing notion was that
sensations of movement emanated from cuta-
neous receptors that detected displacement of
the body fluids. The important role of the
vestibular organ in initiating eye movements
that compensate for head movements was first
demonstrated by Flourens % and later elabo-
rated upon by Ewald.®! These pioneers noted
that opening or applying pressure to the lumen
of the semicircular canals of animals produced
movements of the head or eyes in the plane of

the canal being stimulated. Ewald also first
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emphasized that there must be resting tone in
the vestibular nuclei even when the head was

still. This discovery of the significance of the

‘vestibular organ led to systematic clinical study

of vestibular function. Bérdny® formalized
aspects of rotational testing and introduced
positional and caloric stimulation of the
vestibular labyrinth. Mach3®* and Ter Braak™>
predicted, based upon human and animal stud-
ies, that vestibular and visual information must
interact centrally, a notion that was confirmed
by modern neurophysiologic research.
Steinhausen™ developed the mathematical
equations to describe how the cupula is able to
transduce head motion. In more recent years,
pioneers in vestibular physiology including
among others, Geoffrey Melvill Jones and
Victor Wilson,351:5528% Tay Goldberg and César
Ferniandez,*> and Bernard Cohen,!8.186.189
have made vestibular research a major focus of
both basic and clinical neuroscience.

In this chapter, we will (1) identify the func-
tional demands made of the vestibular-
optokinetic system during natural activities; (2)
discuss its inner workings; (3) summarize the
quantitative performance of this system in
response to natural and laboratory stimuli; (4)
describe testing of patients with vestibular dis-
ease; and (5) apply these principles to under-
stand the pathophysiology of vestibular
disorders. A glossary of commonly used terms
and abbreviations appears in Table 2-1.
Throughout the chapter, we refer to Video
Displays on the accompanying DVD, which
illustrate tests of the vestibular system and
important physical findings.

Table 2—1. The Vestibulo-Optokinetic System: A Glossary of Terms and

Abbreviations

Circularvection
Eccentrie rotation

Tllusion of self-rotation induced during optokinetic stimulation L.
Rotation around an earth-vertical axis with the head located away from the usual

head-centered axis of rotation |
Gain Ratio of output (e.g., eye velocity) to input (e.g., head velocity)

Ocular counterrolling

Torsional rotations of the eyes induced by rolling the head, ear to shoulder.”

During rotation the response is generated by the rotational vestibulo-ocular /
reflex (-VOR). When the head is kept in the tilted position, the torsional
response is driven by a static otolith-ocular reflex

OKN Optokinetic nystagmus

OKAN Optokinetic after-nystagmus (usually measured in darkness), which follows a
period of optokinetic stimulation

(Continued on following page)
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Table 2-1.  (continued)

Oscillopsia Ilusory, to-and-fro movements of the environment
OVAR Off-vertical axis rotation. Rotation about an axis tilted away from earth-vertical
Phase Measure of the temporal synchrony between input {e.g., head velocity) and out-

put (e.g., eye velocity)
Time constant

Time taken for slow-phase eye velocity to decline to 37% of its initial value after

the onset of a velocity-step stimulus

Velocity step stimulus

Sudden acceleration (“impulse”) to a constant velocity rotation

Velocity storage Central vestibular mechanism whereby the peripheral labyrinthine response is
prolonged or perseverated. Optokinetic after-nystagmus (OKAN) is also gen-
erated by this mechanism

Vertigo 1llusion of movement (usually turning) pf self or environment

VOR Vestibulo-ocular reflex =

r-VOR Rotational VOR, compensatory slow phase driven by the semicircular canals in
response to angular motion of the head
t-VOR Translational VOR, compensatory slow phase driven by the otolith organs in

response to linear motion of the head

FUNCTION OF THE VESTIBULAR-
OPTOKINETIC SYSTEM

Head Rotations and Translations

The vestibular system must respond to both
the angular (rotational) and linear (transla-
tional) components of head motion. To be
more precise, rotations of the eyes must com-
pensate for movements of the orbits. Angular
and linear motions of the head are sensed by
different structures. The semicircular canals
respond to angular acceleration and the otolith
organs respond to linear acceleration.
Together, they provide the inputs for the
vestibulo-ocular reflex or VOR. The response
to the rotational (angular) component of head
motion is called the r-VOR, and the response
to the translational (linear) component of head
motion is called the t-VOR. A third type of
VOR—ocular counterroll—also is mediated by
the otolith organs and reflects a response to
linear acceleration, but, in this case, the stimu-
lus is a change in the static orientation of the
head with respect to the pull of gravity. There
is a small change in static torsion (counter-
rolling) of the eyes in the opposite direction to
a sustained head tilt.

The -VOR responds to the three possible
directions of head rotation, producing horizon-
tal (around the rostral-caudal, yaw, or z-axis),
vertical (around the interaural, pitch, or y-axis),

and torsional (around the naso-occipital, roll,
or x-axis) eye movements. The t-VOR responds
to the three possible directions of head transla-
tion, producing horizontal (heave or side to
side, along the interaural axis), vertical (bob or
up and down, along the dorso-ventral axis), and
vergence (surge or fore and aft, along the naso-
occipital axis) eye movements, though the exact
pattern of eye movements also depends upon
where they are in the orbit.37 Since the eyes
are horizontally separated and the axis of rota-
tion of the head is usually behind the eyes,
rotational head movements almost invariably
produce translations, or linear displacements,
of the orbits. Even if the axis of rotation is cen-
tered on one orbit, the other eye will still be
translated during rotation of the head with the
only exception being pitch rotation around an
axis passing though the center of both orbits.
The ocular compensation required for transla-
tion of the orbits—during both rotations and
translations of the head—is, of necessity, a
function of the location of the point of regard.
For rotations in yaw and pitch, the closer the
object of interest, the larger must be the com-
pensatory response to prevent unwanted
motion of images on the retina. Furthermore,
depending upon the location of the axis of rota-
tion of the head relative to each of the two eyes
(e.g., closer to one eye than the other), and the
location of the object of interest relative to
each of the two eyes (e.g., on the midline or off
to one side), the brain must adjust the move-

ments of each eye independently, so that they
can both remain pointed at the object of regard
during any pattern of head motion. For a more
detailed analysis of the relationships among
these variables, see Laboratory Evaluation of
Eye-Head Movements, in Chapter 7.

Most naturally occurring rotational head
perturbations are of high frequency (0.5 to 5.0
cycles/second), commonly due to vibrations
from heel strike, which are transmitted
through the body to the head during walking
(see Figure 7-1). These head movements are
compensated for, at least in part, by an oligosy-
naptic pathway consisting of three or four neu-
rons. This pathway, the elementary VOR,™
extends from the labyrinth to the extraocular
muscles. The r-VOR has a latency of action
(i.e., time from start of head turn to initiation
of compensatory eye rotation) in the range of 7
ms to 15 ms largely depending upon the nature
of the stimulus but also on the sensitivity of the
recording system.!®® There is also a slight dif-
ference between the two eyes, possibly due to
the additional abducens internuclear neuron in
the horizontal VOR pathway to the medial rec-
tus.’¥8 No other sensory mechanism that con-
tributes to the generation of eye movements
that compensate for head movements is so
prompt in its action. If the VOR fails owing to
disease, then vision during walking is impaired.
The effects of “living without a balancing
mechanism” were reported vividly by a physi-
cian who had lost labyrinthine function after
receiving streptomycin.®® When walking in
the street, he could not recognize faces or read
signs unless he stood still (see Video Display:
Disorders of the Vestibular System). These
symptoms indicate that visual-following
reflexes, because of slow retinal processing,
cannot adequately substitute for the VOR dur-
ing natural head movements. Indeed, the
latency of visual-mediated eye movements in
humans is at least 75 ms.%%

Head rotations in roll (around the naso-
occipital axis of the head) place different
demands upon the VOR than do head rotations
in yaw (horizontally) or in pitch (vertically).
This difference is because head movements in
roll displace images away from the fovea much
less than do head rotations in yaw or pitch; only
in the periphery of the retina will appreciable
slip of images occur. The torsional compensa-
tory responses to head rotations in the roll
plane need not be increased for near viewing
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since translation of the orbits during roll does
not alter the needs for image stabilization for
rotations of the globe around its line of sight.
In this case, however, horizontal and vertical
eye movements must be larger because of the
increased requirements for compensation
from the horizontal and vertical translation of
the orbits. During roll head rotation the eyes
can become misaligned vertically (producing a
skew deviation) due to translation of the orbits,
one up and the other down. Another cause for
vertical misalignment during head roll is that
the eyes rotate around an axis parallel to the
axis of head rotation even when they are con-
verged; thus one fovea moves up and the other
down. Depending upon exactly where the eyes
are in the orbit and how much the vertical t-
VOR can compensate for the relative up and
down motion of the two orbits, there can be
varying degrees of vertical ocular misalign-
ment. In essence, there are two competing
needs during and after rotation of the head
around the roll axis. First, there is a response to
the need for full-field stabilization of the image
on the retina during rotation, which when the
head is rotating within a plane perpendicular to
the ground (i.e., upright), also keeps the retinal
meridians aligned with earth horizontal.
Secondly, vertical misalignment and foveal dis-
parity must be minimized to maintain single
vision and stereopsis. Indeed some investiga-
tors have found suppression of the static and of
the dynamic torsional VOR during near view-
ing, which would help prevent vertical
diplopia®*#3588 though other mechanisms such
as torsional quick phases also help maintain
eye alignment.5™

Head Tilt

The otolith organs respond to linear accelera-
tions. During translation of the head, its signals
are transformed into the t-VOR. But the
otoliths also respond to the pull of gravity, the
most pervasive form of linear acceleration.
Hence, when the attitude of the otoliths is
altered relative to gravity, a tilt of the head is
signaled and a compensatory reorientation of
the eyes occurs. The action of this static
otolith-ocular reflex can be seen clearly in
afoveate, lateral-eyed animals such as the rab-
bit.!%¢ When the head is tilted laterally and kept
there, the eyes are moved and held in a com-
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pensatory position relative to earth horizontal
(one up in the orbit and the other down, in a
physiological skew deviation). When the head
is pitched forwards or backwards, the eyes
counterroll and are then held in their new posi-
tion to keep the retinas aligned with the hori-
zontal meridian. In human beings, if the head
is pitched forward (chin to chest), the object of
interest can be fixed upon using saccades, so
that static compensatory eye movements to
keep the retina aligned along the horizontal
meridian are unnecessary. When the head is
tilted laterally, a dynamic component, primarily
mediated by the semicircular canals, preserves
vision during the head movement. During sus-
tained lateral head tilts, however, we still rely
on the static otolith-ocular reflex that produces
ocular counterrolling, because our ability to
make voluntary torsional movements is limited.
Counterrolling of the eyes in humans is vestig-
ial and compensates for only about 10% of the
head til,39.103,197,628,641,645

The relatively feeble ocular counterrolling
to static head tilt does not seem disadvanta-
geous for vision because changes in the tor-
sional orientation of the retina have little effect
on foveal acuity. Indeed for viewing near
objects it may even be advantageous to have a
lower gain of counterrolling to minimize any
potential vertical misalignment (see Head
Rotations and Translations). Nevertheless, a
fundamental question in vestibular physiology
is how, and to what degree, the vestibular sys-
tem resolves the inherent ambiguity between
translation and tlt.1314557 The otolith organs
respond in the same way to linear accelerations
of any type, and their afferent discharge in
itself does not allow for a distinction between
tilt and translation. Recent experimental evi-
dence suggests that information from the
semicircular canals allows the brain to ‘decide’,
through an internal model of the relationship
of the head to the pull of gravity, if the change
in otolith activity is due to a tilt or to a transla-
tion of the head, 43+3373364565910812 Sinole-unit
recordings in monkeys have revealed neurons
within the brainstem and cerebellum that
could represent internal models of the “physi-
cal equations of motion”, and thus help resolve
the inherent ambiguity in tilt versus transla-
tion, which is discussed below.3473™¢ At the
level of perception there appears to be a rep-
resentation of the pull of gravity in the areas of
cerebral cortex that receive vestibular inputs

within which the motion of visual objects can
be deciphered.*® Furthermore, in resporise to
otolith stimulation, subjective sensations and
compensatory ocular motor responses may be
dissociated, each meeting the specific func-
tional needs for perception of self-motion and
orientation and for stabilization of gaze and
effective binocular vision.359560

Vestibular-Visual Symbiosis

Both the t-VOR and r-VOR perform optimally
in responge to brief, high-frequency motion of
the head. The ability of the r-VOR to transduce
reliably the motion of the head fades during
sustained, low-frequency head rotation.
Consequently, other mechanisms must substi-
tute for the declining vestibular response, and
visual-following reflexes assume the burden of
maintaining stability of images on the retina
during prolonged (low-frequency) rotation of
the head.!83577730 Specifically, the optokinetic
system appears to have evolved to supplement
the -VOR. Its action is easily appreciated in
lateral-eyed animals (such as the rabbit) that
do not have foveae, and in which other forms
of visual tracking such as smooth pursuit and
vergence are rudimentary. Consider the rabbit
as it moves i a large circle for 30 or 40 sec-
onds, a typical response while the animal is
being chased by predators. The rotational
component of this movement will have a low
frequency. Because of the mechanical proper-
ties of the semicircular canals, the r-VOR, by
itself, can only hold the eyes steady during the
first few seconds of turning (the cupula slowly
returns toward its initial position during a sus-
tained rotation). As the animal moves around
the circle, vestibulo-ocular compensation
declines and visual images of the world
increasingly slip across the retina. This is the
stimulus  to the optokinetic system.
Consequently, vestibular compensation is
replaced by optokinetic visual following during
sustained self-rotation.

When the optokinetic system is tested artifi-
cially in the rabbit, in isolation (for example,
using a drum rotating around the animal to
produce a sudden movement of the visual sur-
round at a constant velocity), the optokinetic
response slowly builds (charges) over time
until it reaches a velocity close to that of the
stimulus.'®* Then, if the lights are turned off,

the optokinetic system slowly discharges, pro-
ducing an optokinetic  after-nystagmus
(OKAN). This charging and discharging
behavior is just the backup that is needed to
substitute for the fading vestibular response
during rotation in the light and to help sup-
press the unwanted post-rotatory vestibular
nystagmus that occurs when the rabbit sud-
denly stops its sustained rotation. These opto-
kinetic responses are mediated centrally by the
Velocity-Storage Mechanism (see below).

The t+-VOR has similar limitations in its abil-
ity to transduce low-frequency stimuli, in this
case in response to linear motion of the head.
Pure translations of low frequency are partially
misinterpreted as tilts of the head with respect
to gravity. They elicit both ocular counterroll
and compensatory slow phases of vertical or
horizontal nystagmus.14559560.7% Thege low-
frequency isolated translational stimuli, how-
ever, are unlikely to occur naturally. The
actions of the t-VOR are best seen in foveate
animals under more natural conditions, in
which case translations are usually of higher
frequency and commonly combined with rota-
tions of the head. In lateral-eyed animals, the
t-VOR and visual-following responses are rudi-
mentary; a robust translational response in a
lateral-eyed animal could actually become a
hindrance during forward motion in the envi-
ronment by pinning the eyes onto the visual
scene behind the animal. The inherently poor
optokinetic response of lateral-eyed animals to
nasal-temporal directed motion could reflect
the need to avoid inappropriate visual stabi-
lization during forward locomotion 55

Once animals became frontal-eyed and
developed foveae, they evolved systems to
focus their lines of sight in a particular depth
plane, necessitating compensatory responses
for head translation that depended upon view-
ing distance.’”" Likewise, the visual-driven
compensatory response for translation of the
head depends upon the distance of the target
of interest. To maintain fixation of objects of
interest moving in a particular depth plane,
two mechanisms are required. First, there
must be a disjunctive mechanism—ver-
gence—for maintaining the alignment of eyes
for the desired depth plane, and second, a con-
jugate mechanism—pursuit—for keeping the
line of sight on the particular target of interest
within the desired depth plane. As might be
predicted, the frequency ranges in which the t-
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VOR and pursuit function optimally are com-
plementary.® The t-VOR and pursuit also
behave similarly with respect to associated tor-
sion. They obey Listing’s law (discussed in
Chapter 9) rather well in contrast to the r-
VOR, which does not 283

With the evolution of binocular, foveate
vision, circumstances arise when there might
be a conflict between the needs for stabilization
of images on the fovea and for stabilization of
images on the rest of the retina. This might
occur, for example, when fixing upon a small
object relatively close to oneself, while walking.
The more distant background would move on
the retina in the opposite direction. In these
circumstances, the pursuit system, with its
attentional focus, dominates visual following. A
similar response can be seen when foveate ani-
mals are subject to artificial movement of the
visual environment, such as within an optoki-
netic drum or with a visual scene projected
onto a tangent screen. There is an immediate,
almost involuntary pre-attentive response, vari-
ously called the direct, early, rapid, or immedi-
ate component of optokinetic nystagmus
(OKN) or, more simply, the ocular-following
response.5”” This response is likely mediated by
pursuit pathways, though with a shorter latency
than seen with the onset of pursuit tracking of
a small target.>™ Perhaps with a full-field stim-
ulus, the time for the attentional decision-
making processes that are associated with vol-
untary pursuit of small objects can be bypassed.
In humans, optokinetic nystagmus is dominated
by smooth pursuit, blurring the distinction.

Vestibulo-ocular reflex suppression or can-
cellation of the VOR refers to modulation of
VOR responses during combined eye-head
tracking, when the object of interest is not sta-
tionary but moves in the direction of the head.
The mechanism is related to smooth pursuit
and is discussed in Chapter 7.

ANATOMY AND PHYSIOLOGY :
OF THE PERIPHERAL _
VESTIBULAR SYSTEM ,

The Structure of the Labyrinth

The membranous labyrinth lies within its bony
counterpart in the temporal bone, cushioned
by perilymph (Fig. 2-1, top left).535™ It con-
tains the cristae of the semicircular canals,
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Figure 2~1. (A) Schematic of the mammalian labyrinth. The crista of the lateral semicircular canal is shown but not
labeled. (B) Motion transduction by the vestibular hair cells. At rest there is a resting rate of action potential discharge in
the primary vestibular afferents (center). Shearing forces on the hair cells cause depolarization (right) if the stereocilia are
deflected toward the kinocilium (indicated by longest cilium, with beaded end), or hyperpolarization (left) if the stereacilia
are deflected away from the kinocilium. This modulates the discharge rate in the vestibular nerve (neuron). (C) Schematic
drawing of a macula, showing how the cilia of the hair cells are embedded in the gelatinous otolith membrane, to which
are attached calcium carbonate crystals—otoconia. (A redrawn from Wersall D], Bagger-Sjoback D. Morphology of the
vestibular sense organs. In Kornhuber HH (ed): Handbook of Sensory Physiology, Vol. VI/1, Vestibular System. Springer,
New York, 1974, pp 123-170, with permission. B from Precht W,%® with permission. C adapted from Iurato S.
Submicroscopic Structure of the Inner Ear, Pergamon Press, Oxford, 1967.)

which sense head rotation, and the maculae of
the utricle and saccule, which sense linear
motion and static tilt of the head. Both cristae
and maculae contain specialized hair cells of
two forms (Type I and Type 11, defined by the
presence or absence of a calyx or chalice) that
transduce mechanical shearing forces into
neural impulses. The processes of each hair
cell consist of many stereocilia and one kinocil-
ium. The cilia are aligned so that they react
best to shearing forces applied in a specific ori-
entation. Deflection of the stereocilia toward
the kinocilium causes depolarization (stimula-

tion) of the hair cell; deflection in the opposite
direction causes hyperpolarization (inhibition)
(Fig. 2-1, top right).>®® The processes of the
hair cells of the cristae are embedded in a
gelatinous, sail-like structure, called the
cupula. One cupula lies in each of the ampul-
lae (regions of enlargement) of the three semi-
circular canals. Each turning movement of the
head causes the endolymph within the semicir-
cular canals to lag behind and to bend the
cupula and so change the discharge of the hair
cells that lie at its base.

The hair cells of the maculae also have their

rocesses embedded in a gelatinous mem-
brane, but attached to this are calcium carbon-
ate crystals called otoconia (Fig. 2-1, bottom).
The main stimulus to the macula is linear
acceleration of the head, including the gravita-
tional pull on the otoconia. The arrangement
of the hair cells on the macula, which is more
complex than that of the cristae, enables detec-
tion of any linear motion permitted by 3-D
space. Hair cells of opposite polarization tend
to be aligned on either side of a central stripe
of hair cells called the striola. The macula of
the utricle lies approximately in the horizontal
plane and the macula of the saccule approxi-
mately in the parasagittal plane. They respond
best to linear accelerations in these planes,
though both are curved structures like ellip-
soids and respond, to some degree, to linear
acceleration in any direction 438439601602 Tt haq
been suggested that the lateral portion of the
utricle may respond best to translations and
the medial portion to the pull of gravity.5% This
idea, coupled with the phenomenon of ‘cross-
striolar inhibition” in which activation of hair
cells on one side of the striola can inhibit activ-
ity in hair cells on the other (discussed below),
would account for the seeming paradox that
patients with a unilateral loss of labyrinthine
function have a deficit in the t-VOR when
translated toward the side of the lesion, and a
deficit in ocular torsion when tilted toward the
side of the lesion.®* Neurophysiologic evi-
dence for this hypothesis is awaited.

The Blood Supply and Innervation
of the Labyrinth

The blood supply of the membranous
labyrinth is from the internal auditory or
labyrinthine artery.?3"87 The labyrinthine
artery usually arises from the anterior inferior
cerebellar artery (AICA), but sometimes arises
directly from the basilar artery. After giving a
branch to the eighth nerve in the cerebello-
pontine angle, the internal auditory artery trav-
erses the internal auditory meatus. When it
reaches the labyrinth, it branches into (1) the
anterior vestibular artery, which supplies the
anterior and lateral semicircular canals and
most of the utricular macula and a small por-
tion of the sacculus; (2) the vestibulo-cochlear
artery, with two rami—cochlear and vestibular
(the latter is also called the posterior vestibular
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artery, and supplies primarily the posterior
semicircular canal and the saccular macula);
and (3) the main (proper) cochlear artery. The
internal auditory artery is an end artery; when
it or its source, the AICA, is occluded, inner
ear function is lost (see Video Display:
Cerebellar Syndromes). Selective occlusion of
branches of the internal auditory artery, such
as the anterior vestibular artery, may cause
selective loss of labyrinthine function.?87.339.620
Nerves from the cristae and maculae pass
through the perforations of the lamina cribrosa
to reach Scarpa’s ganglion at the lateral aspect
of the internal auditory canal. The vestibular
nerve is divided into two branches: (1) the
superior division, which innervates the ante-
rior and lateral semicircular canals and the
utricle, and (2) the inferior division branch,
which innervates the posterior semicircular
canal and most of the saccule. This anatomical
separation has important clinical implications
with respect to a predilection for viral infec-
tions to involve the superior division (see
Chapter 11). A small branch from the superior
vestibular nerve (Voit’s anastomosis) innervates
the anterosuperior part of the saccule. The
superior branch runs with the facial nerve, and
the inferior branch runs with the cochlear
nerve. A small number of vestibular fibers may
also run in the cochlear division. The anterior
vestibular artery supplies the structures inner-
vated by the superior branches of the vestibu-
lar nerve, and the posterior vestibular artery
supplies structures innervated by the inferior
branches. From Scarpa’s ganglion, the vestibu-
lar nerve passes medially, traversing the cere-
bellopontine angle. It then lies posterior to the
cochlear nerve and below the facial nerve,
entering the brain stem between the inferior
cerebellar peduncle and the spinal trigeminal
tract, to synapse in the vestibular nuclei.57

The Mechanical Properties
of the Semicircular Canals !
and Otolith Organs

The physical properties of the labyrinthine
motion sensors are important determinants of
the overall vestibular responses. The crista
ampullaris is most sensitive to brief head turns,
because of the physical properties of the
cupula and surrounding endolymph, which
have been likened to those of an overdamped
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torsion pendulum.!8728% The internal diame-
ter of the semicircular canals is small relative to
their radius of curvature, so, given the hydrody-
namic properties of the endolymph, the motion
of endolymph—and hence the change in the
position of the cupula—caused by a head rota-
tion is approximately proportional to head
velocity.?5™ Thus, the semicircular canals
mechanically integrate the angular head accel-
eration that they sense, allowing them to pro-
vide the brain with a head-velocity signal. This
has been confirmed electrophysiologically by
recording from semicircular canal afferents in
the vestibular nerve.®"®*2 Another conse-
quence of these mechanical features is that
only a small amount of endolymph displace-
ment occurs, even with high-acceleration head
turns, and the cupula is not in danger of being
excessively displaced. With sustained head
rotations, the elastic properties of the cupula
become important and cause it to return to its
resting position with an exponentially decaying
time course. The time constant of return of the
cupula cannot be directly measured in humans,
but has been estimated to be about 6 sec-
onds,183.303,592

The return of the cupula to its resting posi-
tion can be related to the decline in nystagmus
during velocity-step rotations (an impulse of
acceleration to some constant velocity). This
per-rotational nystagmus is greatest at the
onset of the stimulus, but then slow-phase
velocity shows an approximately exponential
decline. If the subject is suddenly stopped after
a sustained, constant-velocity rotation, post-
rotational nystagmus will be produced. This
reflects displacement of the cupula in the direc-
tion opposite to that when the rotation began.
In animals, and probably humans, per-rota-
tional nystagmus lasts considerably longer than
the time required for the cupula to drift back to
its starting position. This suggests that the brain
manipulates the canal signal so as to prolong
the time that motion of the head can be per-
ceived. This phenomenon is mediated by the
velocity-storage mechanism, and is common to
both vestibular and optokinetic responses.

Flow of endolymph within each canal, in
one direction, produces excitation in its
ampullary nerve (increasing its discharge rate)
and, in the other direction, produces inhibi-
tion. For the lateral (or horizontal) canals, flow
toward the ampulla (ampullopetal flow) is exci-
tatory. For the vertical canals, low away from

the ampulla (ampullofugal flow) is excitatory.
The semicircular canals are arranged so that
each canal on one side of the head is paired
with another on the opposite side, both lying in
nearly the same plane. Careful measurements
have shown that the relative planes of the three
canals vary among individuals,?* however, and
complementary canals on opposite sides of the
skull may not be precisely aligned. 277
Clearly the brain must make adjustments for
such individual variations. Despite these small
differences, the semicircular canals can be
thought of as working in pairs. Thus, an
ampullofugal flow of endolymph within the
right anterior semicircular canal will be accom-
panied by an ampullopetal flow in the left pos-
terior semicircular canal. This push-pull
arrangement stands the organism in good stead
in the event that disease should destroy one
labyrinth, since the brain can then still use a
(normal) decrease in activity from the intact
labyrinth to detect head rotation toward the
side of the lesion. The effects of stimulating
individual semicircular canals are summarized
in Figure 2-2A. Each canal produces move-
ments of the eyes in the plane of that canal
(described by Flourens for head movements
(Flourens’ law) and Ewald for eye movements
(Ewalds first law)).21121262 These findings
have important clinical significance, which is
discussed later in this chapter in the section on
disorders of the vestibular-optokinetic system.
The physical properties of the otolith macu-
lae are more difficult to analyze than those of
the semicircular canals, in part because they
are curved structures, and so sense linear
acceleration in many different directions.2204%
The utricular macula lies on the floor of the
utricle, approximately in the plane of the lat-
eral semicircular canals. The saccular macula
lies on the medial wall of the saccule, nearly
parasagittal with respect to the head (i.e., in a
plane approximately orthogonal to the utricu-
lar macula). The utricle is oriented to respond
best to lateral or fore-and-aft tilts, and side-to-
side translations of the head. The saccule is
oriented to respond best to up-and-down
translations of the head. Hence these two
otolith organs serve complementary roles
in sensing gravitational and other linear forces
applied to the head. Because the maculae are
located eccentric to the axes of rotation of the
head, they are able to sense both tangential
and centrifugal forces during head rotations.

