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Preface

Each of us performs thousands of eye movements every day without being

aware of how the brain controls them. The oculomotor system is one of the best

understood motor systems not only with regard to premotor centers in the central

nervous system, but also with regard to the peripheral muscles moving the eye.

This has been made possible by intensive multidisciplinary research, including

ophthalmologists, neurologists and basic scientists, and is reflected in compre-

hensive textbooks [i.e. Leigh RJ, Zee DS: The Neurology of Eye Movements.

New York, Oxford University Press, 2006]. Based on these studies, some basic

features of the oculomotor system were formulated and put to use in clinical prac-

tice: (1) All extraocular motoneurons are involved in all eye movements and

innervate basically functionally similar muscles. (2) The pulling directions of the

muscles are determined by central commands. (3) There are at least 5 different

types of eye movements, i.e. saccades, smooth pursuit eye movements, vestibulo-

ocular reflex (VOR), vergence and optokinetic nystagmus. Furthermore, there are

special neuronal circuits involved in fixation of an object. The premotor centers

for these eye movements have different locations in the central nervous system.

However, experimental evidence gathered over recent years strongly sug-

gests that none of these basic rules are correct and they have to be modified. (1)

Twitch and nontwitch motor fibers of eye muscles have different distributions in

the eye muscle. They are innervated by different motoneurons with distinct loca-

tions in the oculomotor nuclei, and furthermore they receive different inputs from

premotor structures in the brainstem [see the chapter by Büttner-Ennever]. Thus,

there are different classes of motoneurons, which serve different functions. (2) It

also becomes increasingly clear that mechanical properties of the connective tis-

sues (pulleys including Tenon’s capsule) in the orbit are important, particularly for



the implementation of 3-D eye movements, and that a pure central neuronal

implementation for eye movements is probably not sufficient [see the chapter by

Demer]. (3) Specifically for cortical structures, it has been shown that one area

can be involved in the control of several types of eye movements, the frontal eye

field being the best investigated structure. It could be shown that the frontal eye

field is not only involved in saccade control [see the chapter by Catz and Thier],

but also in smooth pursuit eye movement [see the chapter by Büttner and

Kremmyda] and vergence [see the chapter by Straumann] control. The functional

meaning of these interactions in one premotor location has yet to be determined.

For undisturbed vision, particularly during natural head movements, the

VOR is of uttermost importance. In this sense, the VOR is the basic machinery

of all eye movements, providing a foundation on which other eye movements

operate. The VOR after a head movement has a