A} RPC
- RHC
~t  RAC

Figure 2-2. (A) Schematic summary
of the ocular motor effects of stimulat-
ing individual semicircular canals and
combinations of canals. Stimulation of
a single canal produces slow-phase
movements of the eyes in a plane par-
allel to one in which the canal lies. As A
shown by the equations at the bottom,
purely vertical nystagmus can only be
induced by simultaneous stimulation
of the same canal on both sides. Purely
torsional nystagmus can only be pro-
duced by stimulation of both vertical
canals, but not the lateral canal, on one
side. Thus, disease of the labyrinth sel-
dom produces purely vertical or purely
torsional  nystagmus. Combined
involvement of all three canals on one
side causes a mixed horizontal-tor-
sional nystagmus. (B) The effects of
left utricular stimulation. Besides tor-
sional eye movements, there is a verti-
cal deviation of the optic axes (skew
deviation) and horizontal deviation
away from the side of stimulation. B

The mechanism of action of the otoliths is an
inertia-generated shearing movement of the
otoconial layer, parallel to the underlying sur-
face of the sensory epithelium. In this way, the
otoliths can sense both translational head
movements (i.e., linear accelerations) and
static tilts of the head (with respect to the pull
of gravity). Electrical stimulation of the utricle
and saccule produces various patterns of eye
movements including upward movement of
the ipsilateral eye and downward movement of
the contralateral eye with torsion.2!%397.338
Similar results are produced by stimulation of
the utricular nerve, although there is also a
horizontal component. (Fig. 2-2B)™ The
results of these stimulation studies must be
interpreted cautiously because of issues such
as current spread, effects of anesthesia, and
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the differences in responses depending upon
which particular part of the macula is stimu-
lated. Behavioral studies also suggest that the
saccule can contribute to ocular torsion, and
perhaps to disconjugate torsion.®" It must be
reiterated that the otolith maculae are, curved
structures, not flat, and that both the saccule
and utricle can respond, to some extent, to lin-
ear accelerations in any direction. :

Neural Activity in
Vestibular Afferents

The discharge properties of the vestibular nerve
are distingnished by continuous spontaneous
activity or resting vestibular tone. 331332403 For
the semicircular canal afferents this resting
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discharge frequency is modulated up or down
during rotation of the head. The modulation of
vestibular activity by rotational stimuli has
been extensively studied in many species. For
the physiologic range of head movements, the
signal from the semicircular canals is a repre-
sentation of rotational head velocity, though
head acceleration is the stimulus that leads to
excitation of the hair-cell receptors. The inte-
gration from acceleration to velocity is largely a
mechanical one, related to the physical prop-
erties of the endolymph and semicircular
canals, but the information about head motion
carried by the afferents is also affected by the
dynamics of transfer of information at the con-
nection between the hair cell and its afferent
nerve fiber. Thus, a transduction of the accel-
eration of the actual movement of the head to
a signal proportional to the rotational velocity
of the head carried on individual vestibular
afferents is an oversimplification.*®5™ Rather
it is the central processing of the ensemble of
different types of peripheral afferent informa-
tion that leads to the correct eye movement
response to the motion of the head. Further-
more, adaptation to sustained (low-frequency)
head rotations, in particular, seems to reflect a
number of processes beginning from the hair
cell itself, to the vestibular afferents and even-
tually, to the central networks within the
vestibular nuclei and possibly the cerebellum.
Again, the final, calibrated and optimized eye
movement response to head motion must
reflect the entire cascade of physiological pro-
cessing of information within the complex
anatomical organization that underlies the
VOR.

Vestibular stimuli that are outside the natu-
ral range of head motion, for example, at espe-
cially high velocities or accelerations, or at
especially low or high frequencies, present
particular challenges to the ability of the
vestibular periphery to reliably transduce head
motion. For example, at high head velocities,
when the discharge of one set of canal affer-
ents is fully inhibited, the VOR will depend
upon the excitatory response from one
labyrinth alone. This asymmetry in response at
high velocities leads to one form of Ewald’s
second law that, in its generic form, states that
excitation is a relatively better vestibular stim-
ulus than is inhibition. Ewald’s second law
becomes particularly evident when there is a
loss of the function of the labyrinth on one
side. Another equally important form of

Ewald’s second law may apply to the accelera-
tion and frequency characteristics of head rota-
tion (see Clinical Findings with Dynamic
Vestibular Imbalance, below).

The nonlinear effects of Ewald’s second law
have important implications even in normal
behavior. The -VOR has a gain—ratio of out-
put (eye velocity) to input (head velocity) —of
1.0 in normals for rotational velocities up to
350° per second— 400° per second,’5™3 even
though vestibular afferents are presumably
driven into inhibitory cutoff at velocities well
below 200° per second.?8?™ Therefore, for
high speéds of head rotation there must be a
mechanism to compensate for the loss of the
contribution of the afferents (disinhibition) on
the side opposite to rotation (when these affer-
ents are driven into inhibitory cutoff). Several
suggestions have been made as to how central
mechanisms ensure such a wide range of linear
responses. One hypothesis is that when activity
no longer comes from the inhibited labyrinth,
there is a central disinhibition that increases
the sensitivity of the response to afferent activ-
ity emanating from the excited labyrinth.897
Alternatively, the presence of quick phases
may prevent vestibular neurons from being
driven into inhibitory cutoff and so improve
their linear range of response.3!3™9 Just as for
the slow phases, the timing and amplitude of
quick phases are also affected during vestibu-
lar compensation.102173% Finally, the com-
bined effects of irregularly and regularly
discharging afferents (see below) may help to
make the reflex linear and enable it to respond
to a wide range of frequencies and accelera-
tions, 331419

DIFFERENT CLASSES OF
VESTIBULAR AFFERENTS

Vestibular nerve fibers have been classified as
regular afferents or irregular afferents,
depending upon the regularity of their dis-
charge rate, and both project to neurons within
the vestibular nuclei that discharge in relation
to the VOR.120-331.333383581 The exact functional
differences between irregular and regular
afferents are uncertain, though theories
abound. Regular afferents have tonic response
dynamics, resembling the displacement of the
cupula or of the otolith membrane, and have a
low sensitivity to head rotations or linear
forces. The caliber of their axons is medium to
small and they end as dimorphic units and

bouton units in intermediate and peripheral
zones of the cupula or macula. Irregular affer-
ents have phasic-tonic response dynamics,
including sensitivity to the velocity of cupula
and otolith membrane displacement, and
hence show acceleration sensitivity in the case
of afferents from the semicircular canals, and
jerk’, the derivative of acceleration, in the case
of afferents from the otolith organs. Their
axons are medium to large.

Irregular afferents in the central zone of the
cristae have low rotational sensitivities and ter-
minate as calyx endings onto Type I hair cells.
Irregular afferents located away from the cen-
ter have high rotational sensitivities and termi-
nate as dimorphic endings onto both Type I
and Type II hair cells. The irregular canal
afferents have been posited to play a role in
VOR adaptation including the compensatory
response to unilateral labyrinthine loss and
especially for high-frequency and high-
velocity rotational stimuli toward the side
opposite the lesion. On the other hand, regular
afferents may be involved in the compensatory
response to unilateral labyrinthine loss for
lower velocity stimuli for rotations to either
side. Irregular afferents have also been posited
to play a role in modulation of the VOR during
eccentric rotation and for near viewing, in can-
cellation of the VOR, in the generation of the
low-frequency, velocity-storage component of
the VOR; and perhaps in extending the linear
range of the VOR at high speeds of head
rotation,32181251.339.383, 418 4935254 The inputs
to the VOR from irregular afferents from
the semicircular canals can be modulated at
the vestibular nuclei according to context that
we will discuss below.!™2165% The irregular
otolith afferents may play a role in the genera-
tion of off-vertical axis rotation (OVAR), possi-
bly through the velocity-storage mechanism.,
Both irregular and regular otolith afferents
appear to contribute to the high-frequency,
high-amplitude t-VOR.?" It has also been
suggested that the vestibular system com-
pares activity between irregular and regular
otolith afferents to distinguish tilt and transla-
tion.%

The neurotransmitter used by vestibular
afferents appears to be glutamate, 1239546
though GABA may also play a role at the hair
cell synapse.*!® Recent work has detailed spe-
cific involvement of the metabotropic gluta-
mate, N-methyl-D-aspartate and the kainate/
AMPA excitatory amino acid receptors.”®!
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Other transmitters including nitric oxide syn-
thetase (NOS), opiode peptides, and purines
may also have a role in modulation of periph-
eral vestibular transmission.

Not all fibers within the vestibular nerve are
afferent. Some vestibular efferents carry
impulses to the labyrinth, but their function in
mammals is unknown.3! They do not suppress
unwanted vestibular responses during passively
evoked combined movements of head and
eyes' and do not appear to modulate activity
in active versus passive head movements.®!
Perhaps they play some role in VOR adaptation
as axon collaterals of vestibular efferents proj-
ect to the cerebellar locculus.5%6755

BRAINSTEM ELABORATION OF
THE VESTIBULO-OCULAR REFLEX

Anatomic Organization of the
Vestibulo-Ocular Reflex

How the brain stem fashions the precise com-
pensatory eye movements from the raw
vestibular signals has been extensively investi-
gated since Adrian first recorded the activity of
neurons within the vestibular nucleus 37159523
Of prime importance has been the study of the
three-neuron arc: vestibular ganglion, vestibu-
lar nuclei, and ocular motor nuclei. Although
this elementary vestibulo-ocular reflex arc™s is
readily equated with the notion of a rapidly
acting reflex, parallel polysynaptic projections
are equally important for generation of an
appropriate, compensatory eye movement.5!%
The direct neuronal pathways include both
excitatory and inhibitory contributions.

Each semicircular canal directly influences a
pair of extraocular muscles that move the eyes
approximately in the plane of that canal,
regardless of the initial position of the -eye in
the orbit. Important to the clinician is that dis-
ease selectively affecting one semicircular canal
may produce nystagmus that rotates the globe
in a plane parallel to that in which the canal lies
(see, for example, benign paroxysmal positiondl
vertigo (BPPV) or the syndrome of superior
canal dehiscence, in Chapter 11). In summariz-
ing pathways that mediate the ~VOR (Table
2-2 and Fig. 2-3), we have drawn largely on
studies of central vestibular connections in pri-
mates, 31821438 byt also mention pathways
reported in other species.™-167:523823-825
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Table 2-2. Direct Vestibulo-Ocular Projections as Determined by
Electrophysiologic and Anatomic Studies in Monkey, Cat,
and Rabbit

Receptor Effect Muscle Relay Nucleus Pathway Motor Nucleus
LC Excitation c-LR M/LVN MLF c-VI
) i-MR M/LVN ATD i-I11
Inhibition i-LR MVN MLF i-VI
c-MR — Poly c-II1
AC Excitation i-SR M/LVN® MLF® c-IIT
c-I0 M/LVN® MLF" c-IIT
Inhibition i-IR SVN ‘ MLF i-II1
c-SO SVN ¥ MLF IV
PC Excitation c-IR M/LVN MLF c-I11
i-50 M/LVN MLF c-IV
Inhibition ¢-SR SVN extra i-TII
i-10 SVN extra i-I11
U Excitation i-SO LVN MLF c-IV
i-SR LVN MLF c-I11
i-MR LVN ATD i-I1I
c-10 LVN  MLF c-III
c-IR LVN MLF c-I11
c-LR LVN MLF ¢-VI
S Excitation y-group BC

Muscles: LR: lateral rectus muscle; MR: medial rectus muscle; SR: superior rectus muscle; IO: inferior oblique muscle;
IR: inferior rectus muscle; SO: superior oblique muscle; Relay Nucleus: M/LVN: medial and adjacent lateral vestibular
nucleus (*: other nuclei and pathways such at the ventral tegmental tract, are also probably involved; see Fi igure 2-3); MVN:
medial vestibular nucleus; SVN: superior vestibular nucleus; LVN: lateral vestibular nucleus; Pathway: MLF: medial lon-
gitudinal fasciculus; ATD: ascending tract of Deiters; poly: polysynaptic pathway lying outside MLF; extra: extra-MLF path-

way; Motor Nucleus: VI: abducens nucleus; III: oculomotor nucleus; IV: trochlear nucleus; c-: contralateral; i~ ipsilateral.
References: 10541,543.669.671,750

The anatomy of the vestibular nuclei in
humans has been well characterized,”™® and
most features are similar to those of non-
human primates and other mammalian
species. 1539607 In hymans, the volume of the
vestibular nuclei is about 67 mm? and it con-
tains over 200,000 neurons. Vestibular nuclei
neurons receive projections from the vestibu-
lar nerve that contains about 14,000 to 18,000
axons. As a generalization, larger neurons in
the vestibular nuclei receive labyrinthine input
from axons of a larger caliber with an irregular
discharge rate (perhaps type B vestibular
nucleus neurons, see below); smaller neurons
receive input from smaller-caliber axons, with
a regular discharge rate (perhaps type A).™1°
There are four major vestibular nuclei: medial
vestibular nucleus of Schwalbe (MVN), lateral
vestibular nucleus of Deiters (LVN), inferior or
descending vestibular nucleus (DVN), and
superior vestibular nucleus of Bechterew

(SVN). In addition, there are several smaller
accessory subgroups, including the interstitial
nucleus (IN), with its cells distributed among
the vestibular rootlets as they enter the brain-
stem, and the y-group, near the superior cere-
bellar peduncle. The MVN has the greatest
volume and is the longest vestibular nucleus.
Its rostral portion is a major receiving area for
afferents from the semicircular canals and its
cells project to the III, IV, and VI cranial nuclei,
which mediate the vestibulo-ocular reflexes.
Its caudal portionis reciprocally connected to
the cervical region of the spinal cord, presum-
ably mediating vestibulo-collic reflexes. The
caudal MVN is also reciprocally connected to
the cerebellum.

The rostroventral portion of the LVN
receives afferents from the cristae of the semi-
circular canals and the macula of the utricle.
Like the rostral MVN, it participates in
vestibulo-ocular reflexes, in part through the
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Figure 2-3. Summary of probable direct connections of vestibulo-ocular reflex, based upon findings from a number of
species.33159.165.166.340.100433.542,543.622.669-671.691 Exeijtatory neurons are indicated by open circles, inhibitory neurons by filled
circles. I1I: oculomotor nuclear complex; IV: trochlear nucleus; VI: abducens nucleus; XII: hypoglossal nucleus; AC: ante-
rior semicircular canal; ATD: ascending tract of Deiters; BC: brachium conjunctivum; HC: “horizontal” or lateral semicir-
cular canal; IC: interstitial nucleus of Cajal; IO: inferior oblique muscle; IR: inferior rectus muscle; LR: lateral rectus
muscle; LV: lateral vestibular nucleus; MLF: medial longitudinal fasciculus; MR: medial rectus muscle; MV: medial vestibu-
lar nucleus; PC: posterior semicircular canal; PH: prepositus nucleus; SV: superior vestibular nucleus; SO: superior oblique

muscle; SR: superior rectus muscle; V: inferior vestibular nucleus; VTP: ventral tegmental pathway.

ascending tract of Deiters to the oculomotor
nucleus. The LVN also has projections to the
spinal cord, mainly via the ipsilateral lateral
vestibulospinal tract but also through the con-
tralateral medial vestibulospinal tract. In its
most rostral aspect, the DVN also projects to
the ocular motor nuclei.

There is considerable divergence of single
primary afferents within the vestibular nuclei
(about 15 neurons per axon). A single axon
from a lateral semicircular canal can impinge
upon neurons in the central part of the SVN,
the rostral half of the MVN, the medial-rostral
part of the DVN, and the ventromedial part of
the LVN.

The primary vestibular afferents enter the
medulla at the level: of the lateral vestibular
nucleus. Almost all afferents bifurcate, giving a
descending branch to terminate in MVN and
DVN and an ascending branch to the SVN,
with a final destination in the cerebellum,
especially the anterior vermis and the nodulus
and uvula. 13952378 Al] canals and otoliths proj-
ect to zone 1, which lies around the borders of
ventromedial LVN, medial MVN, and dorso-
medial DVN. All canals also converge on a
small patch in the ventromedial SVN. These
two areas contain the secondary vestibulo-
ocular neurons that project to the abducens,
oculomotor, and trochlear nuclei. Canal affer-
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ents also converge on the interstitial nucleus of
the vestibular nerve, which projects to the
flocculus. :

Utricular afferents project to the rostral
MVN and saccular afferents project to the y-
group. Some projections from the utricle over-
lap with those from the lateral semicircular
canal, presumably reflecting their common
roles in detecting horizontal motion; and some
projections from the saccule, which is involved
in detecting vertical motion, overlap with those
from the vertical semicircular canals.?3252464
556.,614,822.823.906.907 Recently, utricle and saccule
projections were reinvestigated in the mon-
key.5 Both project to the caudal descending
vestibular nucleus presumably related to spinal
mechanisms. The principal ocular motor areas
within the brainstem to which saccular nerve
terminated were the lateral portion of the supe-
rior vestibular nucleus and ventral nucleus y.
The principal cerebellar projection was to the
uvula with a less dense projection to the nodu-
lus. Principle ocular motor brainstem areas of
termination of the utricular nerve were the
lateral/dorsal medial vestibular nucleus, and
the ventral and lateral portions of the superior
vestibular nucleus. In the cerebellum, a strong
projection was observed to the nodulus and
weak projections were present in the flocculus,
ventral paraflocculus, bilateral fastigial nuclei,
and uvula. Many of the central vestibular neu-
rons that receive otolith afferents also project
to the vestibulocerebellum.52

For both the horizontal and vertical ~VOR,
many neurons in the vestibular nuclei that
receive inputs from primary vestibular affer-
ents encode not only head velocity, but also eye
position, and varying amounts of smooth pur-
suit and saccadic signals.131316:21321654154555,
706105731 A common and important cell type is
the position-vestibular-pause (PVP) neuron. It
encodes head velocity and eye position and
becomes silent (pauses) during saccades. It
appears to change its activity, depending upon
whether vestibular stimulation is passive, as
during steady fixation, or active, as part of a
gaze change.’06708

Another cell type is the floccular target neu-
ron (FTN), which receives inputs from both
the labyrinth and the cerebellar flocculus and
may be important in VOR adaptation %6+99:402510
Additional cell types include those that show a
sensitivity to eye and head velocity (EH,
eye-head neurons), to head movement alone

(VO, vestibular-only neurons), and to eye
velocity and eye position burst-position (BP)
neurons.*™! These secondary vestibular neu-
rons may also show changes depending upon
the particular combination of stimuli, including
during cancellation of the r-VOR, during
eccentric rotation, and comparing active versus
passive head motion 2132163405H814 Vestibular
nuclei neurons not only project to motoneu-
rons; they also send axon collaterals to the
nucleus prepositus hypoglossi (NPH) and the
nucleus of Roller (see Table 5-1, and to the cell
groups of the paramedian tracts (PMT) (see
Box 64 ifx Chapter 6).16016! The NPH and
adjacent medial vestibular nucleus (the NPH-
MVN region, see Chapter 5) have a crucial role
in holding gaze steady (neural integration).
The cell groups of the PMT may be important
for relaying an internal or efference copy of eye
movement signals to the flocculus of the cere-
bellum.64609 Ty addition, certain cells in NPH
that receive vestibular inputs project to burst
neurons in the PPRF to trigger quick phases of
nystagmus.!70217299.326624 Finally  many sec-
ondary vestibular axons have dual projections,
both rostrally as VOR neurons and caudally as
vestibulo-collic neurons.?

Neurons within the vestibular nucleus also
can be classified by their membrane properties
as Type A (tonic firing rates, responding
linearly) and Type B (phasic firing rates,
responding nonlinearly) although there proba-
bly is a continuum.™-%08%5 Whether or nct
these different properties relate to the segrega-
tion of afferent activity into regular and irregu-
lar, or the so-called linear and nonlinear VOR
pathways (see below) remains to be shown.
Following unilateral labyrinthectomy, however,
there are different patterns of change on the
ipsilateral and contralateral sides in the Type A
and Type B cell types suggesting they play sep-
arate roles in the mechanisms of adaptation to
a unilateral loss of function (probably related to
restoration of tone and increase of responsive-
ness to contralateral inputs).5283,700

The main vestibulo-ocular projection neu-
rons lie in zone 1 and the center of SVN. Zone
1 predominantly carries excitatory PVP cells,
and is also the origin of the ascending tract of
Deiters, which runs laterally to the medial lon-
gitudinal fasciculus (MLF) to impinge upon
the medial rectus subdivision of the oculomo-
tor nucleus (Fig. 2-3). Zone 1 is under little
direct cerebellar influence. Inhibitory PVP cells

also lie in rostral MVN. The center zone in SVN
contains predominantly burst-position cells
(neurons that discharge with eye velocity and
eye position); most are related to vertical canal
inputs. These neurons, along with those in the
dorsal y-group, the marginal zone (between
MVN and nucleus prepositus), and the rostral
MVN, are under the influence of the Hocculus.
In general, the peripheral areas of the vestibu-
lar complex are the source of intrinsic inter-
connections and commissural connections.
They also receive projections from the cere-
bellar nodulus and the accessory optic nuclei.
Taken together, this pattern of connectivity
suggests that they play a role in the velocity-
storage mechanism. The interstitial nucleus of
Cajal (INC) receives axon collaterals from all
secondary vestibular afferents that supply the
oculomotor nucleus, and sends reciprocal pro-
jections, predominantly ipsilateral, to the
vestibular nuclei (see Box 6-6, in Chapter 6).

VERTICAL SEMICIRCULAR
CANAL PROJECTIONS

For the vertical semicircular canals, several
important principles may be summarized.
First, the excitation of the anterior semicircu-
lar canals produces upward and torsional eye
movements (with the primary projections
being to the ipsilateral superior rectus and con-
tralateral inferior oblique muscles), and excita-
tion of the posterior semicircular canals
produces downward and torsional eye move-
ments (with the primary projections being to
the ipsilateral superior oblique and contralat-
eral inferior rectus muscles).?!1-212629 Second,
each vestibular nucleus neuron concerned
with the vertical VOR contacts two motoneu-
ron pools, one for each eye.8 Third, excitatory
projections from the vestibular nuclei cross the
midline, but inhibitory connections do not.
Fourth, the pathways taken by axons conveying
the upward and downward VOR differ.5%

For the anterior canal system, there may be
three excitatory pathways by which informa-
tion is carried rostrally for the vertical VOR.
Excitatory PVP cells in the MVN or adjacent
ventral lateral vestibular nucleus (VLVN) pro-
ject medially and dorsally, crossing the midline
caudally, differing with the projections of the
posterior-canal PVP cells. After crossing, they
ascend in or just below the MLF to contact the
superior rectus and inferior oblique subdivi-
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« sions of the oculomotor complex. Axon collat-
erals of these fibers project to the INC, the cell
groups of the PMT, and the perihypoglossal
nuclei, including NPH. Recall that the projec-
tions of the superior rectus subnucleus are
crossed but those of the inferior oblique sub-
nucleus are uncrossed. Thus, this excitatory
pathway connects the anterior semicircular
canal to the ipsilateral superior rectus and con-
tralateral inferior oblique muscles (Fig. 2-3).

Another cell group, described in the cat,
which may contribute excitatory inputs to the
anterior canal system, lies in the SVN. Their
axons cross the midline in the ventral tegmen-
tal tract, close to the medial lemniscus at the
rostral pole of the nucleus reticularis tegmenti
pontis (NRTP), and then abruptly turn ros-
trally, passing through the decussation of the
superior cerebellar peduncle, to terminate
mainly on the superior rectus and inferior
oblique subdivisions of the oculomotor com-
plex.1¢8 Also, in some species, the SVN projects
rostrally, just near the brachium conjunctivum,
to the oculomotor nuclei. Thus, three path-
ways may contribute to the generation of eye
movements during stimulation of the anterior
semicircular canal; the projections in primates
have not yet been completely described.

Inhibitory neurons for the anterior canal sys-
tem lie in the SVN. Their axons exit from the
rostromedial aspect of this nucleus and course
medially and rostrally in the lateral wing of the
ipsilateral MLF, to contact superior oblique
motoneurons in the trochlear nucleus, and
inferior rectus neurons in the oculomotor
nucleus. Axon collaterals project to NPH and to
cell groups of the PMT. The neurotransmitter
of these inhibitory vestibular neurons may be
Gamma-aminobutyric acid (GABA).230.239546

For the posterior canal system, PVP cells are
also found at the junction of the MVN and
VLVN. These excitatory neurons project ros-
trally, medially, and dorsally through 'MVN
until, at the level of the caudal abducens
nucleus, they turn medially and cross the mid-
line beneath the NPH and abducens nucleus,
ventral to the MLF. After crossing the midline,
they enter the MLF and project rostrally to the
trochlear nucleus and inferior rectus subdivi-
sion of the oculomotor complex. Axon collater-
als also pass, via the MLF, to the NPH and
PMT cell groups, and to the INC. The projec-
tions of the trochlear motoneurons are con-
tralateral, but those of the inferior rectus are
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ipsilateral. Thus, this excitatory pathway con-
nects the posterior semicircular canal to the
ipsilateral superior oblique and contralateral
inferior rectus (Fig. 2-3). In addition, the pos-
terior semicircular canal also projects to the
contralateral abducens nucleus. This projection
for horizontal eye movements perhaps reflects
the somewhat tilted orientation of the posterior
canals in the labyrinth so they are stimulated
during rotation around the yaw axis and might
make a contribution to the horizontal VOR.

Inhibitory neurons subserving the posterior
semicircular canals are found in the SVN and
rostral MVN. Their axons project through the
pontine reticular formation to reach the ipsi-
lateral MLF and then contact the superior rec-
tus and inferior oblique subdivisions of the
oculomotor complex. These neurons also con-
tact PMT cell groups and the INC. Like the
inhibitory neurons of the anterior canal sys-
tem, these cells also may use GABA as an
inhibitory neurotransmitter 23414546

HORIZONTAL SEMICIRCULAR
CANAL PROJECTIONS

For the lateral (or horizontal) canals, PVP
neurons are located in the ventral part of the
MVN and adjacent VLVN. Most of these exci-
tatory neurons course rostrally and medially
through MVN, pass through or beneath the
ipsilateral abducens or rostral NPH, and cross
the midline at the level of the abducens
nucleus or slightly rostral to it. Soon after
crossing the midline, these axons give collater-
als that either terminate in the abducens
nucleus or project to the NPH and PMT cell
groups. Some PVP neurons project rostrome-
dially, passing through the abducens nucleus,
and run in the ascending tract of Deiters
(ATD) to terminate in the medial rectus subdi-
vision of the ipsilateral oculomotor complex;
some of these axons send collaterals to PMT
cell groups. Thus, these excitatory pathways
connect the lateral semicircular canal to the
ipsilateral medial rectus and contralateral lat-
eral rectus muscles (Fig. 2-3). The functional
significance of the pathway through the ATD is
uncertain, but it may relate to VORs associated
with translation or near viewing.

Inhibitory pathways for the lateral canals
pass from the MVN to the adjacent abducens
nucleus; these neurons may use glycine as a
neurotransmitter.>® The medial rectus neu-

rons are peculiar in having no known disynap-
tic inhibitory input, although a multisynaptic,
extra-MLF pathway may play a role 53490

OTOLITH PROJECTIONS

Central otolith projections for the t-VOR have
been less well studied than those concerned
with the »-VOR; current concepts are summa-
rized in Figure 2—4. As discussed previously, in
the monkey,>-6! the principal projections from
the saccule are to the ventral portion of the y-
group, lateral SVN, and to the uvula and nodu-
lus. The juincipal projections from. the utricle
are to the laterodorsal MVN, and ventrolateral
SVN. There are also projections to the nodu-
lus, flocculus, ventral paraflocculus, fastigial
nuclei, and uvula. Based upon anatomy, sac-
cule projections seem more important for
vestibulospinal mechanisms. Experimental
stimulation of the utricular nerve causes eye
movements that suggest contraction of the
ipsilateral $uperior oblique, superior rectus,
and medial rectus, and the contralateral infe-
rior oblique, inferior rectus, and lateral rectus
muscles,”™ though under different conditions
of anesthesia and different parameters of elec-
trical stimulation primarily ipsilateral-directed
horizontal eye movements can be
elicited. 21937 Experimental stimulation of the
saccular nerve causes vertical eye movements
with a preponderance for downward-directed
slow phases. 21933

The interpretation of these results of exper-
imental stimulation of the otoliths is con-
founded by the fact that all the hair cells are
not oriented in the same direction on the mac-
ula (and hence with stimulation are not all
excited in one direction and inhibited in the
other) as is the case for the cupula and the
semicircular canals.®®® Thus, artificial stimula-
tion might elicit different directions of eye
motion depending upon the location of the
electrical stimulus. The level of anesthesia
may also play a role in the nature of the
response. Presumably central vestibular mech-
anisms are able to extract the needed informa-
tion about head motion elicited in natural
circumstances using 1) commissural pathways
and so-called cross-striolar inhibition in which
afferent inputs from one side of the macula
influence activity from afferents on the
other®1823826 and 2) concurrent signals from
the vertical semicircular canals, which help to
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Figure 2—4. Hypothetical otolith pathways for tilt and translation. The medial portion of the utricle would be excited by
ipsilateral head tilt and would lead to counterolling of the eyes by connections to the vertical torsional muscles. The lateral
portion of the utricle would be excited by ipsilateral head translation and would lead to an oppositely directed horizontal
slow phase presumably via polysynaptic connections, possibly through the cerebellum, to the horizontal muscles.

distinguish tilt from translation (see The
Velocity-Storage Mechanism). Indeed, for
generating the horizontal t-VOR, polysynaptic
connections might arise from the lateral por-
tion of the utricle, and reach the vestibular
nuclei on the opposite side of the brain stem,
possibly via the cerebellum, and are probably
more important for the horizontal compensa-
tory eye movements of the t-VOR than the
direct projections to the ipsilateral vestibular
nuclei.’® On the other hand, projections from
the medial portion of the utricle may be more
important for signaling head tilt and lead to
compensatory counterrolling using vertical tor-
sional eye muscles.3*5% Figure 2-4 shows
such a scheme. Table 2-2 summarizes some of
the direct anatomic pathways involved.

The vestibular nuclei also receive projec-
tions from a number of areas apart from the
vestibular periphery. They include, of course,
other brain stem nuclei, the cerebellum, and
the cerebral hemispheres. As discussed below,
vestibular neurons carry sensory information
from the visual system as well as from proprio-
ceptors and other somatosensory receptors in
the neck and body. There are also large inputs

from many areas in the cerebral hemispheres,
reflecting the central role that the vestibular
nuclei have in generating compensatory motor
responses—during passive perturbations as
well as self-generated movement, using infor-
mation about spatial orientation and motion
from all available sources (see Vestibular
Sensation below).

A number of neurotransmitters have been
implicated in synaptic transmission within and
between the vestibular nuclei.™ Glutamate,
glycine, NOS, and GABA (especially related to
commissural inhibition) are important. Hor-
monal receptors such as arginine-vasopressin,
cannaboid receptors, and opioid-related recep-
tors such as nociceptin, likely modulate synap-
tic transmission centrally. :

Basic Neurophysiology of
the Vestibulo-Ocular Reflex

The functional organization of the vestibulo-
ocular responses is more complicated than the
elementary anatomic connections suggest. For
horizontal rotations, neurons in the vestibular
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nuclei that encode head velocity can be
divided into two main types. Type-I neurons
increase their discharge rate for ipsilateral
rotations and decrease their discharge rate
during contralateral rotations; type-II neurons
show the converse. Thus, each vestibular
nuclear complex monitors rotation in both
directions. This facility is aided by a vestibular
commissure,'® whereby ipsilateral type-I
vestibular neurons drive contralateral type-II
neurons. The organization of this vestibular
commissure is specific, so that neurons in the
right vestibular nucleus that receive input from
the right lateral semicircular canal project to
neurons in the left vestibular nucleus that are
driven by the left lateral semicircular canal. A
similar reciprocal connection is found for ver-
tical canals (e.g., the right anterior canal and
the left posterior canal). The vestibular com-
missure probably contributes to the velocity-
storage mechanism (see next section).!8%3%.
461863 Tts precise role in vestibular compensa-
tion is unclear,153.28+.461

A role for the vestibular commissure is less
clear for otolith-ocular reflexes, being more
certain for utricular than for saccular
responses.?3826 Ag described above, it has been
shown that the equivalent of a push-pull rela-
tionship for saccular (and probably utricular)
reflexes can be created on just one side of the
brainstem.??>8% This can be achieved by com-
bining on the same vestibular nucleus neuron,
monosynaptic excitatory inputs from one popu-
lation of hair cells on one side of the striola, and
disynaptic inhibitory inputs from another pop-
ulation of hair cells on the other side of the stri-
ola. This is called cross-striolar inhibition.

As described previously, vestibular nucleus
neurons encode a range of sensory and motor
signals: vestibular, ocular motor, visual, and
somatosensory. Head velocity, the primary
vestibular signal, is still present, but eye posi-
tion is also encoded neurally. The presence of
eye position signals on vestibular nucleus neu-
rons reflects the crucial role played by the
NPH-MVN region in gaze holding (neural inte-
gration of velocity-coded to position-coded sig-
nals); this role is discussed further in Chapter 5.

One must ask why there are so many differ-
ent cell types within the vestibular nuclei, and
why they each may carry multiple signals in
varying proportions. Part of the answer relates
to the complexity of the processing within the
vestibular nuclei: inputs from the otoliths and

semicircular canals are combined with visual
and other sensory inputs within the brainstem
to create a ‘best estimate’, using all available
information, as to the orientation of the body
and its motion within the environment. One
part of this task is to decipher the source of any
imposed linear acceleration: Am I translating
or am [ tilted? And the correct response must
then be elaborated based upon where the eyes
are in the orbit and the depth and location of
the point of regard relative to each orbit.
Indeed, much of the complexity arises from
requirements related to the t-VOR. In the past
few yeary some order has emerged, based
upon combining the results from single unit
recordings in the vestibular nuclei during dif-
ferent patterns of motion, with novel computa-
tional models of how the different signals must
interact, H:344,345.692911

A neural network approach also has been
used to account for the diversity of signals
encountered in the vestibular nuclei.? The
essence of this idea is that the central nervous
system adjusts the activity of an ensemble of
neurons for optimal vestibular performance
even though there can be considerable vari-
ability amongst individual neurons as to exactly
what signals they carry and to which head rota-
tions they respond optimally.® The attractive
feature of such a model is that it is able to pre-
dict and account for the seemingly paradoxical
finding of individual neurons that carry veloc-
ity signals for movement in one direction, and
position signals for movement in another.

The Velocity-Storage Mechanism

Vestibular neurons respond to sustained rota-
tional stimuli with an initial increment in dis-
charge rate that declines exponentially with
the same time constant as the ~VOR (15 sec-
onds), not as the cupula or vestibular nerve
(6 seconds). So, as early in the pathway as the
vestibular nucleus, the performance of the
r-VOR has been improved. This central phe-
nomenon, by which the raw vestibular signal is
prolonged or perseverated, is accomplished by
the velocity-storage mechanism. It improves
the ability of the -VOR to transduce the low-
frequency components of head rotation.%
During sustained (low-frequency) rotations,
the velocity-storage mechanisms also function

to realign the axis of eye velocity with the

direction of gravito-inertial acceleration
(which usually calls for slow phases in a plane
close to earth-horizontal). This effect, while
seen in humans for small angles of lateral head
tilt, is much more pronounced in monkeys.!®
21,296,280.282.327.6926%4 Another related, and per-
haps more fundamental, role for the velocity-
storage mechanism may be in distinguishing
tilt from translation so that the vestibular sys-
tem can generate an appropriate t-VOR.
Angelaki and Green have proposed a model for
processing of linear acceleration signals, which
has as a key component a head-velocity to
head-position integrator used in distinguishing
tilt from translation. It has been suggested that
this integrator is identical to the velocity-
storage integrator that determines the time
constant of the -VOR, though this remains to
be proven 1334344343

As noted above the vestibular commissure
seems to be important for velocity storage. If it
is sectioned, velocity storage is abolished. 412461
Presumably interruption of pathways connect-
ing the central portions of both MVN—
the putative site for the generation of velocity
storage—is responsible. Optokinetic after-
nystagmus (OKAN), the decaying after response
that is seen when a subject is placed in dark-
ness following sustained optokinetic stimula-
tion; the bias component of off-vertical axis
rotation (OVAR), discussed in the next para-
graph; and the modulation of the direction and
time constant of the -VOR with changes in
head orientation, are also lost after section of
the vestibular commissure.?® Thus, without
velocity storage, the -VOR generates slow
phases in a head-coordinate system, regardless
of the direction of gravito-inertial acceleration.
Presumably, the ability to distinguish tilt from
translation would also be lost after interrup-
tion of the vestibular commissure. Although
achieved by central vestibular connections,
velocity storage depends upon the tonic dis-
charge of the vestibular nerves;!8" section of
one vestibular nerve shortens the time con-
stant of the r-VOR. Because optokinetic signals
also are processed in this same velocity-storage
mechanism, bilateral vestibular nerve section
abolishes OKAN.18894 Visual fixation of a full-
field, earth-stationary surround for even a few
seconds largely discharges or nullifies activity
within the velocity-storage mechanism.!858%
Ablation of the cerebellar nodulus and uvula
(see Box 12-3 in Chapter 12) maximizes veloc-
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ity storage, except perhaps when torsion is
stimulated.'"846 Stimulation of the nodulus and
parts of the ventral uvula discharge velocity
storage, sometimes asymmetrically.”®® The
velocity-storage mechanism can also be influ-
enced by cervical inputs.®® The velocity-
storage mechanism is suppressed by baclofen;
presumably it mimicks the inhibitory,
GABAergic actions of Purkinje cells from the
nodulus on to the vestibular nuclei.!842262410-
412,846

Off-vertical axis rotation is the compensa-
tory response induced when a subject’s body is
rotated around its own axis when it is tilted
away from the vertical. During a constant-
velocity rotation, there is an initial response
from stimulation of the semicircular canals due
to the -VOR. As the response from the semi-
circular canals dies away, it is replaced by an
otolith-mediated response consisting of a
steady-state velocity (bias component of
OVAR) and a component that changes with the
gravity vector (modulation component of
OVAR). The bias component derives from the
velocity-storage mechanism, and the modula-
tion component from the direct otolith sig-
nal 232304.306.307.386397486.694856 A similar pattern
of response to OVAR can be obtained during
constant velocity rotation about a vertical axis
when combined with sinusoidal translation.33
Because the changing orientation of the head
with respect to gravity imposes a changing lin-
ear acceleration along the naso-occipital axis,
not only is there the modulation component of
slow-phase velocity, but also a sinusoidal mod-
ulation of the vergence angle as a function of
head position with respect to gravity.22"
Bilateral lesions of vestibular nerve afferents
abolish  continuous nystagmus during
OVAR.'" Unilateral lesions lead to asymme-
tries in the modulation component.**! Lesions
of the nodulus affect the bias companent of
OVAR by virtue of its influence on the velocity-
storage mechanism.1®%* Patients with cerebel-
lar ataxia may have an increased modulation
component but an abnormal bias response.!!
Patients with brain stem lesions, too, may show
different patterns of OVAR, with abnormalities
in the bias component with caudal lesions and
abnormalities in the modulation component
with more rostral lesions.5!! Finally, age also
has an effect on OVAR with a relative increase
in the modulation component and relative
decrease in the bias component.30+306
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NEURAL SUBSTRATE FOR
OPTOKINETIC RESPONSES

Both smooth pursuit and optokinetic systems
contribute to the stabilization of images of sta-
tionary objects during head rotations. In
humans, the optokinetic response to a full-
field, moving visual stimulus has two stages:
first, the prompt generation of nystagmus
within 1 to 2 seconds of stimulus onset, with
slow-phase velocity approximating stimulus
velocity. This initial response mainly reflects
smooth pursuit. Second, there is a slower
buildup of “stored” neural activity. This activity
is revealed as OKAN when the subject is
placed in darkness.

In monkeys, vestibular nucleus neurons that
respond to head rotation also are driven by
optokinetic stimuli (Fig. 2-5).3%88 Moreover,
when the lights are turned off after a period of
optokinetic stimulation, the vestibular nucleus
neurons continue discharging for some sec-
onds;**7 this is the neurophysiological correlate
for OKAN. Vestibular nucleus neurons only
respond well to low-frequency visual stimuli, in
agreement with the demands made of the
optokinetic system in replacing the r-VOR dur-
ing sustained rotation."® Thus, during com-
bined vestibular and optokinetic stimulation—
which occurs during the natural situation of
self-rotation—as the vestibular drive declines,
the optokinetic input takes over and maintains
a steady vestibular discharge that continues to
generate compensatory eye movements (Fig.
2-5B). Thus the importance of testing OKAN
is that it allows one to assay activity within the
vestibular nuclei without employing any
motion of the head. The neural substrate for
OKN, and especially the nucleus of the optic
tract (NOT) and accessory optic nuclei (AON),
are discussed further in Chapter 4.

QUANTITATIVE ASPECTS
OF THE VESTIBULAR-
OPTOKINETIC SYSTEM

A quantitative description of any type of con-
trol system compares the output with a known
input. Here we compare induced eye move-
ments with head movements, using three
important characteristics: (1) the ratio of
amplitudes of the output and input (VOR
gain); (2) the angle between the axis of head
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Figure 2-5. The response of a type I vestibular nucleus
neuron of the alert rhesus monkey to vestibular and opto-
kinetic stimulation. In each panel, instantaneous discharge
rate (ordinate) i§ plotted against time (abscissa). Below
each panel, the direction and magnitude of the stimulus is
indicated (60 degrees per second). (A) The monkey is
rotated in darkness. The initial vestibular response
declines (to parallel the decline of per-rotatory nystagmus;
see Figs. 1-4 and 2-7). (B) The monkey is rotated in the
light. This time the neuron’s response is sustained during
the period of rotation. (C) The monkey sits stationary
within a rotating optokinetic drum. This visual stimulus
causes a sustained response of the same vestibular nucleus.
(From Waespe and Henn®® with kind permission of
Springer Science and Business Media.)

rotation and the axis of eye rotation (VOR
direction); and (3) the temporal synchrony
between the output and input (described by
VOR phase or VOR time constant). We assume
here that, to a first approximation, the VOR
can be treated as a linear control system. In
this case, transient and sinusoidal stimuli give
rise to responses that are equivalent in terms of
the mathematical information they reveal
about the dynamic characteristics of a particu-
lar system. There are, however, important non-
linearities in the VOR, especially at high
velocities, high accelerations, and at frequen-
cies outside the usual range of natural head

movements. These nonlinearities have impor-
tant clinical and physiological implications.

vestibulo-Ocular Reflex Gain,
Direction, and Phase: General
Characteristics

For the -VOR, gain is given by the ratio of
amplitude of eye rotation to amplitude of head
rotation. For sine-wave stimuli (i.e., sinusoidal
rotation of a subject in darkness, Fig. 2-6A),
gain is usually calculated from peak slow-phase
eye velocity/peak head velocity (Fig. 2-6B).
The temporal difference between output and
input is described by phase. Using sine-wave
stimuli, the phase of eye and head movements
may be compared (Fig. 2-6B); the difference
(or phase shift) is expressed in degrees. For the
frequencies of head rotation that correspond
to most natural head rotations (0.5 cycles/
second — 5.0 cycles/second), gain is close to 1.0
and phase shift is close to 180 degrees: equal-
sized eye movements and head movements
occur synchronously in opposite directions.
By convention, the gain of the r-VOR that
perfectly compensates for head rotations is
assigned a value of 1.0, and the phase that

perfectly compensates for head rotations is
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assigned a value of 0 degrees. For lower fre-
quencies of rotation (less than 0.01 cycle/
second), a shift in phase occurs and gain falls;
this reflects the inability of the -VOR to com-
pensate for more sustained head rotations that
contain low-frequency components. The ways
that gain and phase change with different stim-
ulus frequencies can be represented graphi-
cally, as a Bode plot (Fig. 2-6C).

Recent studies in the squirrel monkey have
suggested that the phase and gain characteris-
tics of the -VOR can be best modeled with
parallel linear (tonic) and nonlinear (phasic)
pathways.?3 At higher frequencies of head
rotation the gain of the r-VOR rises when
velocity is above 20 degrees/second and this
has been attributed to the actions of the non-
linear pathway. Likewise, the nonlinear path-
way may mediate changes in the r-VOR for
near viewing 5 and in adaptive changes in the
r-VOR for higher frequency and higher veloc-
ity stimuli.!8118249L492843 Ty the rhesus monkey,
however, while there are also parallel phasic
and tonic pathways, there is no evidence for a
comparable nonlinearity to that of the squirrel
monkey.*?! There is other evidence for parallel
r-VOR pathways based upon studies of adapta-
tion of the VOR.®®! The r-VOR in humans has
also been modeled with parallel phasic and
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Figure 2-6. Quantitative evaluation of the vestibulo-ocular reflex using sinusoidal rotation in darkness. (A) A typical record
of the VOR during sinusoidal rotation at 0.5 Hz. The subject is imagining the location of an earth-fixed target.
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Figure 2-6. (Continued) (B) Schematic summary of vestibulo-ocular reflex during sinusoidal stimulation, as shown in (A).
The graph on the left shows characteristics of the stimulus (head velocity) and the graph on the right shows the response
(slow-phase eye velocity, quick-phases having been disregarded). R = right; L = left; t = time. In this case, vestibulo-
ocular reflex gain is 1.0 and the phase difference between eye velocity and head velocity is 180° (by convention, this is
referred to as “zero phase shift”). The dashed curve on the right represents head velocity. (C) A Bode diagram of the
vestibulo-ocular reflex showing the idealized behavior of gain and phase with varying stimulus frequencies. Note that for
the frequency range of most natural head rotations (0.5-5.0 Hz), gain is 1.0 and phase shift is zero degrees.
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tonic Pathways though the nature of any non-
linearity in the phasic pathway is as yet
unclear.1%36% An attractive, but not yet proven
hypothesis is that the tonic (linear) and phasic
(possibly with a nonlinearity) pathways corre-
spond, at least in part, to the regular (tonic)
and irregular (phasic) afferents, and to the type
A and type B neurons within the vestibular
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ness, vestibular eye movements (slow phases of
nystagmus) progressively decline in velocity,
and after about 30 to 45 seconds, the eye
movements cease (see Fig. 1-6). The time
course of the decline of slow-phase velocity is
similar to a decaying exponential curve that
can be defined by a time constant (Fig. 2-7).
After one time constant, eye velocity has

declined to 37% of its initial value; after three
time constants, eye movements have nearly
stopped. The time constant is mathematically
related to the phase of the -VOR observed
during low-frequency sinusoidal stimulation:
the larger the time constant, the less the dif-

nuclei, respectively (see above).

For sustained, constant velocity rotation
(also called velocity steps or impulsive stimuli
(i.e., an impulse of acceleration)), gain is usu-
ally calculated from initial eye velocity/head

velocity. With such sustained rotations in dark-
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Figure 2-7. Schematic summary of vestibular-optokinetic interaction occurring in response to velocity-step (“impulsive”
or constant velocity) rotations. Graphs on the left show characteristics of the stimulus (head velocity during rotation or
drum velocity during optokinetic stimulation); graphs on the right show the responses (slow-phase eye velocity, qulck-
phases having been removed). R = right; L = left; t = time. In the top panel, constant-velocity rotation to the left in the
dark produces slow-phase movements to the right (per-rotatory nystagmus, RN} with initial eye velocities equal to head
velocity (VOR gain = 1.0). Slow-phase velocity subsequently declines. This decline may be approximated by a negative
exponential with a time constant, T, given by the time taken for a 63% decline in eye velocity. When rotation stops, nys-
tagmus starts in the opposite direction (post-rotatory nystagmus, PRN). In the middle panel, an optokinetic stimulus (drum
rotation to the right) causes a sustained optokinetic nystagmus (OKN), with slow-phases to the right during the entire
period of stimulation. When the lights are turned off during stimulation, eye movements do not stop immediately but per-
sist as optokinetic after-nystagmus (OKAN). In the lower panel, the subject is rotated in the light (natural situation of self-
rotation). This gives a combined vestibular and optokinetic stimulus. The response is a sustained nystagmus. When the
chair stops rotating, eye movements stop nearly completely: post-rotatory nystagmus is suppressed by the oppositely
directed optokinetic after-nystagmus and by visual fixation of the stationary world.
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ference in phase between the head and eye at
a given frequency and, hence, the better the
compensation. The- latency of the ~VOR is
about 7 to 15 ms.

DETERMINANTS OF VESTIBULO-
OCULAR REFLEX GAIN:
ROTATIONAL VESTIBULO-
OCULAR REFLEX

The gain and time constant of the human r
VOR are influenced by many factors, so nor-
mal ranges vary considerably. The torsional
VOR, in response to roll rotation, has a lower
mean gain value, typically 0.5, than the hori-
zontal or vertical VOR to yaw or pitch rotations
and can be influenced by the relative position
of the roll axis and the gravity vector.™®0%
355,572,5750,658,656,720,721,735,736,819821" The rVOR
measured in the light—the natural circum-
stance—may be more accurate (gain and axis
of eye rotation) in the light than the dark, even
at high frequencies of head rotation when
visual following mechanisms are thought to be
ineffective,235.281,381,550

During natural activities such as locomotion,
the frequencies of rotational head perturba-
tions may be greater than 5.0 Hz.%7
Measurements of the gain of the -VOR with
high frequency or brief, high acceleration stim-
uli have suggested that gain of the r-VOR is
slightly less than 1.0 until frequencies of about
2 to 4 Hz and then rises to values of 1.0 or even
higher at higher frequencies.?*™* In response
to transient stimuli the acceleration and veloc-
ity gains approach 1.0 early on, though there is
a confounding effect of translation of the globe
in the orbit, which may lead to a brief ‘zero’
latency anticompensatory response.1% There is
also a slight difference in latency between the
two eyes with the adducting eye lagging the
abducting eye by about 1 ms. This difference
presumably reflects the presence of an extra
neuron (the abducens internuclear neuron) in
the pathway to the medial rectus.

Target Proximity

One important factor is that the gain of the
VOR during head motion is affected by the
proximity of the target (or imagined target) of
interest. During viewing of a near target, the
brain must compensate not only for the rota-
tion of the head but also for the lateral or ver-

tical displacement (translation) of the orbits
(Fig. 7-7, Chapter 7). Consequently, the gain
of the VOR for yaw or pitch axis rotation
increases during viewing of a near object.?%
202381.405572575,635836 The perception of distance
may be more important than the fixation dis-
tance based on vergence angle or on the actual

target distance itself;!™38L57 this is another

piece of evidence for the relatively strong

influence of higher-level cognitive control of
adjustment of the gain of the t-VOR for trans-
lation of the head.®? The exception to an
adjustment for near viewing is the gain of the
roll VOR, which elicits torsion. and hence
requires no change for near viewing. In fact, as
discussed previously, there is some evidence
that the gain of the roll VOR decreases at near
to eliminate problems related to potential ver-
tical misalignment of the eyes 84243413572

Mental Set

A second important determinant of the gain of
the VOR, particularly when measured during
rotation in darkness, is the mental set or imag-
ined percegt that the subject chooses during
rotation. ™981-44659039L638 Tf the subject imag-
ines fixation of an earth-fixed visual scene dur-
ing low-amplitude and low-frequency sinusoidal
rotation, the gain of the -VOR increases to
approximately 1.0. On the other hand, if the
subject imagines a visual stimulus that moves
with the head, then the gain of the -VOR
declines to about 0.1. Finally, if the subject
makes no attempt to imagine a visual stimulus
but is distracted by performing mental arith-
metic, the gain of the -VOR is intermediate
between these two extremes.™ This voluntary
control of the gain of the -VOR is most effec-
tive during lower-frequency head rotations. If
the subject daydreams or closes the eyes, the
gain of the r-VOR is variable and low; thus it is
important to keep the subject alert, such as by
asking the subject to vocalize during vestibular
testing, 336572

Active Versus Passive Head Rotation

While the passively induced r-VOR is close to
compensatory over a relatively wide range of
frequencies and velocities, active head rota-
tions around the pitch and yaw axes still lead to
a more faithful response, taking into account
viewing distance and the different needs of

both eyes related to translation of_ the orbits
relative to the point of regard.*>® On the
other hand, active head rotation around the
roll axis still leads to an undercompensatory
torsional VOR response. This might be due to
a relative lack of exposure to pure roll rotations
during natural behavior, the relative unimpor-
tance of torsional retinal slip in the retinal
periphery, and the need to prevent vertical
misalignment dun'n_g rotation in roll when the
eves are converged.>®® The gain of the -VOR is
also enhanced by a prior eye movement,*
light, per se,”% and by predict_iye mechanisms
during sinusoidal rotation. %7 Clearly, many
factors can confound the interpretation of
whether or not the gain of the VOR in a given
subject under a given set of circumstances is
normal.

Changes with Age

The VOR also changes with age. The elderly
show a decrease in gain, predominantly at low
frequencies of stimulation and high speeds of
rotation. This is associated with increasing
phase lead (i.e., a lower -VOR time con-
stant) 565631659860 These changes in the -VOR
are probably related to the senescence of the
velocity-storage mechanism and age-related
loss of neurons within the vestibular sys-
tem 51871 There are also age-related changes
in OVAR.3™ Higher gains of the -VOR have
been reported in normal children, though
OKN gains were equivalent to those for
adults.” With head impulses in the elderly
there are also changes in the ~VOR,; initially
the response is normal but it fades quickly.5%

DETERMINANTS OF VESTIBULO-
OCULAR REFLEX GAIN:
TRANSLATIONAL VESTIBULO-
OCULAR REFLEX

A number of investigators have measured the
t-VOR response of human subjects to lateral
motion, 49.67.144,203,323,324638,682,683,728,750  The

results are largely in accord with findings in
monkeys 28547577.6386078794 Al studies show
that compensatory slow phases are a linear
function of the reciprocal of the viewing dis-
tance, though humans tend to have a lower gain
than monkeys (i.e., the movements are not
truly compensatory). One possible explanation
for the difference in the gain between the two
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species is that the various cues used to estimate
the distance of the target of interest are
weighted differently by monkeys and humans.
Vergence and accommodation may be rela-
tively more important for monkeys; size and
other cognitive cues to distance may be more
important for humans 3154179301 747,794570
Another reason for an undercompensatory
response of the human t-VOR is that the com-
pensatory response to a given head translation
depends critically upon the relationship of the
position of the eyes in the orbit relative to the
location and motion of the target relative to
the head (see below). For example, during
surge (fore and aft) translations the eye move-
ment response is very different depending
upon whether one is looking straight ahead
(when vergence is called for) or when one is
looking eccentrically (when there must be a
large, nearly conjugate, horizontal or vertical
component). Thus, it may be advantageous to
keep the baseline t-VOR relatively low so the
reflex can be adjusted up or down more easily
depending upon viewing requirements.%52653
Vergence cues may also be more important for
adjusting the +-VOR gain for distance when the
frequency of the stimulus is higher.835.79
Mental set and context probably play important
roles in “preparing” the anticipated response to ~
head translation.%®* Indeed without the knowl-
edge of whether the fixation point is going to be
head fixed or space fixed, the t-VOR behaves
differently than with the usual space-fixed tar-
get in which the t-VOR is traditionally tested.
Because of the general undercompensatory
nature of the t-VOR saccades become an
important part of the response, being triggered
automatically and scaling in a similar way to the
slow-phase response. Thus, as is the case for
the -VOR when it is made undercompensatory
by disease, the vestibular system uses the full
ocular motor repertoire in the attempt to opti-
mize vision during head motion. Finally, the
gain of the actively generated t-VOR is much
closer to ideal than is the response to passive
translations, even in normal subjects.>®

Influences of Direction of Gaze

As indicated above the response of the t-VOR
critically depends on where the eyes are point-
ing (i.e., their positions in the orbit). The cor-
rect axis of eye rotation for a given direction of
head translation must be calculated, so, for
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example, during naso-occipital motion, if the
eyes are pointing upward, a vertical eye rota-
tion is called for, but'if the eyes are pointing to
the side a horizontal eye rotation is called for.
Depending upon whether gaze is up or down,
or right or left, the direction of the eye move-
ment will reverse. In addition, disconjugate
eye movements may be needed (for example,
during horizontal translation when the target
of interest is off to the side), and even disjunc-
tive eye movements—convergence and diver-
gence—are required during naso-occipital
translation when looking straight ahead.>"6%:
684765803813 The Jatency of the t-VOR in humans
may be influenced by mental set, context, and
viewing distance, especially at lower frequen-
cies. For abrupt, high acceleration stimuli the
latency is less than 20 ms.5828% The compensa-
tory responses to vertical (bob, up-down) linear
accelerations are subject to viewing distance in
a way similar to the horizontal t-VOR.%* In
monkeys, the latencies of the vertical and hor-
izontal t-VOR are about 12 to 18 ms.?155.728
Several important questions about how
otolith signals are processed to produce
responses to linear acceleration are unan-
swered. First, the brain must distinguish linear
acceleration associated with lateral tilt of the
head, which calls for a static change in torsion
or ocular counterroll, from linear acceleration

associated with translation of the head, which
calls for horizontal (to interaural translation) or
vertical (to dorsal-ventral translation) slow
phases. Inappropriate torsion occurs during
interaural translation,3® especially at low fre-
quencies of translation.”* Thus, the frequency
of the stimulus may be one important cue,
because in natural circumstances, relatively
high-frequency stimulation of the otoliths is
usually associated with translation, and rela-
tively low-frequency stimulation with head
tilt.20637.640.794 A model incorporating this idea
is presented in Figure 2-8. There are other
importank factors, however. The static orienta-
tion of the head relative to gravity, on which an
additional (translational) linear acceleration is
imposed, can also influence whether inappro-
priate torsion occurs in response to translation,
and whether it is conjugate.33:501.562

Recent work, using both intact and canal-
plugged animals, with patterns of canal and
otolith stimulation (roll-tilt and translation)
that allow one to isolate the canal and otolith
inputs to the t-VOR, has emphasized the
importance of contextual cues from simultane-
ous semicircular canal activation during otolith
stimulation.?®3* For example, the activation of
the vertical canals in association with activation
of the otoliths during lateral head tilt and not

in association with activation of the otoliths

vergence
Translational LVOR [©®=
h igh- -
e e e
| 4 torsional >
/\
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Figure 2-8. A model of the translational vestibulo-ocular reflex for lateral (IA, interaural) head acceleration. Pathways for
the L-VOR (linear VOR) are shown. The tilt pathway contains a low-pass filter and scaling (G,,) to produce ocular coun-
terroll. The translational pathway includes a mathematical integration (acceleration-to-velocity) and a high-pass filter

before splitting into two subpathways, one with a gain element (G2,

o) that accounts for the response at zero vergence (an

offset term, since theoretically no t-VOR is required when viewing is at optical infinity and vergence is zero), and another
with a gain element (G1,_ ) and a multiplier by which a “vergence command” signal is used to modulate response ampli-
tude (which accounts for the slope of t-VOR gain as a function of vergence (i.e., viewing distance)). The summed output
of these two subpathways (which is a velocity signal) is passed to a second integrator (the classic velocity-to-position inte-
grator for conjugate eye movements) that generates the signal to control eye position. § is the Laplace transform operator.
(Reproduced with permission of the American Physiological Society from Telford, Seidman, and Paige.™)
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Figure 2-9. A model of the vestibulo-ccular reflex using an orientation detector based upon signals from the semicircu-
lar canals to resolve tilt and translation. Inputs to the model are angular head velocity (@}, sensed by the semicircular canals
C(s) and linear acceleration {@}, sensed by the otolith organs O(s). Output of the model is eye position E Boxes in the
schematic are dynamic elements that represent either a sensor [C(s) and O(s)], the motor plant [P(s)], or a neural filtering
process [NI;(s), N 1,(s)]. Two central filtering processes include the “oculomotor integrator” [NI,(s)] and an integrative net-
work for the canal signals [NI,(s)] that could be the velocity-storage integrator. Circles are summing junctions used to rep-
resent particular cell populations including vestibular-only (VO) cells, VO, and VO,, that mediate sensory signal flow in the
RVOR and TVOR pathways, respectively, premotor eye-movement-sensitive (EM) neurons and motoneurons (Mn). Circle
labeled with an X in the schematic indicates a proposed head-orientation-dependent modulation in the coupling between
semicircular canal sensory signals and the integrative network NI,. (Reproduced with permission from Green and
Angelaki with permission of the American Physiological Society.>)

during translation can help the brain to distin-
guish head translation from tilt.1426.3435345911

Based upon the above observations several
groups have proposed new models for the
organization of the central neural circuits
underlying the generation of the t-VOR.
16,30,34,35,340346,564-566,599.637. 7432911 O new idea
relates to the processing of otolith signals by
central vestibular pathways, and the other
idea to distinguishing tilt from translation.
These ideas are summarized in a recent model
of the generation of the -VOR and t-VOR
(Fig. 2-9).1335

There are two key points. First, at least in
part, otolith and canal signals are processed
differently within central vestibular pathways.
While both are integrated centrally to produce
an eye position signal, the canal signals have a
strong direct projection to ocular motor neu-
rons (which compensates for the filtering prop-
erties of the ocular motor plant), while otolith
signals have a weaker direct projection to the
ocular motor neurons so that at high frequen-
cies of stimulation a second integration is pro-
vided by the ocular motor plant. These two
integrations allow the t-VOR to transform the
original otolith signals conveying information
about linear acceleration into the appropriate
position-coded signals for the eyes to compen-
sate for head motion. The second point relates

to how tilt and translation are distinguished.
The crucial circuit here is an orientation net-
work into which both canal and otolith signals
project. They are then multiplied and inte-
grated by a head velocity to head position inte-
grator. The output of the integrator within this
orientation network is then compared—possi-
bly on vestibular only (VO) cells—with the net
gravitoinertial acceleration as detected by the
otoliths. Using these two signals the vestibular
system can compute an internal estimate of
head translation, which then drives the t-VOR.
This model has many attractive features and
the behavior of a number of neurons within
the brain stem and cerebellum (including the
fastigial nuclei) fit the requirements of the
model 34345743
The following issues are still to be sorted
out: :
1. The effects of stimulation of the medial
versus lateral portions of the utricle on
which compensatory response is elicited,
tilt or translation ,
. The relative importance of the primary
and of the polysynaptic projections of
otolith-ocular reflexes
3. The possible role of irregular versus reg-
ular otolith afferents in distinguishing tilt
from translation
4. The specific circuits that mediate

o
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responses to tilt (which induces counter-
roll and must activate the vertical rectus
and oblique muscles) and translation
(which requires horizontal eye motion
and must activate the horizontal rectus
muscles)

5. The specific circuits that calculate and
implement the necessary adjustments to
the t-VOR response based upon the loca-
tion of the eyes in the orbit relative to the
direction of translation of the head.

Another issue relates to the role of the

smooth pursuit system in the generation of the
t-VOR 34144838752 Recall that functionally, pur-
suit and the t-VOR are complementary in the
same way as OKN and the r-VOR. It may be
that pursuit plays some role in generating the
slow phases in response to low-frequency
translations; the usual response to a natural
low-frequency linear acceleration (tilt of the
head) is ocular counterroll. High-frequency
responses to linear acceleration (translation)
probably occur independently of pursuit, as is
the case for the r-VOR during high frequencies
of head rotation.

DETERMINANTS OF VESTIBULO-
OCULAR REFLEX GAIN:
ECCENTRIC ROTATION

Transient responses to linear acceleration have
also been investigated using a paradigm in
which the axis of head rotation is placed eccen-
trically, combining linear and angular compo-
nents. Both the viewing distance and the
location of the axis of rotation relative to the
orbits must be taken into account. Results in
monkeys®6L539.166-768836 gre similar to those in
humans, 10:201,208 561,738

Studies in the monkey of the compensatory
response to an abrupt rotation, with the head
positioned eccentrically to the axis of rotation,
have shown three sequential adjustments for
viewing distance and the linear motion of the
orbits that follow the initial response.®” The
first 20 ms of the slow-phase response is inde-
pendent of viewing distance and the location of
the rotation axis. In the next 20 ms, an adjust-
ment is made for viewing distance. The next
adjustment is for translation of the otoliths and
occurs within 30 ms. The final adjustment—
within 100 ms—is for eye translation relative to
the visual target and compensates for the dif-
ference in the relative anatomic locations of

the otoliths and the orbits. Coincident with
these adjustments is an imposed disconjugacy
of the VOR, which does not become evident
until at least 10 ms after the VOR has begun.
The adjustment of the VOR for vergence angle
appears to be on the basis of an efference copy
signal of vergence or some other internal
measure of target distance, since the change in
r-VOR anticipates the vergence change by
about 50 ms.”% The substrate for the modula-
tion of the -VOR during eccentric rotation
may be, at least in part, in the flocculus of the
cerebellum.” Patients with cerebellar disease
also havéedifficulty adjusting the -VOR for
near viewing.??

In humans, the pattern of response to
eccentric rotation appears roughly simi-
1ar, 208738 though recent work has emphasized
the importance of cognitive set and prior
knowledge of to where the line of sight must
point.®2 In the first 40 ms after the onset of
rotation there is an adjustment for target dis-
tance that is independent of translation. In the
next 60 ms, an otolith-related adjustment (rel-
ative to target distance and the eccentricity of
the head from the axis of rotation), appears and
eventually masks the initial canal-related
adjustment. The VOR during eccentric rota-
tion is also adjusted during sinusoidal rota-
tion,207.351,738,838

How are the various signals from the
labyrinth during eccentric rotation combined
centrally? In the monkey, the interaction
between the angular and the linear VOR has
been studied using combinations of linear and
angular accelerations, at different frequencies,
amplitudes, and head orientations.®"9279 B
placing the head in front of or behind the cen-
ter of rotation, the t-VOR can be made to add
or subtract from the ~VOR. Overall, these data
are compatible with the idea that the VOR
during eccentric rotation is accounted for by
summation of the isolated response to a com-
parable pure translation stimulus on a linear
sled, and the isolated response to rotation with
the head centered on the axis of rotation.

In humans, the linear and angular compo-
nents of the VOR during eccentric rotation
interact in a similar way, though there is some
disagreement as to how well the interactions
can be accounted for by simple summation of
the t-VOR and r-VOR. In one study, the linear
response associated with rotation was reported

to be higher than would be predicted from

simple linear summation of the t-VOR induced
during pure translation and the -VOR induced
during head-centered rotation.'® Likewise, the
response 0 stimulation of the semicircular
canals may inappropriately dominate the linear
response and the effect of viewing distance.*?
In other studies of eccentric rotation during
yaw (horizontal) and pitch (vertical) rotation, a
linear model of canal and otolith interaction
could account for the findings.19%.199637.738 The
specifics of the neuronal processing underlying
these canal-otolith interactions remain to be
demonstrated. As discussed above several mod-
els have been presented recently that empha-
size building an internal model of head
orientation using signals from the otoliths and
the concomitant excitation of the semicircular
canals to determine whether linear acceleration
signals reflect tilt or translation,3+73363.692,694811

DETERMINANTS OF VESTIBULO-
OCULAR REFLEX GAIN: DIRECTION
AND THE AXIS OF EYE ROTATION

The direction of the r-VOR is determined by
the angle between the axes of head and eye
rotation. Not only must the amplitude of the
VOR be equal (and opposite) to that of head
rotation, but the axis of eye rotation must be
parallel to that of head rotation. If this is not
the case, there will be a misalignment of the
axes around which the eyes and head rotate
leading to inappropriately directed slow-phase
eye movements. In the past this has been
called ‘perverted” nystagmus when, for exam-
ple, caloric stimulation or horizontal head-
shaking elicits a vertical nystagmus.5%8%5 Such
vestibular axis shifts arise in several circum-
stances. One example is when the VOR pro-
duces a normal amplitude and correctly
directed response along the axis of stimulation
but with an additional inappropriately directed
component (e.g., a vertical component during
yaw axis rotation). Another example is when
the gain of one component of the VOR is dif-
ferent from that of the other during a rotation
of the head around an axis that calls for two
compensatory responses (e.g., a mixed vertical-
torsional response during rotation around an
axis perpendicular to the coplanar vertical
canals on each side, for example, right ante-
rior—left posterior (RALP), or left anterior—
right posterior (LARP)). The gain of the
torsional VOR is normally less than the gains of
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the vertical and horizontal VOR, so rotation of
the head around any axis that calls for a mixed
vertical-torsional or mixed horizontal-torsional
response will lead to misalignment of the axes
of head and eye rotation.#.384572.587.770.821

Another source of axis misalignment for the
horizontal and vertical VOR occurs when the
position of the eye is moved in a direction
orthogonal to the plane of eye rotation (e.g.,
positioning the eye up or down and then meas-
uring the horizontal VOR for rotation around
the yaw axis). If the axis of eye rotation remains
head-fixed (and does not obey Listing’s law—
see Chapter 9) there should be no-axis shift.
Indeed this non-Listing’s law strategy is opti-
mal for the -VOR as one would want the eye
to rotate around an axis exactly parallel to that
of the axis around which the head is rotating. If
Listing’s law is obeyed, however, there will be
a torsional eye velocity component that, in the
case of the horizontal VOR, is related to the
degree of vertical eccentricity in the orbit, or in
the case of the vertical VOR, to the degree of
horizontal eccentricity in the orbit. The
amount is dictated by the so-called half-angle
rule for Listing’s Law (the axis tilts by half the
angle of eccentricity). The r-VOR actually
obeys approximately a quarter-angle rule (pro-
ducing a small amount of axis misalignment)
though during the initiation of the VOR during
rapid head impulses there is controversy as to
whether or not the axis of eye rotation changes
as the head rotation continues.2046+799.802

Axis shifts also occur during sustained head
rotations (i.e., low-frequency stimuli), and
relate to the velocity-storage mechanism and
the orientation of head with respect to grav-
ity.5 The cerebellar nodulus plays a key role
in determining the axis shifts related to the
velocity-storage mechanism.1%®

For the t-VOR, slightly more than the half-
angle rule is obeyed (which is close to pbeying
Listing’s law and similar to that of puruit or
saccades), as would be expected from a reflex
that primarily serves the needs of foveal stabi-
lization and binocular vision 36:587.642,850
Another important determinant of the axis of
eye rotation during the t-VOR is the location of
the target of interest relative to the head (i.e.,
eye position in the orbit). For example, during
surge (fore and aft) translations of the head, if
the eyes are looking up, rotation around the
pitch axis is desired; if looking laterally, rota-
tion around the yaw axis; if looking straight
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ahead, a vergence movement is required.
Because the calculation of the correct axis of
eye rotation during translation of the head is so
complex, one might expect that inappropri-
ately directed eye movements during head
translation would be common in both periph-
eral and central vestibular disorders. This may
be true but has been looked at only in a few
circumstances, with cerebellar lesions and
after experimental unilateral labyrinthectomy,
for example 533901

One other issue related to the function of
the VOR and Listing’s plane is how the eyes get
back into Listing’s plane after a torsional slow-
phase response to roll VOR or roll OKN stim-
ulation. One strategy, of course, is to keep the
gain of the torsional VOR relatively low, and
this is the case.3 Vestibular-induced saccades
(i.e., quick phases) also helP reset the torsional
orientation of the eyes. 94772520

Axis shifts become even more complicated
with near viewing because Listing’s plane
undergoes a temporal shift when the eyes con-
verge.>8573585 Another source of axis shift and
disconjugacy in the horizontal VOR may relate
to the changes in the position of the horizontal
rectus connective tissues pulleys within the
orbit. These pulleys determine the axis of eye
rotation and they may change their positions on
up and down gaze.** Pulley shifts also occur
during static ocular counter-rolling and alter
the pulling directions of the vertical torsional
muscles.#*¥#Axis shifts commonly occur with
unilateral peripheral lesions#0:164209211212 and
with central, and especially cerebellar, lesions.
In the latter there often is an inappropriately
directed upward component during yaw axis
rotation, which may also be different in the two
eyes. 352853901 This “cross-axis” abnormality has
been attributed to 1) a loss of normal cerebel-
lar inhibition on anterior canal VOR pathways
and 2) a loss of the mechanism that adjusts for
the differences in pulling directions of the
oblique and rectus muscles that are innervated
by the primary connections of the VOR.

DETERMINANTS OF VESTIBULO-
OCULAR REFLEX PHASE AND
TIME CONSTANT

The time constant of the human r-VOR, using
velocity-step rotations, shows considerable
inter-subject variation, with a range typically
between 10 and 15 seconds.bL18559 As indi-

cated above, these values are greater than pre-
dicted from the mechanical properties of the
semicircular canals. Thus, the nystagmus out-
lasts the duration of the signal recorded from
the vestibular nerve. The difference represents
a prolongation or perseveration of the raw
vestibular signal by the brain, and is accom-
plished by the velocity-storage mechanism.
Factors that may cause the time constant of the
r-VOR to decline include repeated testing
(habituation),*3®  peripheral  vestibular
disease, 5™ and visual deprivation in early
life.”* Newborn babies have a time constant of
the VOR that is about 6 seconds, but adult val-
ues are attained during the first few months of
life. This change probably reflects maturation
of visual pathways, which are important for cal-
ibration of the VOR, including the develop-
ment of velocity storage.”557

Static head position can also influence the
time constant of the r-VOR though these
effects are weaker in humans than in monkeys.
Tilting of the head, forward or laterally, imme-
diately following a head rotation, reduces the
duration of post-rotational nystagmus, pro-
bably by disengaging or dumping activity in
the zelciity—sto{%agleniechaimm.105’189'282’283’692
During rotation around an earth-vertical axis,
if the head is held in a tilted position, the time
constant of the -VOR measured in the earth-
horizontal plane decreases in proportion to the
degree of head tilt. The compensatory
response has both horizontal and vertical com-
ponents of rotation with respect to the orbit.
The time constant of the two components may
differ, leading to a change in the axis of eye
rotation. 363819

Vertical vestibular responses may be asym-
metric, often (but not always) favoring upward
rather than downward slow phases.?>36.107468,
535819 Some of these asymmetries probably
arise in the vertical velocity-storage mechanism
(although this is relatively weak compared to
the horizontal -VOR), so they may appear or
change direction during low-frequency stimu-
lation (the later part of a constant-velocity rota-
tion). 140385819821 Cireularvection—an  illusory
sensation of self motion induced by purely
visual inputs—also shows an up-down asym-
metry during pitch optokinetic stimulation 3!
In monkeys and cats, there is a spontaneous
downbeat nystagmus in darkness; it may
increase as the head is tilted away from the
upright.™ In humans, there is commonly a

vertical drift in the dark, too, though in the
head~upright position, it can be either up or
down. 3 When the head is placed prone, an
upward bias is added to the spontaneous drift
resent in the upright position. In the upside-
down position normal subjects have a ‘chin-
beating’ nystagmus.*® These findings may be
related to biases in the processing of informa-
tion from the saccules (which are optimized to
detect up-down linear acceleration of the
head). Clinically, pathologic vertical nystagmus
is more commonly down-beating, perhaps
because of an inherent upward bias in the
otolith system. Alternatively, there may be an
inherent upward bias in canal pathways medi-
ating the vertical r-VOR, either at a peripheral
or central level, 13 though asymmetries in
vestibulocerebellar pathways may also lead to
an upward slow-phase bias.5316% The patho-
genesis of downbeat nystagmus is discussed
further in Chapter 10.

The time constant of the torsional VOR
during rotation about an earth-vertical axis,
with the subject’s face supine or prone, is typi-
cally 4 to 5 seconds, suggesting that there is lit-
tle velocity storage for the roll VOR.™5819

To sum up, the amplitude and direction of
compensatory VOR responses around all three
axes of rotation must be adjusted according to
the rotational and translational components of
the head movement, the point of regard (ie.,
the target of interest), the position of the eye in
the orbit, and a knowledge of the anatomic
locations of the otolith organs relative to both
orbits. Finally, any imposed linear acceleration
must be separated into its gravitational and
translational components. In addition, a num-
ber of cognitive factors come into play,
depending upon context and anticipation.
Thus, the VOR is subject to a variety of influ-
ences, making it a far more complicated reflex
than previously thought.

Optokinetic Nystagmus

Optokinetic stimulation occurs naturally dur-
ing sustained self-rotation in the light. In the
laboratory, the optokinetic system is usually
stimulated by rotating a large patterned drum
around the stationary subject. The subject
experiences a compelling sensation of self-
rotation called circularvection, even though
there is no peripheral vestibular stimula-
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tion.”™1%5%% During optokinetic stimulation in
humans (e.g., the drum rotating at 60 degrees
per second for 60 seconds, see Fig. 2-7), both
the smooth pursuit and optokinetic systems
contribute to this response. The ocular-
following reflex—a rapid full-field visual fol-
lowing response that is closely allied to the
mechanisms generating smooth pursuit—also
contributes to the early phase of optokinetic
tracking.™ At the onset of the stimulus, the
smooth pursuit system is most important and
causes eye velocity to reach its maximum
within a second or two. Typically, for stimulus
velocities less than 60 degrees per second, the
gain (eye velocity/stimulus velocity) is about
0.8.86.288831 Vertical optokinetic responses tend
to be of lower gain than horizontal responses,
and most subjects show a greater gain for
upward stimulus motion than for down-
ward 10731753539 A number of possibilities
might explain this difference including asym-
metry in otolith (saccular) inputs, vertical
semicircular canal inputs, and central process-
ing of up and down slow-phase eye move-
ments.®® If the subject actively looks at the
moving stimulus, greater eye velocities can be
achieved than if the subject passively stares at
the surround. This difference may represent
greater activation of smooth pursuit during the
former condition. The luminance of the target
is also an important factor.8® Attention to the
stimulus may be as important as the area of
retina being stimulated in determining the
optokinetic response. 156173 The gain of ver-
tical optokinetic nystagmus (OKN) is influ-
enced by binocular disparity. This finding
supports the view that the optokinetic
response is optimized for viewing of objects in
the plane of regard.*165% The effects of atten-
tion and prediction on visual tracking are dis-
cussed further in Chapter 4. Like pursuit,
OKN gain declines with age, due to a loss at
both high frequencies and high velocities. 2763
Curiously, circularvection may become
enhanced with age, perhaps reflecting greater
dependence on visual cues for orientation in
the elderly, as labyrinthine and proprioceptive
sensations become blunted.®! '

Torsional OKN can be induced by a roll
stimulus. For example, watching a revolving
disk directly in front of oneself elicits such a
response. The gain and range of torsional OKN
responses are low and depend upon size of
field, speed, and disparity 1™175.197.272417,
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424,593,843.860 Torsional OKN may be asymmetri-
cal in unilateral vestibular loss, showing a bet-
ter response when the torsional slow phases
are such that the top pole rotates toward the
impaired side. 5"

Optokinetic After-Nystagmus

An important property of the optokinetic sys-
tem is a persistence of the response after the
stimulus has ceased. During the stimulation
period, the optokinetic system effectively acts
through the velocity-storage mechanism. After
the lights are turned out, nystagmus continues
in the same direction for some seconds, with a
declining slow-phase velocity; this is called
optokinetic after-nystagmus (OKAN). The
velocity-storage mechanism that causes OKAN
is probably the same one that causes the time
constant of the -VOR to be 2 to 3 times
greater than the timé constant of the cupula of
the semicircular canals.

As can be seen in Figure 2-7, the optokinetic
and vestibular systems temporally complement
each other during and following sustained rota-
tion in the light. Thus, during rotation, as the
r-VOR declines, optokinetic responses,
supplemented by the pursuit system, take over.
When the period of self-rotation ends, OKAN
is a mechanism by which post-rotational nys-
tagmus can be counteracted.™ Overall, how-
ever, in foveate animals, visual fixation (and
smooth pursuit) are more important in nullify-
ing post-rotational nystagmus.

In humans and monkeys, the properties of
the optokinetic system can only be separated
from those of smooth pursuit by studying
OKAN. Four separate measures of OKAN are
initial eye velocity, time constant of slow-phase
decline, cumulative slow-phase eye position,
and symmetry. If all lights are turned out after
a period of optokinetic stimulation (e.g., 60
degrees per second or 150 degrees per second
for 60 seconds), initial eye velocity reflects the
persisting action of smooth pursuit, but this is
largely gone within a second, and subsequently
the initial value of OKAN can be measured.
(Typically it is 10 degrees per second.)™*5%
Maximal amounts of OKAN are produced by
relatively large values of retinal slip, in the
range of 30 to 100 degrees per second.*® By
measuring the rate of decline of slow-phase
velocity, and fitting this with a negative expo-

nential curve, the time constant of OKAN
can be determined; reported values range:
considerably, from 5 seconds to nearly 50 sec-
onds. 288488734808 Cymulative slow-phase eye
position (the sum in degrees of all the slow
phases) is another, less variable measure of
OKAN .38 Most normal subjects show less
than a 6 degrees per second difference
between rightward and leftward initial OKAN
velocities.

Because of considerable intra-subject vari-
ability in measurements of initial OKAN eye
velocity and time constant, it is necessary to
make asvmany as a dozen separate measure-
ments to obtain reliable results.®% One way of
achieving this, and avoiding prolonged and
tedious testing, is to monitor the buildup of
slow-phase velocity of OKAN during stimula-
tion, by briefly turning out the lights at inter-
vals.” This procedure is detailed further in
the section below.

Optokinetic after-nystagmus declines with
age.™ OKAN may be more prominent in
women.®® With the head upright, OKAN in
the vertical plane is usually absent and, when
present, only occurs following upward stimulus
motion.107:502.3355% These asymmetries are
affected by head tilt'® and space flight.'"'%
They are also modified in the altered-gravity
period during parabolic flight, implicating
otolith (saccule) inputs in their genesis.!""8"
There are asymmetries in the illusions of
motion in response to vertically moving opto-
kinetic stimuli that correspond to asymme-
tries in vertical optokinetic eye movement
responses.>®® Similar to vestibular testing,
repeated optokinetic stimulation can lead to
reduced duration of OKAN.** Tilting the head
forward, backward, or laterally shortens the
duration of OKAN, an effect similar to that of
head tilt on post-rotational nystagmus.5%
Fixation of a small, stationary target during
optokinetic stimulation suppresses subsequent
OKAN, 2325 though a reversal phase of OKAN
may appear if the period of stimulation is rela-
tively long.*** On the other hand, a brief period
of fixation of a stationary target following opto-
kinetic stimulation has little effect on
OKAN.25 These results suggest that fixation of
a small target may act to “switch off” visual
inputs to the velocity-storage mechanism, but
once the mechanism is “charged”, fixation has
little influence on the course of
OKAN.

Cervico-Ocular Reflex

The cervico-ocular reflex (COR), when tested
in darkness using rotation of the body under-
neath the stationary head, has a low gain at fre-

es corresponding to most natural head

enci
qu 448,716,723

rotations for normal human subjects.
Only in some infants may a higher gain be
seen, $86%7 and the gain may increase again in
old age.*® If labyrinthine function is lost due
to disease, however, the COR may increase in
gain and assume greater importance in gener-
ating compensatory eye rotations during natu-
ral head movements. 148.148.393458,723 Tpy patients
with bilateral loss of vestibular function, iso-
lated stimulation of cervical afferents during
body rotation produces both slow phases and
catch-up saccades in the same direction (i.e.,
opposite to relative head motion) to aid gaze
stabilization (see Table 7-1). If labyrinthine
function recovers, the cervico-ocular reflex
may revert to its previous low gain!® In
labyn'nthine-defective patients, and even in
normal subjects, the COR can be enhanced
when subjects are instructed to attempt to fix
upon a part of their trunk that is moving rela-
tive to the stationary head, rather than just to
keep their eyes focused on a stationary position
in space.”® The latter instruction could act to
cancel compensatory slow phases, unless there
was a perception of the head moving in space.
The COR can be actively trained in
labyrinthine-deficient patients using magnify-
ing and reducing lenses in a similar way to
adaptation of the gain of the -VOR.*® Indeed
adaptive changes in the COR can be induced
in normal subjects.5% Again, the mental set
and the perception of the subject of the con-
text in which the neck afferents are being stim-
ulated are critical in determining whether the
COR should be enhanced (if the head is per-
ceived to be moving) or decreased (if the head
is perceived to be still).3¥7 Cervico-ocular
reflexes contribute little to ocular counterroll
(with lateral tilt of the head relative to the
bf)dy) in normal subjects, but in patients with
bilateral labyrinthine loss, their contribution
can be considerable 101438666 Patients with
bilateral labyrinthine loss and coincident cere-
bellar disease may not show enhancement of
the COR, suggesting a role for the cerebellum
in this aspect of vestibular adaptation.!*s
Cervical afferents may influence the velocity-
storage mechanism; OKAN is made asymmet-
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ric during optokinetic stimulation with the
head kept turned relative to the body.#®
The COR is mediated by the same neurons in
the vestibular nuclei that underlie the VOR,
and the flocculus, too, may influence the
COR.*1322 The issue of cervical vertigo is dis-
cussed in Chapter 11.1%2

ADAPTIVE PROPERTIES OF THE
VESTIBULO-OCULAR REFLEX

The brain shows a remarkable ability to adapt*
the VOR to prevailing environmental circum-
stances. The VOR can compensate for the
effects of disease and trauma and the changes
that occur with growth and aging. From a pro-
found loss of labyrinthine function on one or
both sides to wearing a new spectacle prescrip-
tion, the VOR must detect errors in perform-
ance and correct for them. Mechanisms exist
to maintain balanced levels of tonic activity—
to prevent spontaneous nystagmus—and to
ensure calibrated compensatory responses to
head motion, so that slow phases are of the
correct amplitude, direction, and timing
(phase). Other mechanisms and strategies also
help stabilize the line of sight during head
movement; they become especially evident
when there is a loss of the peripheral vestibu-
lar signal. In this section we will discuss habit-
uation, the short-term adaptation that
produces the reversal phases of nystagmus, cal-
ibration of the VOR in response to imposed
visual-vestibular mismatches, and then recov-
ery from loss of labyrinthine function.

Vestibulo-Ocular Reflex
Habituation

Although impaired vision during head move-
ments is the basis for many adaptive changes in
the performance of the VOR, the VOR shows

* We will not make a rigid distinction here between the
terms “adaptation” and “compensation.” Usually, “zidapta-
tion” is used in a more restricted sense, to imply adjust-
ment in the basic vestibulo-ocular reflex, whereas
“compensation” is used in a larger sense, to include the
entire repertoire of ways, including substitution, predic-
tion, and other cognitive strategies, by which patients
recover from, and learn to live with, vestibular disorders.
Habituation (see below) is the phenomenon in which there
is a gradual diminution in the response to repetitions of an
identical stimulus.
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habituation (i.e., a reduction of time constant
and gain) to repetitive stimuli in complete
darkness. Habituation is most evident after
repeated constant-velocity rotations or low-fre-
quency continuous oscillations (stimuli outside
the frequency range of most natural head rota-
tions).**%1% Analogous to other sensory sys-
tems, it may contribute to eliminating the
persistent spontaneous nystagmus that follows
a unilateral labyrinthine lesion. The vestibulo-
cerebellum is involved in habituation as
removal of the nodulus prevents it.!%
Functional imaging shows widespread changes
in activation or deactivation in cerebral cortex
and subcortical structures during habituation,
which may relate to changes in the nystagmus
pattern.%% The relevance of habituation to
clinical testing is that patients previously
subjected to repetitive stimuli that contain a
low-frequency component (for example, ice
skaters who do long, high-speed spins), may
have unusually low time constants of the r-
VOR.

Short-Term Vestibulo-Ocular Reflex
Adaptation that Produces Reversal
Phases of Nystagmus

Adaptive mechanisms are also engaged by the
presence of a persistent, unchanging vestibular
stimulus. Such a stimulus almost never occurs
in natural circumstances except when there is
a lesion that creates an imbalance in vestibular
tone between the two sides. This results in a
spontaneous nystagmus. For example, with a
constant-velocity rotation, after the original
nystagmus dies out, a reversal phase of nystag-
mus may develop with slow phases in the
opposite direction (i.e., the same direction as
head rotation) (see Fig 1-6). This phenome-
non probably reflects an adaptive mechanism,
residing in both the brain stem and the periph-
eral vestibular apparatus, which has been acti-
vated by a persistent vestibular stimulus.3095%
It has a time constant of action of about 80 sec-
onds, so that its effect is completed in minutes.
One natural cause of such a persisting vestibu-
lar signal is an imbalance in the tonic levels of
activity due to a peripheral labyrinthine distur-
bance; the adaptation mechanism could help
to nullify the pathologic spontaneous nystag-
mus. Such a mechanism, however, probably

works best only for small degrees of imbalance;

after a unilateral loss of labyrinthine function,

it may take days for vestibular tone to be

brought back into balance, eliminating the
spontaneous nystagmus. Prolonged optoki-
netic stimulation also may cause ocular motor
and perceptual aftereffects that are manifesta-
tions of motion habituation.** Like per-rota-

tory or post-rotatory nystagmus, optokinetic V

after-nystagmus may be followed by a reversal
phase (OKAN II).

The adaptation mechanism producing the
reversal phases of nystagmus is particularly
prominent in infants.®® Its action may become
particulaily obvious in patients with cerebellar
lesions; it is responsible for the change in the
direction of the slow phase that characterizes
periodic alternating nystagmus (see Video
Display: Periodic Alternating Nystagmus).?®
The reversal phase of head-shaking-induced
nystagmus is another manifestation of this
same mechanism.?®

Visually Induced Adaptation
of the Vestibulo-Ocular Reflex

The VOR functions in an inherently “open-
loop” manner. Because of the brief periods and
short latencies within which it must operate,
immediate visual inputs cannot correct for
most imperfections, because of the time taken
in retinal processing. Consequently, the brain
must continuously monitor the effectiveness of
its VOR and adjust it accordingly when it mal-
functions. Longer-term adaptive capabilities,
based upon visual error signals during head

motion, must be used.

ADAPTATION TO REVERSING
PRISMS AND SPECTACLE LENSES

A dramatic example of the effects of changed
visual demands upon the VOR are the conse-
quences of viewing the world through head-
fixed optical devices such as mirrors or prisms
that laterally invert the world, left to
right.3%.336551 While wearing such devices,
head turns cause the environment to appear to
move in the same direction as head turning.
After just a few minutes of head rotation dur-
ing reversed vision, the gain of the r-VOR
(measured during rotation in darkness)
declines. Subjects also adopt strategies such as
altering the pattern of head motion or using

saccades to help stabilize gaze in this altered
visual environment.%®%® After removal of the
optical device, gain rapidly returns to its previ-
ous value. With longer periods of exposure to
visual inversion, changes in the VOR are
retained for a longer period, such as overnight.
In subjects who wear reversing prisms for 3 to
4 weeks, large changes of gain and phase occur
that actually reverse their VOR; head rotations
cause eye movements in the same direction.
Thus, the gain and phase of the r-VOR are
changed so that images are once again stable
upon the retina during head movements.
While these adaptive changes are taking place,
subjects report symptoms of motion sickness,
reflecting the conflict between vestibular and
visual cues.®*

A less extreme and more common visual
demand on the VOR is wearing a spectacle
correction. Spectacle lenses have a prismatic
effect that is called rotational magnification, to
distinguish it from the linear magnification that
produces clearly focused images. This means,
for example, that individuals who wear high-
positive lenses (e.g., for aphakic correction or
hyperopia) must rotate their eyes more when
they attempt to change their line of sight,
compared to when they are not wearing their
glasses. Similarly, they will be required to
rotate their eyes proportionally more during
rotations and translations of the head in order
to hold images steady upon the retina, com-
pared to when they are not wearing glasses.
Nearsighted (myopic) individuals who habitu-
ally wear negative spectacle lenses have lower
values for the gain of the r~VOR than far-
sighted (hyperopic) individuals, or patients
who have had their lenses removed and habit-
ually wear positive spectacle lenses.!6?
Individuals who habitually wear contact lenses
show no such changes in the gain of the -VOR;
because the contact lenses rotate with the sub-
ject’s eyes, there is no rotational magnification
effect. Adaptation of the -VOR to spectacle
correction occurs rapidly in normal subjects.
More than 50% of subjects show significant
changes in the gain of the r-VOR after wearing
telescope lenses for 15 minutes.2* Older sub-
jects are capable of developing such short-
term adaptation, but the response is
diminished.%*! Theoretically, habitually wear-
ing a spectacle correction should lead to
changes in the t-VOR but this has not been
examined experimentally.
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Changes in the gain of the r-VOR occur over
a broad frequency range and not just at the
testing frequency. With prolonged training at
one frequency of rotation, however, adaptive
gain changes are greatest at the training fre-
quency”® If subjects wear ‘2X’ magnifying
lenses for several days during natural behavior,
then an increase of the gain of the -VOR is
most evident for testing frequencies of rotation
of the head greater than 2 cycles/second.**®
With shorter periods of wearing the lenses,
however, adaptation may be greater for lower
frequencies.®® Amplitude nonlinearities, with
less adaptation at higher velocities, may
become apparent.5% There are also differences
in adaptive capabilities that can be frequency
(high or low) or direction (up or down)
dependent.*%5% Critical to understanding why
there are such differences in adaptive
responses is consideration of an important
principle of VOR, and presumably many other
types of motor adaptation: the adaptive
response is tailored to the context of the adap-
tive stimulus. Differences in how subjects
move their heads under natural circumstances
may influence the adapted response.

In addition to using optical devices, VOR
adaptation can be studied by prolonged rota-
tion of subjects while artificially manipulating
the visual surround, either across the visual
field,*™® or even in depth® One can use an
optokinetic drum that surrounds the subject,
and rotate it in phase—in the same direction as
chair rotation—to produce a decrease in the
gain of the VOR, or out of phase—opposite the
direction of chair rotation—to produce an
increase in the gain of the VOR. If the ampli-
tude of drum rotation is exactly equal to that of
the chair, the required VOR gain would be 0.0
for in-phase viewing (so-called X 0 viewing)
and 2.0 for out-of-phase viewing (so-called X 2
viewing). The usual duration for VOR training
in these types of paradigms is an hour or two,
although adaptation of the VOR can probably
be detected within minutes of the onset of the
change in the relationship between the visual
and vestibular stimuli.'® These relatively
short-term adaptation experiments probably
test only one type of vestibular adaptation,
because the learned response is not sustained
in the absence of continued stimulation. There
is also a long-term adaptive process, taking days
to weeks, rather than just minutes to hours,
which gradually supervenes and leads to a
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more enduring, resilient adaptive change.
401406,407.4582.485 Thys, one must be cautious
when extrapolating; results from these short-
term experiments to the long-term problems of
patients adapting to chronic vestibular deficits.

Adaptive capabilities have been investigated
in elderly subjects®! and at higher frequencies
(above about 0.75 Hz); their ability to increase
the gain of the -VOR adaptively is significantly
diminished. Because the r-VOR is most
needed to compensate for the high-frequency
components of head rotation, a loss of adap-
tive capability in elderly patients could acco-
unt for their more disabling and persistent
symptoms after a vestibular loss. Furthermore,
with aging, patients with deficient vestibular
responses lose some ability to substitute
corrective saccades for hypometric slow
phases 804805

CROSS-AXIS ADAPTATION OF THE
VESTIBULO-OCULAR REFLEX

A variety of paradigms have been used to
demonstrate the wide repertoire of VOR adap-
tive responses, including the ability to change
the direction, phase (timing), and amplitude of
the VOR. For example, if the head is rotated
horizontally (in yaw) while the visual display is
synchronously rotated vertically, after a train-
ing period, horizontal rotations in darkness will
produce eye movements that have a vertical
component 429 48385L727851 Gimilar adaptation
occurs with head rotation in pitch and horizon-
tal pursuit eye tracking,*® or head rotation in
yaw and torsional optokinetic stimulation.5!6
This cross-axis plasticity accords with electro-
physiological evidence that secondary neurons
in the vestibular nucleus receive inputs from
one, two, or all three pairs of semicircular
canals.?® Furthermore, during cross-axis train-
ing, neurons in the vestibular nuclei that are
normally maximally sensitive to pitch axis (ver-
tical) simulation increase their sensitivity to
yaw axis (horizontal) rotation 5™ providing a
neurophysiologic substrate for the change in
direction of the VOR. Similar considerations
apply to the fact that wearing left-right revers-
ing prisms calls for a change in the torsional
(roll) but not vertical (pitch) VOR gain. Such a
selective change in the VOR takes place even
though both torsional and vertical signals are
carried on the same vestibular afferents..9091

A matrix analysis of the problem of produc-
ing slow phases in a direction orthogonal to
head motion, or producing a change in tor-
sional gain alone has been presented by D.A.
Robinson.”3 Thus, one matrix represents
the vectors of the semicircular canals, a second
matrix represents the pulling actions of the
extraocular muscles, and a third matrix repre-
sents the strength of central connections
between vestibular neurons and ocular
motoneurons. The third matrix—the brain
stem matrix—makes the necessary adjust-
ments both for the contributions of the differ-
ent semigircular canals to the detection of the
axis of head rotation and for the different
pulling directions of the extraocular muscles
that are innervated by the primary VOR reflex
pathways. When head movements are artifi-
cially dissociated from apparent motion of the
visual environment, as described above, then a
change in the central, brain stem matrix must
occur so that, for example, vertical eye rota-
tions are coupled to horizontal head rotations,
or the torsional VOR gain is selectively
enhanced or depressed. A similar matrix analy-
sis has been developed for binocular responses
to the VOR.3%

OTHER FORMS OF VESTIBULO-
OCULAR REFLEX ADAPTATION

Other examples of VOR adaptive capabilities
include changes in dynamic characteristics
such as the phase (timing) of the VOR.3%.
480,481,667.695.69 Adaptation of the phase of the
VOR also leads to a change in the time con-
stant of the ocular motor velocity-to-position
integrator (either making it less reliable
(‘leaky’) or unstable), emphasizing the impor-
tant role of the neural gaze-holding integrator
in assuring that compensatory slow phases
have the correct phase relationships during
motion of the head !"*3148L78 Dyigeonjugate
adaptation of the r-VOR may occur in response
to a unilateral muscle palsy,5378%088 for exam-
ple, or to wearing prisms in front of one eye.527
Such a capability is especially important for a
correct compensation to the translational com-
ponent of head (orbit) motion, because the
eyes must rotate by different amounts when-
ever the point of regard is near to the subject.
The vertical and torsional VOR undergo simi-
lar adaptive adjustments as does the horizontal

hough in the case of torsion the mecha-
Xi?nljstinaygbe somewhat different.%0.SL.771.816
Otolith-ocular reflexes are also subject to
adaptive control. VOR learning acquired with
training during upright (yaw axis) rotation is
transferred to the otolith-derived modulation
component of OVARATST Similarly, there is
(inappropriate) transfer to otolith-mediated
slow-phase compensation during orthogonally
directed rotations (head-over-heels).8%* Pro-
longed centrifugation can lead to changes in
the roll (torsional) -VOR,3 though 2 hours of
static lateral head tilt (up to 34°) in monke_ys
induced no change in ocular counterrolling.
The response of the VOR to translation of tl}e
head is also under adaptive control 39147
652,737,857.869.909 Tp the absence of canal-driven
responses, otolith-ocular responses to a chang-
ing gravity vector (which can occur when rota-
tion is around an axis tilted away from the
vertical) are potentiated, leading to improved
stabilization of gaze during off-axis rotation of
the head.®

Cognitive Control of Vestibulo-
Ocular Reflex Adaptation

Although a visual stimulus (motion of images
on the retina) is the main determinant of the
pattern of these adaptive changes of the VOR,
even imagination of a visual stimulus can be
enough to bring about plastic changes in the
gain of the rVOR, although at about half the
rate that occurs when visual stimuli are used.>>
Indeed, simply imagining body rotation can
lead to compensatory slow-phase eye move-
ments.™™ Along these lines,® it has been
shown that just paying attention to, without
even looking at, the new location of a target
after a head rotation (ie., using a position
rather than a retinal image motion error), leads
to adaptive modification of the VOR. Thus,
what are usually called psychological factors—
motivation, attention, effort, and interest—
may actually play a more specific role in
promoting adaptive recovery. Even an afterim-
age placed on the retina or strobe illumination,
neither of which allow for retinal image
motion, can stimulate adaptation of the r-
VOR 300329749 There are perceptual concomi-
tants of adaptation of the VOR that accord
nicely with the ocular motor responses that are
measured in darkness.!??
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Context-Specific Vestibulo-
Ocular Adaptation

Probably one of the more critical aspects of
successful vestibular compensation in natural
circumstances is a capability for VOR adaptive
responses to be expressed on the basis of con-
text. The attitude of the head relative to grav-
ity, the position of the eye in the orbit
including the vergence angle, and the fre-
quency content and pattern of the head move-
ment are potent contextual cues for the gating
of different vestibular responses.*60.505.668.748.753,
809,866,886.885859 For example, the horizontal r-
VOR can be made to have an increased gain
when the vertical eye position is up in the
orbit, and a decreased gain when the eye is
down in the orbit,”® or the horizontal ~VOR
can be adapted selectively for different viewing
distances.®®® In other words, the brain has
mechanisms to enlist different learned vestibu-
lar responses depending upon the circum-
stances in which they must occur. This type of
adaptive capability has important clinical
implications for the programs of physical ther-
apy that are prescribed for patients with
vestibular deficits. The specific exercises
should be close to the type of stimuli that are
encountered naturally and produce symptoms
if the VOR is not working correctly.

Mechanisms of Recovery from
Lesions in the Labyrinth

Thus far, we have discussed adaptive responses
that affect the gain of the VOR symmetrically.
But a common and important clinical problem
is how the brain compensates for unilateral
labyrinthine lesions (see Box 11-1, Chapter
11). What factors influence the rate and pat-
tern of recovery from a peripheral vestibular
lesionP222:223:230.612.762,763 Here we will highlight
some key features based upon a study of exper-
imental, unilateral labyrinthectomy in mon-
keys, which illustrates how different parts of
the recovery process depend upon visual or
non-visual factors.87 In the first 24 hours
following labyrinthectomy in the monkey,
there is a head tilt and turn towards the side of
the lesion. With the head stationary, sponta-
neous nystagmus, with slow phases directed
towards the side of the lesion, is present in
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light and darkness. The nystagmus indicates a
static vestibular imbalance. The slow-phase
velocity in the dark (20 degrees per second to
60 degrees per second) is much greater than in
the light (up to 4 degrees per second), illus-
trating that visual fixation suppresses this nys-
tagmus. The velocity of the slow phases of
nystagmus declines during the next few days,
irrespective of whether the monkeys are kept
in a dark or an illuminated environment. More-
over, in monkeys that have previously under-
gone bilateral occipital lobectomy, resolution
of spontaneous nystagmus occurs at a similar
rate. Thus, recovery from the static imbalance
that follows a unilateral labyrinthine lesion
does not depend upon vision. Recovery of
static balance from unilateral labyrinthine loss
in humans may never be complete; in dark-
ness, some patients show spontaneous nystag-
mus years after their lesion. The basis of the
resolution of the spontaneous nystagmus after
a unilateral loss of function is largely a restora-
tion of activity on the side of the lesion.?2

Other factors may supervene early in the
compensation process, including, for example,
suppression of activity on the intact side.538.6%
Later during compensation, subjects may
employ strategies apart from changing the gain
of the slow-phase response, especially the use
of saccades to substitute for hypometric slow
phases 57.96632,65372.771280L A additional find-
ing after recovery from labyrinthectomy in
monkeys is an increased response to cold
caloric stimulation of the normal ear. Similar
findings have been reported in humans.*22 The
change in caloric responses may represent an
adaptive increase in vestibular nucleus sensi-
tivity on the intact side.

Recovery from the dynamic vestibular imbal-
ance that follows unilateral labyrinthectomy
depends on visual inputs; the gain of the VOR
does not increase in monkeys kept in darkness.
Moreover, monkeys that have undergone bilat-
eral occipital lobectomy before labyrinthectomy
show only a partial recovery, with little com-
pensation for high-velocity stimuli. This finding
suggests that both striate and extrastriate visual
pathways play a role in the recovery of dyna-
mic vestibular responses following unilateral
labyrinthectomy. These findings contrast with
the recovery from static vestibular imbalance,
which does not depend upon visual factors.

Presumably, the contribution of the occipital
lobes is that they transmit information about

slippage of images on the retina during heag
movements to the more caudal structures that,
in turn, use this error information to readjust
the dynamic performance of the VOR. The
nucleus of the optic tract (NOT) in the pretec-
tal region of the midbrain is one such structure
shown to be important in VOR adaptation. The
NOT receives visual information from the
cerebral cortex as well as directly from the
retina. It has a strong projection to the inferior
olive and to other brainstem nuclei that also
project to the cerebellum. Lesions in the NOT
interfere with compensation to unilateral
labyrinthectomy,” and VOR adaptation in
general. %" But the NOT does more than sim-
ply relay visual information for adaptive
changes in the VOR since lesions in the NOT
also lead to change in the baseline VOR gain.
Whether or not the NOT is important for
maintaining long-term adaptive changes is not
known but presumably that is the case. The
NOT may be the anatomical substrate by
which a’ patient with cortical blindness and
monkeys following bilateral occipital lobec-
tomy still shozx_fed at least some VOR adaptive
stantly appraised of the need for adaptive
recalibration and visual inputs are ecritical.
Even if a patient can “see” in the usual sense,
if lesions in the brainstem interfere with the
transmission of visual information to the cere-
bellum, the VOR can still become uncali-
brated** The role of the NOT in smooth
pursuit is discussed further in Chapter 4.

Recent studies have shown that recovery fol-
lowing unilateral labyrinthine lesions is less
complete when stimuli are comprised of high
accelerations or high frequencies because of
Ewald’s second law.**® Certainly some adapta-
tion does take place, requiring a recalibration
of peripheral activity coming from the intact
labyrinth. This process may use information
from irregular afferents that are part of a pha-
sic (and possibly nonlinear) pathway, which
runs in parallel with a tonic, linear pathway to
mediate the VOR_181162491,492,643

Recovery from peripheral vestibular lesions
depends in part upon the degree to which
peripheral function is spared. Plugging of indi-
vidual semicircular canals has shown that com-
pensation can be partly restored by using
information from the remaining intact canals
though residual function in the plugged semi-
circular canal may be important, t00.5%5 The

tial tuning of information from the intact
S a'ﬂ (as a function of the plane of rotation) is
Cané‘u;ted centrally so that it can provide a
ro ) ignal of rotation in a plane close to that
better sigh o] 22108,112:398
of the plugged canal. '
Vestibulo-ocular reflex adaptation and com-

ensation depend upon the integrity of a num-
ber of structures, including the cerebellum and

erhaps the vestibular commissure. After
destruction of one labyrinth, vestibular nucleus
neurons ipsilateral to the lesion are c.lnven
exclusively by the contralateral vest.lbular
nucleus, through the vestibular commissure;
this finding led to the suggestion that this struc-
ture is important in compensation from penph~
eral vestibular lesions.3! A change of neural
tone in the vestibular nucleus, however, inde-
pendent of changes in ~commissura.l gain, could
also be important.!®2%324 Sych a change of
neural tone might be achieved by the deep
cerebellar nuclei or by intrinsic factors within
the vestibular nuclei. Changes in the mem-
brane properties of vestibular neurons, and in
intrinsic pacemaker activity also may be impor-
tant in the recovery after unilateral labyrinthine
loss.5283220,341,3602506.700 A number of biochemi-
cal changes accompany adaptation; whether
they are primary or secondary is largel
unknown, 38.1672.229,230,329,330,341,3603,415,469,471 472,
506,521,526.714760.761,764905 Compensation for a
bilateral loss of labyrinthine function includes a
number of compensatory responses and strate-
gies, which are further discussed below
(Pathopysiology of Bilateral Loss of Vestibular
Function).

VESTIBULOCEREBELLAR
INFLUENCES ON THE
VESTIBULO-OCULAR REFLEX

Anatomical Pathways by Which the
Vestibulocerebellum Influences the
Vestibulo-Ocular Reflex

The vestibulocerebellum consists of the floccu-
lus, nodulus, ventral uvula, and ventral
paraflocculus. 31842 The flocculi and adjacent
paraflocculi share anatomic connections and
physiologic properties. The flocculus receives
bilateral, mossy fiber inputs, primarily from
the vestibular nuclei and nucleus prepositus
hypoglossi (NPH), but also from the pontine
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nuclei and nucleus reticularis tegmenti pontis.
The climbing fiber inputs to the flocculus are
from the dorsal cap of the contralateral inferior
olivary nucleus.*%%%0 Another input to the floc-
culus is from the cell groups of the paramedian
tracts (PMT), which may relay an efference
copy of eye movement.'®! Thus, the flocculus
receives vestibular, visual, and ocular motor
signals. In primates, the focculus probably
receives relatively few direct vestibular nerve
afferents, though the nodulus is more richly
innervated directly from the vestibular
nerve.04%0.804 The flocculus projects to the
ipsilateral vestibular nuclei, y-group, and the
basal interstitial nucleus of the cerebellum.*?
Particularly important are the floccular target
neurons (FTN) in the vestibular nuclei, which
probably play a role in vestibular adapta-
tion.%697402 These anatomical connections are
summarized in Box 6-10, in Chapter 6.

Electrophysiological Aspects of
Vestibulocerebellum Control
of the Vestibulo-Ocular Reflex

Recordings from the flocculus of alert, trained
monkeys have revealed a particular group of
Purkinje cells that do not modulate their dis-
charge during vestibular eye movements in
darkness, nor during head rotation while fixat-
ing a stationary target. Their discharge modu-
lates in relation to gaze velocity (velocity of the
eye in space) during pursuit of a moving target
with the head still nor during combined eye-
head tracking.*®® The role of these gaze-
velocity Purkinje cells in the control of eye
movements is not settled; they may play a role
both in the on-line modulation of the VOR
using visual-following reflexes, and in the long-
term changes in the VOR related to adaptation
partly via the y-group (see Box 6-8).
962,95,118,152,190,401, 402,432,182, 513,514,606, 647.636.8%¢ The
flocculus also plays a role in recovery of func-
tion after unilateral labyrinthine loss. Although
restoration of relatively small degrees of imbal-
ance between the vestibular nuclei can proba-
bly take place independently of the
flocculus,®! large amounts of spontaneous nys-
tagmus and the recovery of amplitude and
symmetry of gain during head movement
probably require the flocculus 3047043594 The
Purkinje cells in the flocculus may also partici-
pate in adjusting the gain of the -VOR or the
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t-VOR, when subjects view targets that are
close to the head.”™® Another role for the floc-
culus may be in modulating the cervico-ocular
reflex, especially in suppressing the reflex
when it would lead to image motion on the
retina.3?! The flocculus appears to have a more
prominent role in adjusting the passive, gaze-
stabilizing VOR rather than in adjusting the
VOR during active combined eye-head
changes of gaze.” Still unknown is what role
the vestibulocerebellum plays in the control of
the VOR in response to linear accelerations,
both static counterrolling and the t-VOR.

Patients with cerebellar disorders may show
deficits in the t-VOR but whether this arises
from involvement of the vestibulo-cerebellum
or other parts of the cerebellum including the
dorsal vermis is unknown. Patients with cere-
bellar deficits also show a disorder of eye align-
ment—skew deviation that changes sense with
right and left lateral gaze—which has been
interpreted as a manifestation of disturbed
processing of otolith information for static
head tilt in pitch similar to the ocular tilt
reaction (OTR) for static head tilt in roll.5% It
is possible that that the nodulus, which is
important for orienting the vector of the slow
phase of nystagmus relative to gravity during
low-frequency angular VOR responses, also
contributes to low-frequency linear VOR
responses such as head tilt. Thus eye align-
ment with head tilt might become abnormal
with nodulus lesions. Clearly our knowledge of
the role of the cerebellum in the control of
static and dynamic responses to linear acceler-
ation is meager and demands further investiga-
tion both in experimental models and human
patients with cerebellar disturbances.

Effects of Vestibulocerebellar
Lesions on the Vestibulo-
Ocular Reflex

Experimental lesions of the primate flocculus
and paraflocculus produce relatively small
changes in rotational vestibular responses; the
gain of the -VOR may be slightly higher or
lower.190:84903 Op, the other hand, the ability to
adapt the gain of the r-VOR in response to
visual demands is abolished.?**™7 Human
patients with cerebellar disease may show
abnormalities in adaptation of the -VOR;%
710883 these deficits are likely due to involve-

ment of the flocculus. Optokinetic nystagmus
and the velocity-storage mechanism are rela-
tively preserved after flocculectomy, but
smooth tracking, either with the head stll or
moving, is impaired.%3%% The output of the
gaze-holding integrator—the step of innerva-
tion—cannot be maintained when the eye is
put into an eccentric position, producing gaze-
evoked nystagmus. The step is also not
matched correctly to the amplitude of the
velocity command that moved the eye to its
new position, producing postsaccadic drift
(glissades). Little is known about the effects of
vestibulocerebellar lesions on the t-VOR.
Since pursuit is impaired, however, and there
is a close functional symbiosis between pursuit
and the t-VOR, one might expect severe
deficits in the t-VOR with vestibulocerebellar
lesions, but this remains to be shown. The
known deficits with vestibulocerebellar lesions
are summarized in Box 12-2.

Experimental lesions of the nodulus and
ventral uvula of monkeys (Box 12-3, Chapter
12) maximize horizontal velocity storage,
which increases the time constant of the hori-
zontal VOR. The lesion also prevents habitua-
tion of the VOR, impairs tilt-suppression of
post-rotatory nystagmus, disturbs the reorien-
tation” of the velocity-storage mechanism to
earth-horizontal with head tilt, alters vertical
OKAN, and causes periodic alternating nystag-
mus in darkness 104846862865 Tn monkeys, but
presumably not in humans (who show little
torsional velocity storage),”>73.736 ablation of

the nodulus and ventral uvula decreases the -

time constant of the roll (torsional) VOR.7

Role of Cerebellum in Vestibulo-
Ocular Reflex Adaptation

The exact sites and specific mechanisms
underlying the cerebellar contribution to
learning in the VOR are still uncertain.”5%.9.%.
115,152.1670.352.432,4584, 483345606686 [to proposed
that the error signal for an inadequate VOR—
drift of images on the retina—is relayed, via
the inferior olivary nucleus and climbing
fibers, to Purkinje cells in the flocculus.#04%
Based upon this visual information, and
vestibular inputs relayed by mossy fibers and
then onto the parallel fibers of granule cells,
Purkinje cells would be able to make appropri-

ate changes in the VOR via their projections to

(
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Figure 2-10. Hypothetical scheme to account for vestibulo-ocular adaptation. Head velocity (H) is transduced by the
semicircular canals (SCC) and sent to the vestibular nuclei (VN) to be relayed, via a three neuron arc, to the motoneurons
(MN), to create an equal but opposite eye velocity (E). The canal signal is relayed to the flocculus (Floc) on mossy fibers
{mf) that are axon collaterals of either first- or second-order vestibular neurons, via granule cells (ge) and their parallel-T
fibers to Purkinje cells (Pc). Retinal image motion is sensed by direction-selective cells in the retina, relayed through the
nucleus of the optic tract (NOT), to the inferior olivary nucleus (10), and thence to the Pcs on climbing fibers (cf). The Pe
project to a subset of second- or third-order cells in the VN called floccular target neurons (FTN), which also receive an
axon collateral from the cfs. The Pc’s are also thought to receive a copy of the eye velocity signal (E). According to Ito, the
error signal is carried by cfs, and the modifiable synapses are on Pe dendrites at site 1*. According to Lisberger and col-
leagues, the Pe carry the error signal and the main modifiable synapses are on FTNs at site 2*. (From Luebke and
Robinson,* with kind permission of Springer Science and Business Media.)

the vestibular nucleus (Fig. 2-10). Thus, it was
proposed that the vestibulocerebellum is the
site of a form of motor learning, due to modifi-
able synapses between parallel fibers and
Purkinje cells. Ito has proposed that this learn-
ing is due to a long-term depression (LTD) of
synaptic transmission from parallel fibers to
the Purkinje cell #3432 This synaptic change
depends upon calcium ions and glutamate
receptors, and is induced by the nearly simul-
taneous arrival of signals from climbing fibers
and parallel fibers on Purkinje cells.

Although Ito’s flocculus hypothesis has many
attractive features, it does not account for all
the experimental data in primates, including
the behavior of the so-called gaze-velocity
Purkinje cells previously discussed.511:578.6%
The “fHocculus hypothesis” does not com-
pletely account for the effects on VOR adapta-
tion of silencing the climbing fibers of the
inferior olivary nucleus with a local anesthetic,
or experimentally stimulating climbing fibers
to produce “floccular shutdown. 452 Further-
more, a critical issue in VOR learning is how
the correct relative timing between the arrival

of signals conveying information about motion
of the head, and motion of images on the retina
(the error signal), is deciphered by floccular
Purkinje cells.>!16% I jkewise there is evidence
for differential regulation of the gain of the VOR
and its dynamic properties. Low-frequency
training stimuli tend to produce frequency-
specific changes in gain; high-frequency train-
ing stimuli tend to produce changes in gain
that are relatively frequency-independent.® It
has been suggested that the frequency-specific
changes are mediated by calcium channels,
and the frequency-independent changes by
calcium-activated potassium channels.** One
source of the discrepancy between Ito’s work
and the results described in primates may be
disagreement about what the flocculus is.
Parts of what has traditionally been called the
flocculus are probably part of the ventral
paraflocculus, which may be more associated
with pursuit rather than with VOR adapta-
Hion, 431603,605,606,686,842

An alternative explanation is that the floccu-
lus, rather than being the sole site of VOR
learning, serves other functions in VOR adap-
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tation 90.11815231051L60664 T¢ could provide an
error correction signal to the neurons in the
vestibular nucleus, called the flocculus target
neurons (FTN), which would be one site of
motor learning for VOR adaptation (Figure
9.10). Perhaps adaptive changes in the ampli-
tude of the VOR would be mediated by this
mechanism. The flocculus, however, could still
be a site of learning for other types of vestibu-
lar adaptation (e.g., the response to low-
frequency training stimuli, the responses that
require a change in the timing or dynamic
response of the VOR, or in context-driven
VOR learning). The cerebellar flocculus, with
its rich sources of afferent information and
internal copies of motor commands, would be
ideally poised to gate different VOR responses
based upon the circumstances in which they
are needed.

As discussed above the flocculus plays a role
in recovery of function after unilateral
labyrinthine loss. The inferior olive, which pre-
sumably relays critical error signals to the Hoc-
culus, shows unilateral changes in mRNA
expression of brain-derived neurotrophic fac-
tor following unilateral loss of labyrinthine
function.?®

Of course, a number of other adaptive

strategies are used to compensate for a
vestibular loss, apart from adjusting the gain of
slow phase of the VOR. They include prepro-
gramming of compensatory eye movements.*
Whether or not the cerebellum is involved in
these “higher level” strategies is not known. It
has been shown, however, that when a rabbit is
exposed to sustained sinusoidal oscillation of
the head, some climbing fibers in the nodulus
of the rabbit discharge in a sinusoidal fashion
after the animal stops rotating.”™ This finding is
compatible with the idea that the cerebellum
can learn patterns of vestibular stimulation and
generate them even after the actual stimulus
has ceased.

As discussed above, many neurotransmitters
and neuropeptides have been implicated in the
process of vestibular adaptation. In the vestibu-
Jocerebellum, nitric oxide, NMDA receptors,
acetylcholine, and catecholamines appear to be
importan’c.230 Long-term depression (LTD) has
been implicated in the cerebellar contribution
to VOR adaptation and long-term potentiation
(LTP) may also be important 7753424324555
Specific transmitters may relate to the direction
(increase versus decrease) or the frequency

spectra (high versus low) of a particular adap-
tive response,lm'“‘v‘*"-’s“ﬁmfem which, at least hypo-
thetically, may relate to the behavioral
differences in adaptation related to frequency
content or direction of response (e.g., up versus
down in direction, or increase versus decrease
in arn};ﬂitude).m’673

Numerous computational models have been
proposed to account for many aspects of VOR
learning including adaptation of the phase and
gain of the VOR, and restoration of dynamic
Dalance after unilateral lesions. Many such

models;include a potential role for the cere-
beuum*é‘s,l13,315,343,407,432,511,663,677,696,786,871,392

But often lacking from these models are corre-
Jations between behavior and neural activity.

VESTIBULAR SENSATION
AND THE ROLE OF THE
CEREBRAL HEMISPHERES
IN THE VESTIBULO-
OCULAR REFLEX

Inputs from the labyrinth constitute the basis.
for a “sixth sense”.1® Thus, rotation in the dark

at a constant velocity produces a sensation of
turning that declines, as do the induced eye
movements. Similarly,

identify static tilts of the head and body.

Vestibular sensations are usually accompanied

by congruent visual and somatosensory inputs;
when conflict arises, discomfort and motion
sickness can result.}%1:* During natural activi-
ties, it is necessary to distinguish between sen-
sations due to self-motion and those due to
movement of objects in the environment. One
insight into how this is achieved is the observa-
tion that real or perceived thresholds for
detecting motion of objects in the environment
are clevated during locomotion.™ Such a
change in perceptual thresholds may con-
tribute to the ability to maintain a sense of a
stable world during locomotion, and act as an
adaptive strategy in patients with vestibular
loss and osci]lopsia.%v142'151v3‘*9v452v57°v51°-745
The vestibular syste
tant role in the perception of the positio
the head on the body, the body in space, anc}
how sensory conflicts might be resolved. 574
567568 Fyvaluation of perception, including the
sense of where the head is pointing in
ness, and the attitude of the visual or body ver:
tical may be valuable in detecting lesions in

one can detect and

yarious parts of the vestibular system, from the
Jabyrinth to the cerebral cortex.95.128296:426.427,
45;7_,510,729,828
A number of cerebral cortical areas receive
vestibular inputs and/or project to the vestibu-
Jar nuclei. S 113116296380.86796 Much has been
Jearned from functional brain imaging and cor-
tical stimulation, which have supplemented
the more traditional studies that use anatomi-
cal techniques, single-unit recordings from
awake behaving animals, and clinical studies of
the effects of lesions or seizures. 5081133238256,
269.2682,269,390,440,474,475,515,608, 7221
The vestibular nuclei project diffusely to the
Jateral and inferior portion of the ventroposte-
rior lateral thalamic nucleus (VPL), where
activity related to head rotation in darkness can
be recorded.’®” Thalamic neurons appear to
receive their major inputs from excitatory
rather than inhibitory secondary vestibular
neurons, though the inhibitory neurons are
clearly important for the VOR itself.33
Stimulation of the human thalamus during
operations for intractable pain or movement
disorders can produce sensations of move-
ment®® and lesions there can produce changes
in ce'rebral cortex activation, as reflected in
f}mc?_(_)nal imaging, during vestibular stimula-
tion.® In monkeys, projections from the VPL
pass rostrally to parietal, parieto-insular, and
frontal cortex.® These several regior;s of
v.estibular cortex include area 2v at the anterior
tip of the intraparietal sulcus, area 3av in the
lz%teral sulcus, the medial superior temporal
wsu'al area (MST), and the parieto-insular-
vestibular cortex (PIVC) deep in the Sylvian
sulcus posterior to the insular cortex. In this
last area, most of the cells are multi-modal
often‘responding to labyrinthine, visual (optoz
kinetic), proprioceptive (usually from the
neck), or somatosensory inputs from the skin.
Neurons can be excited for ipsilateral (type I)
?r contralateral (type II) rotation, as is the case
(())rt Igeur.ons in thg Yestibular nuclei.
ptokinetic and labyrinthine inputs can be
synergistic (excited for opposite directions, as
occurs during natural head rotation) or anta,go—
ril]an (excited for the same direction). Neurons
;1 saot inarry Wtl)nputs fro_m the neck and labyrinth
e ay be synergistic or antagonistic. The
. ee aforementioned cortical vestibular
neect—d_z\{’th 3a, PIVC—are strongly intercon-
hock l\lm each other and with the opposite
isphere. Area PIVC, in particular, seems to
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be a nexus for spatial orientation, as it also
receives projections from areas 3aH (hand)
6pa, Ta,b, 8a, cingulate gyrus, and the visuai
temporal Sylvian area. Recent studies have
fieﬁned further the roles of VIP (the ventral-
tﬁtragarie:sl larea) and periarcuate cortex in
. b A— X :
Circmt3§;139v7?7]?7?§,7719n this cortical vestibular
The vestibular projections to the cerebral
cortex presumably carry information for spatial
orientation, but they could also be involved in
pther aspects of vestibulo-ocular control
%ncluding carrying information for cerebral
{nﬂuences on vestibular adaptation, and in gat-
ing different vestibular responses, related to
context or anticipation of an upcoming
required motor response.*87%32 Indeed there
are strong descending projections to the
vestibular nuclei—both ipsilateral and contra-
lateral—that could mediate these effects,?96:36
and there are widespread descending p’rojec~
tions from the cerebral cortex to the vestibulo-
cerebellum that could be important in
higher-level modulation of the VOR.

In humans, multiple cortical areas receive
vestibular  signals,80-131,133,238,256,262,269,274,449,

474,475,515,589,608,781 ; imagi
Functional imaging has

shown that optokinetic stimuli activate many of
t}'lesfe same areas, again emphasizing the sym-
b}OSls between vision and labyrinthine stimula-
tion in the processing of information about
motion and spatial orientation 4821925845347
Vection—the illusory sense of motion induced
by purely visual stimuli—is likely mediated by
these same areas though there may be some
segregation between areas that mediate sen-
sations of rotation and of translation.*® The
temporal lobes have been thought to mediate
a vestibular sense, based on Penfields obser-
vation that stimulation of the superior tempo-
ral gyrus of awake patients caused sensations

of bodily displacement.5® He and others also

repoited focal seizures—vestibular or “tor-

nado” epilepsy—starting in this area, with

auras consisting of sensations of rotatidn.

Similar seizures, sometimes with epileptic nys-

tagmus (see Video Display: Disorders of Gaze

Holding), and even skew deviation, have sub-

sequently been reported in association with

focal discharges in frontal, parietal, or tempo-

ral lobes3®564547 PET and fMRI stud&as

have identified cortical areas responding to

caloric stimulation in humans. The results
largely agree with the anatomic and physiolog-
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ical studies described above (see Fig.
6-8).1161172948490 Tee water produces predomi-
nantly contralateral-activation. In addition to
the “vestibular” cortical areas described above,
the anterior cingulate cortex, insula, and puta-
men are activated during caloric stimulation.
Patients with vestibular neuritis show a similar
pattern of activation,*?® though patients with
more central vestibular nucleus lesions, such as
Wallenberg’s syndrome show different pat-
terns.”” Humans with lesions in cerebral cor-
tex (probably in a region homologous to PIVC
and nearby parietal cortex) show altered
perceptions of the subjective visual verti-
cal 128.138.3%0.71a gnd  disturbances of circu-
larvection.®275 They may occasionally have
rotational vertigo 113135240 1 esions in PIVC
also produce deficits in generating memory-
guided saccades to a previously seen target,
after the head is displaced to a new position in
the dark.** Sensations of linear motion can be
induced artificially with electrical stimulation,
and naturally during seizures, in the parame-
dian area of precuneus cortex.5™

Several important principles have emerged
from the many recent functional imaging stud-
ies of the vestibular system.80.123.133.255.262 Birgt
activation with unilateral vestibular stimulation
is asymmetric, greater in the hemisphere ipsi-
lateral to the stimulated ear. Second, there is
an overall predominance in the non-dominant
hemisphere, which is related to handedness.
This finding agrees with greater asymmetries
of vestibulo-ocular function in patients with
right hemisphere lesions,5® and the general
importance of the non-dominant hemisphere
in spatial orientation and attention and neglect.
Thirdly, there is a directional dependence; the
hemisphere ipsilateral to the fast phase of nys-
tagmus is activated more strongly. Fourthly,
vestibular stimulation not only leads to acti-
vation in some areas of cortex (e.g., parietal-
insular vestibular cortex), but also relative
deactivation in other areas of the cortex (e.g.,
bilateral occipital visual cortex). Visual stimula-
tion alone leads to a reciprocal pattern with
activation in occipital cortex and deactivation
in parietal-insular cortex. These findings sup-
port the idea of a reciprocal visual-vestibular
interaction used for spatial orientation and
motion perception, and for resolving conflicts
between incongruent sensory inputs. Finally,
there is considerable ‘cross-talk’ between the
two cerebral hemispheres, which could be

used to resolve sensory conflicts (e.g., when
one hemisphere ‘sees’ a moving visual world
and the other ‘sees’ a stationary visual world)
by adjusting the relative weights of the two
conflicting sensory inputs depending upon the
task at hand.

The large amount of new information about
the contributions of the cerebral cortex to
vestibular perception and to the control of the
VOR itself indicates that the new approaches
using functional imaging and other types of
stimulation and recording techniques are rich
and promising areas for clinical investigation.

Y

CLINICAL EXAMINATION
OF VESTIBULAR AND
OPTOKINETIC FUNCTION

General Principles for Evaluating
Vestibular Disorders

Here we apply the basic principles already dis-
cussed to the clinical and laboratory evaluation
of the patient with vestibular disease (see
Appendix A for a summary, and Video
Displays: Disorders of the Vestibular System
and Positional Nystagmus). A more systematic
treatment of specific vestibular disorders is
given in Chapter 11. The reader is referred to
neurootologic texts for details on otoscopy,
audiometry, and vestibulospinal testing 35420
We will begin by recapitulating certain impor-
tant physiologic properties that will guide the
examination.

First, to maintain steady gaze during head
rotation, the ~VOR produces eye movements
that compensate for head rotations. VOR gain
(eye velocity/head velocity) and phase (tempo-
ral relationship between input and output dur-
ing sinusoidal stimuli) are used to quantify this
reflex. Phase relationships during sinusoidal
rotations, and measurements of the time course
of decay of the response to constant-velocity
stimuli (velocity steps), provide a measure of
the time constant of the -VOR. The time con-
stant is a function of both peripheral vestibular
properties and central velocity storage.

Second, when the head of a healthy subject
is stationary, the left and right vestibular nerves
and nuclei show resting discharge rates
(vestibular tone) that are balanced. It is around
this level of tone that compensatory slow

hases are generated in response to head
motion, either rotations or translations. This is
accomplished by a ‘push-pull’ system in which
motion in one direction causes one side (the
side ipsﬂateral to head motion) to be excited
and the other side inhibited. If disease causes
a static imbalance of vestibular tone, a sponta-
neous nystagmus results (see Box 10-1, in
Chapter 10). This imbalance causes slow
phases with horizontal components directed
toward the side with lower tonic activity (quick
phases away from the side of the lesion).

Third, disease can also lead to a dynamic
imbalance during head rotation and transla-
tion. This is similar to the directional prepon-
derance of caloric testing (discussed later) and
causes, for example, an r-VOR gain greater for
head turns away from the side of the lesion
than for head turns toward it.

Fourth, vestibular deficits are more easily
appreciated with high acceleration, high veloc-
ity, and high frequency stimuli because Ewald’s
second law (excitatory stimuli are more effec-
tive than inhibitory stimuli) is most evident
when the vestibulo-ocular reflex must operate
under conditions that exceed the range in
which the normal ‘push-pull’ mechanism can
operate effectively.

Static otolith-ocular reflexes are relatively
vestigial in human beings but disturbances of
otolith pathways cause characteristic symp-
toms and signs including disturbances of the
subjective visual vertical, and skew deviation,
ocular counterroll, and head tilt.126.127.149,
268,352,362.435,633 With acute unilateral vestibular
loss, the translational VOR elicited by side-to-
side stimulation and the rotational VOR
elicited with head impulses, are both abnormal
for ipsilaterally directed head motion.5'

Both the optokinetic and smooth pursuit
systems supplement the VOR during sustained
rotations in the light so that compensatory eye
movements can be maintained as vestibular
input decays. To evaluate the optokinetic
system alone, relatively independent of pur-
suit, it is necessary to study optokinetic after-
nystagmus (OKAN) in darkness.

History-Taking in Patients with
Vestibular Disorders

Patients with vestibular disease may complain
of disequilibrium, unsteadiness, or vertigo,
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which often reflect imbalance of vestibular
tone. Vertigo is a distressing, illusory sensation
of motion (literally, turning) of self or of the
environment.'** As distinct from one’s percep-
tion of self-motion during natural locomotion,
vertigo is linked to impaired perception of
a stationary environment. The mismatch
between the actual sensory inputs and the
expected pattern of sensory stimulation with
the head stationary causes vertigo. The nature
of the vertigo may distinguish between distur-
bances of the semicircular canals and the
otoliths. Rotational vertigo connotes dis-
turbance of the semicircular canals or their
central projections, whereas sensations of body
tilt or impulsion (e.g., lateropulsion, levitation,
translation) imply a disturbance in the otolith
system.

Patients with rotational vertigo due to acute,
peripheral vestibular lesions are often uncer-
tain of the direction of their vertiginous illu-
sions. This is because their vestibular sense
indicates self-rotation in one direction, but
their eye movements (the slow phases of
vestibular nystagmus) cause visual image
movements that, when self-referred, connote
self-rotation to the opposite side. It is worth-
while to evaluate the vestibular sense alone by
asking specifically about the perceived direc-
tion of self-rotation with the eyes closed, thus
eliminating possible confounding visual stim-
uli. On the other hand, with the eyes open, one
should ask about the direction of image
motion, from which one can deduce the direc-
tion of the nystagmus. The direction of the
slow phase of nystagmus is usually reported to
be opposite to the direction of apparent
motion of the visual world.

Complaints of tilts of the perceived world or
body are often encountered in patients who
have suffered Wallenberg’s Syndrome (Lateral
Medullary Infarction). Such patients may
describe, for example, a 180-degree rotation of
the environment, so that they see the floor
where the ceiling should be; these complaints
should not be dismissed as fanciful. Again, one
should also eliminate conflicting visual stimuli
by asking about the perception of the body
when the eyes are closed.

Oscillopsia is an illusory, side-to-side or up-
and-down movement of the seen environment.
When brought on or accentuated by head
movement, it is usually of vestibular origin and
reflects an inappropriate VOR gain, direction
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or phase. Vision becomes blurred so that, for
example, fine print on grocery items can only
be detected if the patient stands still in the
store aisle. In the most severe cases, even the
transmitted pulsations of the heart may inter-
fere with vision. 3

The Clinical Examination of
Patients with Vestibular Disorders

Our strategy will be (1) to determine if any
static or dynamic vestibular imbalance is pres-
ent; (2) to determine if a change in head posi-
tion or other maneuvers will induce an
imbalance; (3) to estimate the gain and direc-
tion of the VOR. In certain circumstances we
will elicit vestibular nystagmus by rotating the
patient, and perform bedside caloric testing.
The bedside clinical tests of the vestibular sys-

tem are summarized in Table 2-3.
132,134,143,236,254,268,277,370,420

CLINICAL FINDINGS WITH STATIC
VESTIBULAR IMBALANCE

Initially inspect the eyes as the patient keeps
the head stationary and fixes upon a distant
point. Nystagmus may be present, particularly
with acute vestibular imbalance. The hallmark
of vestibular nystagmus is that it is initiated or
accentuated when fixation is removed (see Box
10-1, in Chapter 10). (The effect of removal of
fixation upon nystagmus is analogous to the
Romberg test for postural instability in which
case sway of the body increases on removal of
vision.) During gentle eye closure, nystagmus
may be seen as the lid ripples with each quick
phase, or it may be palpated through the lids.
A steady-state deviation of the eyes under
closed lids may be inferred from the appear-
ance of a corrective saccade back to primary
position when the eyes are opened (see Video
Display: Medullary Syndromes). Sometimes,
horizontal vestibular nystagmus is induced
during vertical smooth pursuit, perhaps
because a separate fixation mechanism is
turned off. In some patients, vestibular nystag-
mus is most apparent on upward gaze, perhaps
because steady fixation is more difficult.

The effect of fivation on nystagmus also can
be observed during ophthalmoscopy.3% First,
the patient fixes on a distant target with one eye
while the examiner observes the optic disc of

Table 2-3. Clinical Tests of Vestibular
Function .

Tests OF VESTIBULAR BALANCE

Static imbalance
Gaze stability —during fixation

—during ophthalmoscopy
~behind Frenzel goggles

Dynamic imbalance
Nystagmus following head-shaking

Gaze stability with rapid head turns (impulses) or
transldtions (heaves) )

Positional-induced imbalance
Positional nystagmus

Imbalance induced by other measures
Tragal pressure

Valsalva maneuvers

Hyperventilation

Mastoid vibration

Sounds

TESTS FOR ABNORMALITIES OF VESTIBULO-OCULAR GAIN

Comparison of visual acuity with head stationary
and during head shaking at above 2 Hz

Ophthalmoscopic examination during head shaking
at about 2 Hz

TEeSTING FOR VESTIBULAR NYSTAGMUS

After sustained rotation for about 45 seconds,
observation of post-rotational nystagmus, behind
Frenzel goggles

BepsiDe CALORIC TESTING

Minimal ice water caloric stimulation, with Frenzel

goggles

the other. Any drift of the optic nerve head is
noted; then the fixing eye is covered for a few
seconds in order to compare drift velocity with
and without fixation. In interpreting the find-
ings during ophthalmoscopy, it is sometimes
easier to detect nystagmus by observing the
slow-phase drifts, because the quick phases
may be infrequent. Also, because the retina is
behind the center of rotation of the eye, the
direction of horizontal and vertical movement
is the opposite of the direction seen when
viewing the front of the eye. Torsional nystag-

mus may be detected during ophthalmoscopy
if movement of the vessels around both sides of
the macula is observed; on one side, quick
hases will be directed upward and, on the
other, downward. Likewise, laterally directed
quick phases will appear that change direction
when one looks above and below the macula. A
beat of torsional nystagmus may also be elicited
in patients with a unilateral loss of function ask-
ing them to blink—the top pole of the slow
hase rotates towards the paretic ear.™
Frenzel goggles also are used to study eye
movements in the absence of fixation. The
commercially available illuminated goggles are
best, but expensive; an alternative is +20
diopter lenses mounted in a spectacle frame
and fitted with side-blinkers. The room lights
should be turned off and the lights of the gog-
gles or a pen light (illuminating one eye behind
the goggles) used to illuminate the eyes. The
patient should not fix on the illuminating light
bulbs, lest nystagmus be spuriously created by
the retinal afterimages that they produce.®
Fixation can also be removed by having the
patient look at a blank white sheet of paper
while the examiner peeks in from the side to
see the effect of removal of fixation.

CLINICAL FINDINGS WITH
DYNAMIC VESTIBULAR IMBALANCE

In patients with vestibular symptoms, a
dynamic vestibular imbalance can be elicited
relatively easily using three maneuvers: single,
rapid head turns or head ‘impulses’, sustained
head shaking, and mastoid vibration. We will
also discuss a variant of the head impulse test,
the head ‘heave’ test, to assess the function of
the utricle and the translational VOR. Examp-
les of these tests may be viewed in the Video
Display: Disorders of the Vestibular System.
A single rapid head turn—the head impulse
maneuver or head impulse test—is perhaps
the most effective method for detecting a
complete loss of labyrinthine function at the
bedside (see Video Displays: Cerebellar
Syndromes and Disorders of the Vestibular
System).37037 Ask the patient to fix upon a tar-
get, usually the examiners nose, while you
briskly turn the head from one position to
another, horizontally or vertically. The hands of
the examiner are applied over the side of the
patient’s head with the force largely being
transmitted through the bottom of the palms
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over the patient’s temples. The rotation should
not be large (less than 15°), but should be
abrupt and of high acceleration. If the
r-VOR is working normally, gaze will be held
steady; if not, a corrective saccade will be
needed at the end of the head movement to
bring the image of the target back to the fovea.
An abnormal test result is another manifesta-
tion of Ewald’s second law. In this case, high-
acceleration and/or high-frequency head
motion are not transduced as well when the
nerve is being inhibited as when it is being
excited. Hence, in the absence of one-half of a
push-pull pair of canals, the response is defec-
tive when the head is rotated toward the side
of a unilateral loss of function.

The head impulse test can also be used to
evaluate individual coplanar pairs of the verti-
cal semicircular canals using a combined verti-
cal-roll motion, 22937497 o by turning the
head (but not the trunk) to the right or left by
45° and then rotating the head in the pitch
plane relative to the body (i.e., up and down).
Just as for the horizontal canals, an Ewald’s law
for high-frequency, high-acceleration stimuli
can be used to identify loss of function of a sin-

gle vertical canal. Take for example, a complete

unilateral loss of labyrinthine function on the
left side. With the head turned to the right on
the body, the left anterior and right posterior
semicircular canals (SCC) will be maximally
excited with a pitch (relative to the body) stim-
ulus. A corrective saccade will be present with
rapid rotation of the head downwards
(impaired function of the left anterior canal).
Conversely, if the head is turned to the left on
the body, the left posterior and right anterior
SCC will be maximally excited with the pitch
stimulus and a corrective saccade will be pres-
ent with rapid rotation of the head upwards
(impaired function of the left posterior canal).

The head impulse test is best performed in
the planes of a pair of canals: right anterior, left
posterior (RALP), left anterior, right posterior
(LARP), or in the case of the lateral canals,
with the head down about 30°.726 Defects are
probably best appreciated if the stimulus
direction and amplitude is unpredictable.™®
The head impulse test is most consistently pos-
itive when there is a complete loss of
labyrinthine function involving the lateral
canal. Frequently, however, the test can be
positive with a partial loss of function, and
rarely, even in the absence of any abnormality
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on caloric testing.®” When performed as an
active test by patients who have a unilateral
loss of function, the héad impulse test may not
be positive because the slow-phase gain is
higher and also the corrective saccades occur
earlier. The corrective saccades can become
embedded in the earliest part of the response
and are completed before the head stops mov-
ing. These early, embedded saccades are diffi-
cult to discern at the bedside.®®%2? Even with
passive rotations the corrective saccades some-
times may be hard to see (see Video Display:
Disorders of the Vestibular System). This is
especially true in young subjects and subjects
who have acquired their vestibular loss slowly.
The head heave test is used to evaluate the
t-VOR. It is a variant of the head impulse test
though in this case is used to evaluate the func-
tion of the utricle (see Video Display:
Disorders of the Vestibular System). As with
the head impulse test, the hands of the exam-
iner are applied over the side of the patient’s
head with the force largely being transmitted
through the bottom of the palms over the
patient’s temples. An abrupt, high-acceleration
lateral movement of the head is imposed while
the subject is instructed to look at the exam-
iner’s nose. A corrective catch-up saccade is
looked for, which indicates the t-VOR is
hypoactive. Because normal individuals usually
show a hypoactive t-VOR and may require a
corrective saccade, the finding of an asymmet-
rical response (as occurs in the first days after
a unilateral loss of function) is most helpful.
Clinical testing for head-shaking nystagmus
is a useful method for detecting an induced
asymmetry of velocity storage that occurs after
peripheral vestibular lesions, or an actual
asymmetry in velocity storage that occurs with
central lesions,.37285,356:436.460467.657 While wear-
ing Frenzel goggles, the patient is instructed to
vigorously shake the head for 10 to 15 seconds
side to side though a large excursion is not nec-
essary. Immediately afterwards an induced
nystagmus is sought (see Video Display:
Disorders of the Vestibular System). The pro-
cedure is then repeated for vertical head shak-
ing. With unilateral, peripheral, vestibular
lesions, asymmetry of velocity storage is
induced because there is a greater peripheral
input when the head rotates toward the intact
side. (One form of Ewald’s second law dictates
that at high speeds the intact labyrinth will not

be able to decrease its discharge below zero for
head rotations toward the paretic side.) After
horizontal head shaking, patients with unilat-
eral peripheral lesions may show horizontal
nystagmus, initially with slow phases directed

toward the side of the lesion (contralateral :

quick phases). The pattern of nystagmus is
influenced by head orientation relative to
gravity,™*? as are other manifestations of the
velocity-storage mechanism such as the VOR
time constant and OKAN. After vertical head
shaking, patients with unilateral loss of
labyrinthine function may show a relatively less
prominentenystagmus with horizontal slow
phases directed away from the side of the
lesion (ipsilateral quick phases). This “cross-
coupled” response probably reflects an asym-
metry in the contribution that the posterior
semicircular canal normally makes to the hori-
zontal VOR during vertical head shaking.%* It
is important to remember that with a loss of
labyrinthine function on one side, a head-shak-
ing induced nystagmus will only occur when
there is an intact velocity-storage mechanism.
Velocity storage may be so impaired in some
patients with an acute complete loss of vestibu-
lar function on one side, or with additional
involvement on the other side, that they do not
show head-shaking nystagmus.®®® Following
circular head shaking (the patient rotates the
head in a circle, up and left, then down and
right), normal subjects produce a predomi-
nantly torsional nystagmus, which is probably a
post-rotatory nystagmus rather than a nystag-
mus arising from the velocity-storage mecha-
nism.3%63%" Hence the absence of circular
head-shaking nystagmus can be used to infer
bilateral loss of vertical canal function.
Torsional OKN may be quite asymmetrical in
unilateral vestibular loss with a better response
with the top poles of the eyes rotating toward
the paretic labyrinth 3!

Central vestibular lesions may cause inap-
propriate cross-coupling of nystagmus, usually
a prominent vertical nystagmus (especially
downbeat) after horizontal head shaking (see
Video Display: Disorders of the Vestibular
System).#67579853 This is likely related to stor-
age of inappropriate upward slow-phase activ-
ity during horizontal head shaking,which is
discharged when the head shaking stops pro-
ducing a transient down beating nystagmus. An
alternative explanation would be activation of

the vertical velocity-storage mechanism (which
has an inherent upward bias) by the horizontal
inputs per se, which would then discharge after
head shaking. In either case, baclofen, which
abolishes velocity storage,’®* should prevent
vertical nystagmus after horizontal head shak-
ing. Central lesions also may produce an asym-
metry in the horizontal velocity-storage
mechanism, which itself can produce horizon-
tal head-shaking nystagmus even though the
Peripheral vestibular inputs are balanced. (In
this case, the asymmetry of velocity storage
might be revealed by finding different time
constants for vestibular rotations in opposite
directions.)

Some patients with peripheral lesions may
show head-shaking nystagmus with ipsilateral
quick phases. The mechanism may be related
to recovery nystagmus,33® which usually refers
to a change in direction of spontaneous nystag-
mus when prior adaptive rebalancing suddenly
becomes inappropriately excessive, as periph-
eral function recovers (see below). Similarly, a
recovery in dynamic function could make prior
adaptive changes inappropriate, thus causing
an asymmetry in inputs to the velocity-storage
mechanism during head shaking. This would
cause head-shaking nystagmus in an opposite
direction to that usually seen with a peripheral
lesion. Relating the direction of head-shaking
nystagmus to the affected ear can be particu-
larly confusing in Ménigre’s syndrome in which
the direction can be related to excitation, pare-
sis, or recovery 3743

Vibration applied to the mastoid tip may also
bring out nystagmus in patients with unilateral
loss of function and occasionally in other con-
ditions such as superior canal dehiscence or
other types of fistulae 26538045557L623,654.776 Ty,
the case of a unilateral loss of function, vibra-
tion of either mastoid (because the vibration
impulses are transmitted relatively symmetri-
cally through the skull to both labyrinths) eli-
cits a nystagmus with a slow phase toward the
paretic ear, in essence acting like a hot water
caloric stimulus to the intact labyrinth.
Vibration of the neck muscles can also produce
changes in the subjective visual vertical, which
can be asymmetrical in patients with unilateral
loss of labyrinthine function.9>3% When vibra-
tion brings out a vertical nystagmus a central
lesion should be sought (see Video Display:
Disorders of the Vestibular System).

The Vestibular-Optokinetic System 69

POSITIONAL TESTING IN PATIENTS
WITH VESTIBULAR DISORDERS

Positional testing is a key part of the vestibular
examination in all patients who complain of
vestibular symptoms, since benign paroxysmal
positional vertigo (BPPV) is such a common
cause of dizziness and imbalance, especially
when induced by postural changes or turnin

over in bed.™! A distinction should be made
between a paroxysm of nystagmus induced by
rapidly placing the patient in specific head-
hanging positions (positioning nystagmus), and
nystagmus that persists while the patient is
held in a static position (positional nystagmus).

First, perform the Dix-Hallpike maneuver.
With the patient sitting, the head is turned (not
tilted) about 45° toward one side. The exam-
iner stands in front of the patient and holds the
head at the temples. After informing and reas-
suring the patient of the nature of the test, the
head, neck, and trunk are moved en bloc to a
head-hanging position (see Fig. 114, Chapter
11), about 30° below the horizontal. After the
initial positioning of the head in the upright
position, there need be little change in the
position of the head on the body, apart from
making sure the head gets below earth hori-
zontal. A variant (“side-lying”) in which the
patient turns to the side with the nose 45° away
from the tested side may be easier to tolerate
for older individuals, especially if they have
neck problems.!*! Note the eye movements in
primary position and on left and right gaze.
After about 45 seconds or earlier if any
induced nystagmus has stopped, return the
patient to the upright position and observe the
eye movements again. Repeat the whole pro-
cedure with the head rotated 45° toward the
other shoulder. Transient mixed vertical-
torsional nystagmus induced by these maneu-
vers is usually diagnostic of BPPV emanating
from the posterior semicircular canal (see
Video Display: Positional Nystagmus).

Testing for nystagmus with static changes in
head position (e.g., with the subject lying
supine, with the head turned to the right, and,
with the head turned to the left) is useful in
eliciting the horizontal nystagmus associated
with the lateral canal variant of BPPV. This
nystagmus usually changes direction with lat-
eral head turn (direction-changing nystagmus),
such that it is either always beating toward the
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earth (geotropic) or always beating away from
the earth (apogeotropic). When there is a
question of a positional nystagmus being
caused by vertebral artery compression one
can compare nystagmus induced with chang-
ing the orientation of the head with respect to
the body with nystagmus induced during en
bloc rotation of the body. Direction-changing
nystagmus can occur with either peripheral or
central vestibular lesions, 963861 hyt the lateral
canal variant of BPPV is probably the most
common cause. Some normal subjects show a
weak horizontal nystagmus with positional test-
ing in darkness. It is usually in the same direc-
tion with respect to the head (direction-fixed
nystagmus), whether the head is turned to the
left or to the right. The clinical features of
BPPV and other forms of positional nystagmus
are discussed in detail in Chapter 11.

OTHER TECHNIQUES FOR TESTING
PATIENTS WITH VESTIBULAR
SYMPTOMS

Several other clinical maneuvers may be used
to induce an inappropriate nystagmus. Tragal
compression can be used to test for a fistula, or
for abnormalities of the ossicular chain and its
connection to the oval window. A pneumatic
otoscope is a better way to apply pressure to
the tympanic membrane. The Valsalva maneu-
ver (tested against both the closed glottis and
against pinched nostrils) may produce symp-
toms and signs in patients with craniocervical
junction anomalies such as the Arnold-Chiari
malformations or with perilymph fistula or
canal dehiscence syndromes.®” A change in
direction of the nystagmus during a Valsalva
performed with pinched nostrils, versus with a
closed glottis, is characteristic of the superior
canal dehiscence syndrome. Hyperventilation
may precipitate nystagmus in patients with a
variety of lesions including compensated
peripheral lesions,™® fistulas, and compressive
lesions on the vestibular nerve®®® including
tumors (see Chapter 12, Case History:
Hyperventilation-Induced Nystagmus, and
Video Display: Disorders of the Vestibular
System). Central lesions such as abnormalities
at the craniocervical junction or demyelination
may also produce hyperventilation-induced
nystagmus. Hyperventilation may, of course,
bring out manifestations of an anxiety syn-
drome, but without any nystagmus. An

audiometer can also be used to look for sound-
induced nystagmus (the Tullio phenomenon,

see Video Display: Disorders of the Vestibular
) 580

using visual fixation, either during caloric stim-
ulation or combined eye-head tracking of a
moving target (cancellation of the VOR), isa
test of smooth pursuit (see Chapter 7). Note
that patients who have intact VOR cancellation
but impaired smooth pursuit may have a
decreased VOR response (and hence have
nothing to cancel when they track a target
moving with their head) 5™
Vestibular nystagmus can be elicited by
rotating the patient in a swivel chair at an
approximately constant velocity (per-rotatory
nystagmus). The head can be positioned to
induce nystagmus that is horizontal (head
upright), vertical (head turned to one shoul-
der), torsional (looking up at the ceiling), or
mixed vertical-torsional from a push-pull pair
of vertical canals (head turned 45° to the right
and then pitched back by 90°). If rotation is
maintained for about 45 seconds, at one revo-
lution every 3 seconds, and the chair is then
suddenly brought to a halt, post-rotational nys-
tagmus will be induced. If the patient wears
Frenzel goggles to abolish visual references,
the duration of post-rotational nystagmus can
be estimated, in each plane. The normal pres-
ence of quick phases also can be confirmed.

CLINICAL TESTS OF
VESTIBULAR GAIN

Disturbances of visual acuity due to abnormal-
ities of vestibular gain are most satisfactorily
tested by quantitative methods.?® Never-
theless, a simple assessment is possible by
measuring dynamic visual acuity during head
rotations. Ask the patient to read the optotypes
of a visual acuity card while you passively
rotate the head (horizontally, vertically, and
then in roll (ear to shoulder)) at a frequency of
about 2 cycles per second. Dynamic visual acu-
ity is more degraded by head motion when
viewing at near than at far,%2 and may diminish
with age, especially in the vertical plane.™
Encourage the patient not to stop at the turn-
around points to prevent vision of the chart as
the head slows down. If vestibular gain is
abnormal, visual acuity will deteriorate by
several lines compared with what the patient

can read with the head still. Note that roll
movements of the head do not usually lead to
a significant decrease in visual acuity when
Jabyrinthine function is lost, because foveal
acuity is relatively independent of rotation of
the eye around its visual axis. Thus, patients
with factitious symptoms may report a marked
decrease in visual acuity during roll as well as
horizontal and vertical rotation of the head.

In some patients who have an abnormal gain
of the r-VOR, it may be possible to detect cor-
rective saccades during sinusoidal head rota-
tion at a variety of frequencies (e.g., 0.5-2.0
Hz) during attempted fixation upon a target
(see Video Display: Disorders of the Vestibular
System); these saccades may be more apparent
during fixation of a near target (e.g., at 15 cm).
If the gain is too low, saccades will be directed
opposite to the movement of the head; if the
gain is too high, the converse occurs.

A more sensitive bedside assessment of the
gain of the -VOR can be made using the oph-
thalmoscope.®® While the examiner views one
optic nerve head and vessels, the patient is
asked to view a distant target and shake the
head from side to side. At frequencies greater
than about 2 cycles per second, the pursuit sys-
tem alone is unable to hold images stable upon
the retina; consequently at this frequency gaze
stability depends solely upon the VOR. The fix-
ing eye can also be covered during head shak-
ing to eliminate visual cues to pursuit. Recall
that because the retina is behind the center of
rotation of the eye, the direction of horizontal
or vertical movement is the opposite of what is
seen when viewing the front of the eye. If the
gain of the VOR is unity, then the position of
the eye with respect to the observer (eye in
space) is stable, since eye movement in the
orbit is equal and opposite to head movement
in space: the optic nerve head and retinal ves-
sels appear stationary. If the vessels or disc
appear to move opposite to the direction of the
head, then the reflex is hypoactive (gain less
than 1.0); if they move in the same direction,
then the reflex is hyperactive (gain greater than
1.0). If the nerve head drifts in the same direc-
tion regardless of the direction of head move-
ment, there is a directional preponderance
caused by vestibular imbalance. In the uncon-
scious patient, visual systems are in abeyance,
and once again the vestibular system can be
studied in isolation, using rapid head turns or
the ophthalmoscope test (see also Chapter 12).
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Recall that patients who habitually wear a
spectacle correction may adaptively change the
gain of their VOR. The results of the ophthal-
moscope test must be interpreted accordingly:
the gain goes up with a hyperopic correction,
and down with a myopic correction. Finally,
patients with essential head tremor and
vestibular failure may show abnormal oscilla-
tions during ophthalmoscopy,® and decreased
visual acuity.59

BEDSIDE CALORIC TESTING

Caloric testing is often valuable in determining
the side of a peripheral vestibular lesion. After
verifying that the tympanic membrane is intact
and that wax is absent, the minimal ice water
caloric test may be performed.®!! The patient’s
head should be elevated 30° relative to earth-
horizontal, to place the lateral semicircular
canal in a vertical position. This ensures that
thermally induced changes in the density of
the endolymph lead to a maximal deflection of
the cupula. Ideally, eye movements should be
observed behind Frenzel goggles or recorded
in darkness, to avoid the effects of visual fixa-
tion. A normal response can be elicited with as
little as 0.2 mL of ice-cold water. Being essen-
tially a low-frequency stimulus, caloric testing
can detect vestibular impairment that may not
be apparent during higher-frequency head
rotation.%! Conversely caloric testing may be in
the normal range when head rotations are
abnormal .57

LABORATORY EVALUATION
OF VESTIBULAR AND
OPTOKINETIC FUNCTION

By recording movements of the eyes, it is
possible to quantify the vestibulo-ocular and
optokinetic responses. Some methods *avail-
able for testing vestibular and optokinetic
responses are listed in Table 2-4; methods for
recording eye movements are summarized in
Appendix B. )

In quantifying the performance of the VOR,
the goals of testing are to determine VOR gain,
phase, and imbalance. A static vestibular
imbalance is manifest by spontaneous nystag-
mus and is best detected by recording eye
movements in the absence of fixation (see Box
10-1, in Chapter 10). Such nystagmus may



72 Part 1: The Properties and Neural Substrate of Eye Movements

Table 2—4. Laboratory Evaluation of
Vestibular Function

VEestiBULO-OcULAR REFLEX (SEMICIRCULAR CANALS)

Quantitative Caloric

Testing
Rotational Testing
Passive rotation: Sinusoidal
Velocity steps

Pseudo-random
Accuracy of “gaze-
adjusting” saccades
Active head shaking:
sinusoidal or sudden
head turns (position
steps)

OPTOKINETIC SYSTEM

Measurement of OKAN, in darkness, following
varying periods of full-field optokinetic stimula-

tion

OrtourHic-OcULAR REFLEXES

Linear acceleration on moving platform, some-
times combined with rotations, giving six
degrees of freedom

Human centrifuge

Passive change in tilt (roll) (up to 360 degrees)

Rotation about an axis tilted from earth-vertical
(e.g., OVAR or “barbecue-spit”) ‘

Rotation of body about earth-vertical axis with

head positioned eccentrically (e.g., forward or
to side of the axis of rotation)

Parallel swing
Linear carts
Subjective visual vertical (and horizontal)

follow Alexander’s law and can be classified as
first degree (present only when looking in the
direction of quick phases), second degree (also
present in primary position), and third degree
(present in all directions of gaze). In some
patients, the nystagmus may reverse direction
between right and left gaze. The effects of dif-
ferent gaze positions upon vestibular nystag-
mus probably relate to interactions between a
vestibular imbalance and the gaze-holding
network (neural integrator) (see Chapters 5
and 10).

Quantitative Caloric Testing

Laboratory caloric testing'83735% s useful for
detecting loss of peripheral vestibular func.
tion.*” Introduced by Bérany, the method wag
standardized and popularized by Fitzgerald
and Hallpike. The caloric response is due to
two separate effects of the thermal stimulys;
convection currents induced in the endolymph,
and a direct effect of the temperature change
on the discharge rate of the vestibular nerve;
the convection currents are more important.52

Caloric responses are best tested with the
subject in complete darkness or wearing

canals, since the canals are approximately ver-
tical in this head position. Traditionally, water
is infused into the external auditory meatus at
temperatures of 30° and 44°C, although air
also may be used. After checking that the tym-
panic membranes are intact, the procedure
typically consists of first infusing 250 mL of
water at 44°C for 40 seconds into one ear and
recording the ensuing nystagmus. After a
recovery period of 5 minutes, the same stimu-
lus is repeated for the opposite ear. Then each
ear is stimulated, in turn, with water at 30°C.
Shorter versions of the test have been advo-
cated, often using simultaneous bilateral
stimulation, or bithermal stimulation (hot
immediately followed by cold or vice versa).”?
In analyzing the nystagmus induced by caloric
stimulation, maximum horizontal slow-phase
velocity is considered the most reliable index
of peripheral vestibular function. Each labora-
tory should establish its own range of normal
values because the conditions of testing are
partly responsible for the variability of results.
Curiously, age has been reported to have little
impact on caloric responses, though rotational
testing results are affected by age (see
above).527

If both warm and cold stimuli produce less
response in one ear than in the other, and this
asymmetry is 25% or greater, then a unilateral
peripheral vestibular disturbance (often called
canal paresis) is likely. When caloric stimuli
cause a greater ocular response in one direc-

Hon (e.g. greater slow-phase velocities—to the
Jeft—from warm water in the right ear and
cold water in the left ear, than slow-phase
velocities—to the right—produced by the
opposite stimuli), there is a directional prepon-
Jerance of the vestibular system. If the asym-
metry of leftward and rightward slow phases
exceeds 30%, then the directional preponder-
ance is likely to be significant. Directional pre-
onderance occurs with both peripheral and
central vestibulal_* lesions; by itself, it has no
Jocalizing value.*™ Some normal subjects and
atients with vestibular symptoms may show a
vertical (usually downbeating) component to
their caloric-induced nystagmus. Provided that
there is a horizontal component (so that the
nystagmus is oblique), this appearance is not
necessarily abnormal.®
In a few laboratories more sophisticated
caloric testing is performed. Caloric testing can
be modified to simulate a rotational stimulus
and information about the time constant of the
VOR and any adaptive responses can also be
obtained.” Furthermore a three-dimensional
analysis of caloric nystagmus with the head in
different orientations can be used to evaluate
the function of each of the semicircular canals
and to infer interactions between the otoliths
and the semicircular canals.#6:47.661

Quantitative Rotational Testing

Rotational tests give more accurate and repro-
ducible results than do caloric tests, though, of
course, they have the disadvantage of not
being able to stimulate a single labyrinth
alone.®” The alertness and mental state of
the patient while in darkness may influence the
results. Testing should be performed with the
eyes open, in darkness;® if this is not possible,
patients should gently vocalize (e.g., count
aloud) while their eyes are closed.365™ VOR
gain may be obtained by measuring the peak
eye velocity in response to a velocity step (e.g.,
sudden sustained rotation at 50 or 100 degrees
per second). The gain of the VOR also can be
measured during sinusoidal rotation; consider-
ation should be given to the distance at which
a visual (or remembered) target is fixated,
since this will affect gain (see Laboratory
Evaluation of Eye-Head Movements, in
Chapter 7). Rotational testing also can reveal
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asymmetry (or directional preponderance), in
which the gain of the VOR is greater in one
direction than in the other.3™

The time constant of the r-VOR can be esti-
mated from the phase shift at low frequencies
of sinusoidal rotation. When the phase shift is
45°, the time constant is equal to the reciprocal
of the frequency, expressed in radians per sec-
ond. For velocity-step stimuli, the time con-
stant can be estimated in several ways,
assuming the decay is a simple exponential.
One method is to use the logarithm of slow-
phase velocity as a function of time. As a rough
approximation, the time constant of the VOR
can be estimated from the time that it takes
slow-phase velocity to drop to 37% of its initial
value (Fig. 2-7). Alternatively, one can meas-
ure cumulative slow-phase eye position (by
adding up all the slow phases of the response)
and then compute the time constant of the
VOR from the ratio of cumulative slow-phase
eye position to the initial value of slow-phase
velocity (at the onset of the response).

At low frequencies (less than 0.01 Hz) of
passive rotation in a vestibular chair, gain and
phase relationships reveal information about
peripheral vestibular disease. The time con-
stant is 6ften decreased in such patients (to val-
ues less than 10 seconds), but repetitive
low-frequency stimuli can themselves shorten
the VOR time constant because they habituate
the response. Nevertheless, low-frequency
stimuli are useful for revealing peripheral
vestibular loss.51-6%0

An asymmetry of the vestibular responses
due to unilateral labyrinthine disease (even
involving just one semicircular canal) is more
easily demonstrated with either head accelera-
tions exceeding 2000 degrees per sec-
ond, 43370371 or head velocities exceeding 100
degrees per second.5#™ It is generally easier
to apply such stimuli with a manual head turn
than with a vestibular chair. Deficits in' func-
tion of the lateral canals can also be demon-
strated if high-speed rotations of the chair are
applied with the head pitched forward 30°, so
as to stimulate maximally the lateral semicircu-
lar canals. In this way rotation toward the
paretic side is more likely to reveal an abnor-
mality.3'8 By recording the rotation of the eye
around all three axes (horizontal, vertical, and
torsional), in response to different patterns of
head rotation that maximally stimulate differ-
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ent pairs of canals, the function of individual
canals can be evaluated and pathology can be
more precisely localized to an individual semi-
circular canal or a combination of canals.*20%
260202370882 Pgeydorandom (white noise) chair
rotations offer a broad bandwidth of stimulus
frequencies and short testing time and negate
effects of prediction on the VOR. They require
substantial instrumentation and analysis pro-
grams, however.

Another simple way to test the VOR uses the
presence of corrective saccades and does not
require precise measurement of slow-phase
eye movements.” The patient views an earth-
stationary target; then the lights are turned off
and the chair is briefly turned. The patient is
required to keep looking at the remembered
target location. Normal subjects show a combi-
nation of a vestibular slow phase and usually a
small gaze-adjusting saccade. The lights are
then' turned on and any inadequacy of the
combined vestibular-saccadic response that
occurred in darkness is revealed by a correc-
tive saccade that brings the fovea to the target.
Although the response during this test is the
sum of a slow phase and a saccade, vestibular
and other sensory inputs are essential in pro-
gramming the size of the saccade. The test may
be a sensitive way of detecting vestibular
imbalance.”™2 A similar strategy can be used to
assay otolith function during translation of the
body,® though this has not yet been applied
clinically.

Active head rotation is a convenient way to
test for unilateral labyrinthine lesions 242616
Caution is required, however, in equating eye
movements generated during active head rota-
tion with the passively induced VOR.**
Especially in patients with bilateral vestibular
loss, active head rotation tests not only the
VOR but also preprogrammed eye movements
and the contribution of the cervico-ocular
reflex (see Video Display: Disorders of the
Vestibular System). Abnormalities of gain and
phase during high-frequency (2 Hz-6 Hz),
active head movements have been reported to
be at least as sensitive as caloric testing in
detecting unilateral vestibular hypofunc-
tion,?®71 or abnormalities in Méniére’s syn-
drome.*9615 Active pitch head rotations may
not be as effective in detecting disturbances of
individual vertical semicircular canals;3% canal
plane stimulation using non-predictable pas-

_cal setting,

sively imposed head impulses is probably th
best way.*2*# Active head rotations have als
been used to monitor the progress of patient
undergoing physical therapy for vestibular log
due to ototoxicity, for example %6618

Other ways to test the VOR, and especiall
to distinguish end organ from nerve involve
ment, or canal from otolith involvemen
include galvanic stimulation?®32%5:440.441.525,507.7
and recording of vestibular-evoked and sound
evoked potentials, 19%:375.378,447.463,516, 597,598 742812,
874, 905 With the exception of recording sound
induced myogenic potentials in the neck mus-
cles as aimeasure of saccule function (vestibular
evoked myogenic response (VEMPs)), which is
useful in the diagnosis of superior canal dehis-
cence or large vestibular aqueduct syndrome, |
these galvanic stimulation and evoked poten-
tial methods are rarely used in a routine clini-

OKAN, though this can be a somewhat feeble
and Va;'iable response in many subjects. The
;nitial slow-phase velocity of OKAN, after a
60-second period of stimulation, ranges from
6 degress per second to 20 degrees per second,
and right~left asymmetry does not exceed
about 6 degrees per second.®® As previously
Zliscussed’ the initial velocity of OKAN and its
time constant vary considerably, so several
" measurements should be made for each
atient. A convenient method is to sample the
buildup of the slow-phase velocity of OKAN
during frequent, 2~se(iond periods of darkness
during stimulation.28873* These periods are too
short to discharge the velocity-storage mecha-
nism. It is important to discard data from the
first second of each of these 2-second epochs,
to prevent contamination by the influences of
the pursuit system.

Testing Otolith-Ocular

Optokinetic Testing Responses
Optokinetic testing requires a stimulus that
fills the field of vision. A common method is for
the patient to sit inside a large, patterned opto-
kinetic drum. Virtual reality (VR) technology
has been used to overcome the cumbersome
nature of lafge mechanical rotating drums.*®
Another method is to rotate the patient at a
constant velocity for more than a minute with
the eyes open in an illuminated room; as the
labyrinthine signal dies away, the sustained
nystagmus is due to purely visual drives. Small
hand-held optokinetic drums or tapes prima-
rily test the pursuit system. The optokinetic
response is judged by both the nystagmus dur-
ing visual stimulation (which in primates con-
sists of pursuit and optokinetic components),
and the optokinetic after-nystagmus (OKAN)
that occurs after the lights are turned out (Fig.
2-7). The instructions to the patient influence
the pattern of nystagmus quick phases during
optokinetic stimulation.8'” If the patient is
asked to follow the stripes, there are prolonged
slow phases with large corrective saccades
(look nystagmus). If the patient is asked to
stare straight ahead as the stripes pass by, quick
phases are smaller and more frequent (stare
nystagmus).

The velocity-storage component of the opto-
kinetic system is best evaluated by measuring

Testing of otolith-ocular function in humans
has traditionally been relegated to a few
sophisticated laboratories because it usually
requires elaborate equipment such as moving
platforms or parallel swings that impose linear
acceleration, human centrifuges, or special
chairs that rotate the subject around the roll
axis (to test ocular counterroll).348:350.633.648
Recently, however, several more practical tests
of otolith function have been introduced.!®*
370685 Measures of the subjective visual vertical
or subjective visual horizontal can be used to
infer the torsional position of the eye, and
hence imbalance in otolith-ocular reflexes,®
11025936284 and can be carried out in the
clinic with a hand-held laser fitted with
inexpensive line-generating optics.™! The
functional integrity of the saccule and of
its afferents carried in the inferior division of
the vestibular nerve, can be tested using
clicks or head vibration (with a reflex ham-
mer) as the stimulus, and measuring the
response in the surface EMG activity of the
sternocleidomastoid—which is a sacculo-collic
reflex. 193570379.5%6.10287 For example, patients
with vestibular neurolabyrinthitis who develop
BPPV have a normal click-evoked neck EMG,
confirming sparing of the inferior division of
the vestibular nerve.3% Conversely, these
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potentials are abnormal in inferior vestibular
neuritis.3"

Tilt-suppression of post-rotatory nystagmus
(the subject’s static head position is reoriented
with respect to gravity at the beginning of post-
rotatory nystagmus) is a test of the ability of the
nodulus to modulate the velocity-storage
mechanism. It uses a change in otolith activity
to signal a change in orientation of the head
with respect to gravity.?®* Tilt-suppression is
abnormal with nodulus lesions (Box 12-3,
Chapter 12).3%

It may be possible to identify the side of an
acute utricular lesion by measurement of the
asymmetry of torsional eye movements (ocular
counterrolling) during lateral head tilt,”° or
changes in torsion or in the perception of tilt of
a light-bar (oculogravic illusion) during
imposed linear acceleration in a human cen-
trifuge.?*1*?8 During yaw axis rotation one can
look for an asymmetry in utricular function by
placing the axis of head rotation first though
one labyrinth and then the other, and measur-
ing ocular counterroll or displacement of the
subjective visual vertical 1"

The translational VOR (+-VOR) , as meas-
ured during an abrupt, high-acceleration lat-
eral movement of the head (head ‘heave’) may
be asymmetrical with an acute unilateral lesion
with a lesser response when the head is moved
toward the side of the lesion (probably reflect-
ing a form of Ewalds second law for the
otoliths),2931.503,504,617.685 The +.VOR also shows
a loss of modulation with viewing distance.
Chronically, asymmetries are much less in the
t-VOR than r-VOR, though the t-VOR gain
may be reduced bilaterally. 43206304885 Ty mon-
keys, abnormalities of the tVOR following uni-
lateral loss of function are more prominent and
enduring during fore-aft stimulation with
abnormally directed slow phases when the
eyes are directed toward the side of the
lesion.®! The effect of otolith stimulation also
can be measured during sustained rotation
about an axis tilted from earth vertical (OVAR),
which in the extreme case is about an earth-
horizontal axis and is called barbecue-spit rota-
tion (see OVAR above). Another method is to
rotate the subject about an earth-vertical axis
with the head positioned in front of the center
of rotation of the chair in which the
subject sits (eccentric rotation); 9207354738 guch
a stimulus causes the gain of compensatory eye

£
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movements to increase, especially if the sub-
ject views or imagines a near target. In some
patients, this enhancement of gain with eccen-
tric head position has been found to be absent;
in others, asymmetries appeared that were not
evident with the head centered. The practical
role of these types of rotational testing in eval-
uating otolith dysfunction is not yet estab-
lished.

PATHOPHYSIOLOGY OF
DISORDERS OF THE
VESTIBULAR SYSTEM

Disorders of the peripheral or central vestibu-
lar system disrupt eye movements, following
the pathophysiological principles summarized
in Table 2-5. In Chapter 11, we discuss these

abnormalities from a viewpoint of topological
diagnosis. '

Table 2-5. Disorders of the Vestibular-Optokinetic System

Pathophysiology of Acute
Unilateral Disease of the
Labyrinth or Vestibular Nerve

Acute, unilateral vestibulopathy causes a stat;
imbalance of vestibular tone; the difference in
neural activity of the left and right vestibuly;
nuclei causes spontaneous nystagmus (Box 10-
Chapter 10). For example, unilateral loss of ay
entire labyrinth or destruction of the vestibulay
nerve causes a mixed horizontal-torsional nys.
tagmus, with slow phases directed toward the
side of the lesion. The pattern of nystagmug

o

1

reflects the summed influence of individua]
semicircular canals on one side (Fig. 2-2A).
Disease restricted to a single canal or its imme.
diate projections causes nystagmus in the
plane of that canal, independent of the posi-
tion of the eye in the orbit. So, for example,
disease of the left posterior semicircular canal
causes a nystagmus that appears more vertical

Type of Disorder

Features

Unilateral peripheral vestibular disorders

Bilateral peripheral vestibular disorders

Central vestibular disorders

Optokinetic disorders

Static imbalance of canal inputs causing spontaneous
nystagmus

Dynamic imbalance with lower gain for horizontal head rota-
tions or head translations, at high velocity or high accelera-
tions, towards the side of the lesion

Loss of velocity storage causing reduced r~-VOR time constant

Imbalance of otolith inputs causing skew deviation; positional
nystagmus

Sew?rest impairment of gain is usually for low-frequency
stimuli

VOR time constant shortened to less than 6 seconds

Loss of OKAN

Loss of response to circular head shaking

Imbalance of canal connections causing nystagmus that is
often purely vertical or purely torsional

Imbalance of otolith connections causing skew deviation
Increased or decreased -VOR gain

Prolonged or shortened -VOR time constant
Decreased t-VOR gain

Loss of OKAN with peripheral vestibular lesions

Slow buildup of OKN with lesion affecting various parts of
the visual pathways

Asymmetric, monocular OKN in individuals who have not
developed binocularity

OKAN, optokinetic aftemystagmus; VOR, vestibulo-ocular reflex; ~VOR, rotational V OR; t-VOR, translational VOR.

- ves

on looking to the right and more torsional

on looking to the left; the eyeball rotates

pproximately in the same plane in the head,

jrrespective of the direction of the line of sight.

This pattern of nystagmus is commonly
encountered in benign paroxysmal positional

(see Video Display: Positional

211

vertigo
Nystagmus)-

Disease of the superior division of the
tibular nerve—which is usually due to viral
infections—also produces a distinctive pattern
of nystagmus. Patients show a mixture of hori-
sontal, vertical (slow phase downward), and
torsional nystagmus that is compatible with
involvement of the anterior and lateral semi-
circular canals.#*™® Similarly, selective involve-
ment of the inferior division of the vestibular
nerve can be identified, often with an accom-
panying loss of hearing, due to involvement of
the cochlea, and abnormal sound-induced
VEMP due to involvement of the saccu-
Jus.#03725% Rarely, the slow phases of sponta-
neous nystagmus are directed away from the
side of the lesion; in some cases, this may rep-
resent a compensatory mechanism and has
been called recovery nystagmus (discussed
above).

A dynamic vestibular imbalance the VOR,
affecting gain and time constant, is also pro-
duced by a unilateral loss of labyrinthine func-
tion. In labyrinthectomized monkeys, the VOR
gain initially falls from a preoperative value of
about 1.0 to approximately 0.5 and the time
constant of the VOR declines from 35 seconds
to about 7 seconds.?> The decline in the time
constant represents loss of velocity storage,
which is also evident from a loss of OKAN,
particularly following optokinetic drum rota-
tions toward the side of the intact ear. In addi-
tion, the VOR is asymmetric (directional
preponderance), partly owing to the sponta-
neous nystagmus. When correction is made for
the spontaneous nystagmus, however, VOR
gain is still lower for high-speed head rotations
toward the side of the lesion. This finding is
consistent with Ewald’s second law. Similar
changes are found in humans with unilateral
labyrinthine loss,136:365.367.789 although even at
lower head velocities there may be some asym-
metry of response.3!® Some recovery of these
dynamic disturbances occurs if monkeys are
kept in an illuminated environment: VOR gain
increases towards a value of 1.0 and the time
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constant of the VOR rises slightly (to about 9
seconds). At higher head velocities, however,
VOR gain remains lower than preoperatively
(approximately 0.8) and is asymmetric, being
lower for head rotations toward the side of
the lesion. A similar course of recovery has
been reported in humans who suffer unilat-
eral labyrinthine loss,6%150.279.265,353,399 445,655
although with high accelerations the recovery
of the rotational VOR is considerably more
limited, *45209.19807 Apother finding with uni-
lateral loss is hypometria of gaze-adjusting
saccades following ipsilateral head turns.™?

If the other labyrinth is destroyed after
recovery from a unilateral labyrinthine lesion,
a deficit occurs as if the original damaged
labyrinth were intact. This Bechterew’s phe-
nomenon reflects the rebalancing of central
vestibular tone following the first lesion. The
second lesion then creates a new imbalance
and reflects the actions of adaptive mechanisms
in a similar way to the adaptive rebalancing
mechanism that underlies the appearance of
recovery nystagmus.#5%89

Unilateral disease of the. vestibular organ
also may cause imbalance of otolith func-
tion 134176352354 Sometimes there is a promi-
nent ipsilateral head tilt, and an ocular skew
deviation in which the eye ipsilateral to the
lesion is lower and extorted; the contralateral
eye is higher and intorted. This is the ocular tilt
reaction (OTR).126:129.312.376.735 The torsion can
also be detected objectively, or by measure-
ments of the subjective visual vertical or
horizontal 85:108.110218.221.362,435,7855% This patho-
logical skew and torsion is quite different from
that produced physiologically by static head tilt
in normals. %1984 Pathological skew resem-
bles the otolith imbalance produced by experi-
mental stimulation of the utricle in lower
animals (Fig. 2-2B). In lateral-eyed animals, a
skew deviation of the eyes is the appropriate
response to a lateral head tilt. Even in normal
human subjects,3+#2572.64 and in monkeys,™
a small amount of dynamic skewing may 'be
associated with rolling the head. The amount
of skewing is influenced by the location of the
point of regard. There may also be a patholog-
ical ocular torsion with a presumed lesion of a
vertical semicircular canal alone, but in this
case there is no displacement of the subjective
visual vertical, implying that a perception of tilt
requires a veridical signal from the otoliths
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about the orientation of gravity relative to the
head.™

Otolith inputs also may interact centrally
with the connections of the semicircular
canals. For example, it has been suggested that
the reason that patients with an acute
labyrinthine lesion often lie with the affected
ear up is to use otolith inputs to decrease the
imbalance between the canals, and so reduce
nystagmus and discomfort.?® A possible rea-
son for this effect is that the change in the atti-
tude of the head with respect to gravity (which
calls for ocular counterroll) may be misinter-
preted as a translation of the head away from
the ground (which calls for a horizontal nystag-
mus with slow phases directed toward the
intact labyrinth), which in turn could nullify
the spontaneous nystagmus. As discussed ear-
lier in this chapter, recent physiological studies
emphasize the importance of semicircular
canal signals in allowing a distinction between
utricular activation by linear acceleration dur-
ing lateral head tilt (which calls for ocular tor-
sion) and utricular activation by lateral head
translation (which calls for horizontal eye
motion).3*3%! One can envision that if signals
about head translation and head tilt are misin-
terpreted, as might be the case with a unilat-
eral vestibular imbalance, there could be a
diminution or enhancement of any sponta-
neous nystagmus depending upon the particu-
lar pattern of canal-utricular imbalance. In
support of this idea is the finding that head-
shaking nystagmus in patients with a unilateral
peripheral neuritis is modulated by the static
attitude of the head, being worse with the
affected ear down.®

A dynamic otolith imbalance, following
experimental unilateral otolith lesions, has
been demonstrated in monkeys.™8 Acutely, the
increase in gain of the VOR that is normally
produced if the animals head is positioned in
front of the axis of rotation is no longer pres-
ent. Recovery occurs in weeks. In humans with
unilateral lesions, during off-vertical axis rota-
tion (OVAR), with the body and axis of rotation
tilted together away from upright (including
earth-horizontal or barbecue-spit rotation),
there is an abnormally low-amplitude or even
inappropriately directed bias component when
the head is rotated toward the lesioned
side. 233310849 The modulation component is
intact. Patients with a recent (one week) uni-
lateral loss of labyrinthine function show a

decreased response when their head is trans-
lated toward the abnormal side 303504617 Thjg
may reflect the equivalent of an Ewald’s law for
the otolith response. Patients with more

chronic lesions, however, usually show little

asymmetry in the translational VOR though
the responses to linear accelerations as high as
1g have not usually been investigated. 206504
As discussed previously it has been suggested
that the lateral portion of the utricle may
respond best to translations (perhaps high-
frequency linear acceleration stimuli that pro-
duce horizontal eye rotations) and the medial
portion te the pull of gravity (perhaps low-
frequency linear acceleration stimuli that pro-
duce torsion). This would account for the

seeming paradox that patients with a unilateral

loss of labyrinthine function have a deficit in

the translational VOR when moving toward the

lesioned side, and abnormal ocular counterroll
when tilted toward the side of the lesion.?*

In sum, there are a number of ways to diag-
nose unilateral labyrinthine hypofunction, and
using the latest physiological understanding of
vestibular function with important technical
advances now allow for testing each of the
individual components of the rotational and
translational VOR. Head impulse and head
heave testing in the correct planes of motion
probe the function of each of the semicircular
canals and of the utricle, while vestibular
evoked myogenic potentials probe the function
of the saccule.

Pathophysiology of Bilateral
Loss of Vestibular Function

Bilateral labyrinthine loss presents a sensory
deficit to which the brain cannot so readily
adapt. In the acute phase of loss of labyrinthine
function, the inadequate VOR causes visual
images to move on the retina with every head
movement; this causes oscillopsia and impair-
ment of vision (see Video Display: Disorders of
the Vestibular System). Some clinical causes of
bilateral vestibular loss are included in Table
11-3, Chapter 11. Patients with partial, bilat-
eral vestibular loss may show preferential spar-
ing of the r-VOR for high-frequency stimuli;**
testing with lower-frequency rotations or
caloric stimuli are more likely to demonstrate
the deficit though the converse is occasionally
true.®” With time, a number of strategies may

pe developed to compensate for this deficit
(see Table 7-1, Chapter 7).%° These include

otentiation of the cervico-ocular reflex, pre-

rogramming of compensatory eye move-
mments, substitution of small saccades and quick

hases in the direction opposite head rotation
to augment inadequate vestibular slow phases,
jmprovement of smooth pursuit, restriction of
head movement, and perceptual threshold
changes to ignore oscillopsia,96-106-134142.335,
377,396570.613652.653.801 Because of these adaptive
mechanisms, the gain of compensatory eye
movements may be near normal during active
head rotation. During less predictable head
motions, however, such as those occurring dur-
ing walking, it is harder to compensate for the
deficit, and gaze instability causes impaired
yision and sometimes oscillopsia. Like unilat-
eral vestibular lesions, bilateral disease causes
loss of velocity storage with a consequent
shortening of the time constant of the -VOR,%
and of OK AN 188.367.904

Pathophysiology of Lesions of
Central Vestibular Connections

Disturbance within central vestibular struc-
tures also may produce disturbances of bal-
ance, gain, direction and phase (time constant)
of the VOR.*57%88 One way to approach these
central disorders is to divide them into those
that affect the different planes of rotation (roll,
yaw, and pitch), which in turn have topograph-
ical diagnostic use.130%3 Imbalance of otolith
inputs and disturbance of optokinetic nys-
tagmus may occur. Moreover, disturbance of
gaze-holding function may be impaired
because the medial vestibular nucleus is an
important contributor to the neural substrate
for gaze-holding (see Chapter 5). Central
lesions may occasionally mimic isolated
peripheral vestibular lesions, for example,
infarction of the cerebellar nodulus®¥4% or
pontine lesions.™7

Imbalance of central vestibular tone leads to
spontaneous nystagmus that is usually present
in primary position. Examples discussed fur-
ther in Chapter 10 are downbeat (Box 10-2),
upbeat (Box 10-3), and torsional nystagmus
(Box 10-4). Some cases of horizontal nystag-
mus also may represent imbalance of central
vestibular connections. A number of hypothe-
ses have been proposed to explain the patho-
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genesis of central vestibular nystagmus; these
are discussed in Chapter 10. Experimental
ablation of the flocculus and paraflocculus (Box
12-2, Chapter 12) invariably produces down-
beat nystagmus, perhaps because these struc-
tures inhibit the VOR in an asymmetric
pattern 33199 Purkinje cells from the flocculus
send inhibitory projections to the central con-
nections of the anterior canal but not to those
of the posterior canal *** Downbeat nystagmus
(see Video Display: Downbeat, Upbeat,
Torsional Nystagmus) is commonly present in
patients with the Arnold-Chiari malformation
and other abnormalities at the craniocervical
junction.

Experimental ablation of the nodulus and
uvula in monkeys (Box 12-3, Chapter 12)
causes prolongation of velocity storage and a
loss of the normal ability to reduce post-
rotational nystagmus by pitching the head for-
ward when post-rotational nystagmus begins.
Humans with midline cerebellar tumors show
a similar pattern of abnormality.*® In addition,
monkeys with nodulus lesions show downbeat
nystagmus and defects in generating the bias
component of OVAR.!® They also develop peri-
odic alternating nystagmus when in darkness
(Box 10-5, Chapter 10);34 this nystagmus is
discussed in Chapter 10 (see Video Display:
Periodic Alternating Nystagmus). A patient
with a new uvula lesion superimposed on a
lesion in the vestibular nucleus developed a
paroxysmal alternating skew deviation and
spontaneous nystagmus, presumably due to a
loss of inhibition upon the vestibular nuclei.5%

Experimental unilateral lesions of the
vestibular nuclei in monkeys do not produce
purely vertical or horizontal nystagmus; it is
mixed horizontal-torsional, mixed vertical-
torsional, or pure torsional 52" With lesions of
the vestibular nerve root and caudal lateral
parts of the vestibular nucleus, the horizontal
component of slow phases is directed toward
the lesion. When the superior vestibular or
rostral medial vestibular nuclei are lesioned,
the horizontal component of the slow phases
is directed away from the lesion. Nystagmus
with vestibular nucleus lesions is more persist
ent than that caused by labyrinthectomy.
Some patients with central vestibular lesions,
however, may manifest nystagmus that corre-
sponds to the effects of stimulating one semi-
circular canal % Wallenberg’s syndrome
(lateral medullary infarction) may cause mixed
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horizontal-torsional nystagmus with slow phases
directed towards the side of the lesion. Experi-
mental lesions of the medial vestibular nuclei
and nucleus prepositus hypoglossi, which are
essential elements of the gaze-holding mecha-
nism (neural integrator), cause a combination
of deficits of gaze holding and vestibular imbal-
ance. These interactions and their relationship
to Alexander’s law of nystagmus are discussed
in Chapter 5.

Lesions of the cerebral hemispheres, such as
hemidecortication, cause some dynamic imbal-
ance of the -VOR.208% During rotation in
darkness, a mild asymmetry of -VOR gain is
present, with greater values being obtained for
eye movements away from the side of the
lesion. This asymmetry is greater if the patient
either imagines or views a stationary target,™®
but is absent for higher-frequency rotations
(see Chapter 12). Central lesions may affect
the vestibular nerve as it courses through the
brainstem or in the medial vestibular nuclei
itself, causing a unilateral caloric paresis, but
not usually a complete paralysis.?®

The gain of the VOR is variably decreased or
increased with central lesions. For example,
disease affecting the vestibular nucleus at the
root entry zone may cause loss of vestibular
function similar to that from a more peripheral
lesion in the labyrinth. Thus, with an occlusion
of the anterior inferior cerebellar artery
(AICA), the vestibular disturbance can be due
to a combination of central vestibular and
peripheral labyrinthine dysfunction (see Video
Display: Cerebellar Syndromes). Lesions involv-
ing the flocculus and paraflocculus may cause
either an increase or decrease in vestibular
gain.®® Patients with cerebellar disease may
show vestibular hyper-responsiveness (VOR
gain greater than 1.0), often with an upward
predominance, as well as inappropriately
directed slow phases commonly with an upward
component 20:328.798.852-854898501 T esions of the
vestibulocerebellum cause an inability to adapt
the gain of the VOR in response to new visual
demands 513686

Disturbances of the phase and the time con-
stant of the -VOR may occur with disease
affecting a variety of central structures.
Bilateral lesions of the medial longitudinal fas-
ciculus (MLF) (bilateral internuclear ophthal-
moplegia (INO)) cause reduced gain of the
vertical -VOR; in addition, slow-phase eye
velocity lags head velocity.*® The torsional and

vertical VOR may be affected in unilateral
INO by virtue of greater involvement of poste-
rior versus anterior semicircular canal path-
ways owing to their anatomical separation.®0
Lesions of the MLF also impair the horizontal
VOR because of weakness of the ipsilateral
medial rectus muscle. The consequence of
these disturbances of phase and gain are
impaired vision and oscillopsia with head
movements. The interstitial nucleus of Cajal
may influence the phase relationships of both
the vertical and torsional -VOR,2297689 byt
quantitative studies of the effects of restricted
lesions ofithis nucleus on the VOR in humans
are lacking.

Unilateral lesions of central otolith connec
tions cause skew deviation and the ocular tilt
reaction.?**2%25  With lateral medullary
lesions affecting the vestibular nuclei, such as
Wallenbergs syndrome (lateral medullary
infarction) (Box 12-1, Chapter 12), the head is
typically tilted (i.e., rolled ear-to-shoulder)
toward the’ side of the lesion, and there is a
skew deviation with hypotropia and excy-
clotropia of the ipsilateral eye (see Video
Display: Medullary Syndromes).2%810 Certain
complaints of these patients, such as perceived
tilts of the environment, probably also repre-
sent central disturbance of otolith inputs.
Unilateral MEF or midbrain lesions may cause
a contralateral head tilt and ipsilateral hyper-
tropia, %! consistent with interruption of the
crossed pathways that subserve otolith inputs
(Table 2-2).

Disturbance of visual inputs, whether due to
immaturity of the visual pathways5
albinism,*" or blindness, ™ may affect the time
constant and gain of the r-VOR. It seems likely
that such visual information is passed to the
cerebellum, because cerebellar lesions cause
similar deficits of ocular motility.501.900.902

Pathophysiology of Disorders
of the Optokinetic System

Abnormalities of the optokinetic responses
(Table 2-5) are caused by peripheral and cen-
tral vestibular disease and by both develop-
mental and acquired lesions affecting the visual
pathways 0318319829 Tn primates, optokinetic
nystagmus (OKN) represents the responses of
both smooth pursuit and optokinetic systems.
The performance of the velocity-storage

component of the optokinetic response is most
reliably evaluated by studying optokinetic
after-nystagmus (OKAN) in the dark.
Unilateral peripheral vestibular disease (see
Box 11-1, in Chapter 11), particularly during
the acute phase, may also cause a directional
reponderance of OKN, with increased slow-
hase velocity toward the side of the lesion.!*!
Unilateral labyrinthine lesions reduce OKAN
to both sides but more so with visual stimuli
moving toward the intact side.}¥” Torsional
OKN is also asymmetrical after vestibular loss
with relative perseveration of slow phases wi_tl}
top poles rotating toward the lesioned side.5!7
Patients who have bilateral labyrinthine loss
show normal nystagmus during the period of
optokinetic stimulation, but afterward show no
OKAN in darkness.3%3%0* This finding supports
the notion that OKAN in humans, as in other
species, depends on normal central vestibular
tone. Disease of central vestibular connec-
tions that impairs velocity storage may abol-
ish OKAN as well as affect the VOR time
constant, and the ability to distinguish tilt from

translation.

SUMMARY

1. During head perturbations, such as those
caused by natural activities, the
vestibulo-ocular, optokinetic, and smooth
pursuit systems work together to gener-
ate compensatory eye movements and so
maintain clear vision of the environment.
The rotational vestibulo-ocular reflex
(VOR), relying on inputs from the semi-
circular canals, generates compensatory
slow-phase eye movements, at short
latency, during brief (high-frequency)
head turns (Fig. 14). The translational
vestibulo-ocular reflex (t-VOR), relying
on inputs from the otolith organs, gener-
ates compensatory slow-phase eye move-
ments, at short latency, during brief
(high-frequency) head translations (Fig.
1-5). During translation and horizontal
and vertical rotation, the VOR must be
adjusted for the viewing distance of the
target of interest; the gain (amplitude) of
the VOR must increase for viewing near
targets.

2. The VOR functions less well at lower fre-
quencies of stimulation so that the opto-
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kinetic system and smooth pursuit sup-
plement the VOR during sustained
rotations (Fig. 2-7) or translations.

. Otolith inputs—responding to the pull of

gravity—also generate a change in the
static torsional alignment of the eyes
(ocular counterrolling) in response to
sustained lateral tilt of the head.

. Inputs from the semicircular canals, otolith

organs, visual system, and somatosensors
are combined centrally, in the vestibular
nuclei, to give the brain’s best estimate of
the orientation and the motion of the

head. :

. Stimulation of any one semicircular canal

causes compensatory eye movements in
the plane of that canal (Fig. 2-2). The
semicircular canals are arranged in three
pairs, one from each pair on either side.
The vestibular nerve shows a resting dis-
charge rate that is modulated up or down
according to head motion. This organiza-
tion maximizes vestibular sensitivity and
provides the system with an opportunity
to cope with the effects of unilateral

disease.

. The VOR is capable of considerable

adaptation of its properties in response to
visual demands. This is a form of motor
learning that depends upon the vestibu-
locerebellum and its projection sites
within the vestibular nuclei (Fig. 2-10).
There are, however, limitations on adap-
tive capabilities, imposed by Ewald’s sec-
ond law, that are the basis for useful
diagnostic maneuvers for clinical vestibu-
lar testing. There are also significant cog-
nitive contributions to VOR adaptation
implying important cerebral hemisphere
inputs to lower-level vestibular adaptive
mechanisms.

. Testing of the VOR requires measure-

ment of symmetry (balance), gain "(ratio
of eye movement to head rotation), direc-
tion of the eye movement relative to the
head movement, and the temporal.syn-
chrony between head and eye move;
ments (reflected by phase or time
constant). A number of factors influence
the gain of the VOR. These include men-
tal set, viewing distance of a target, and
habitual wearing of a spectacle refraction
as well as the nature of the stimulus.
Testing of the optokinetic system entails

o
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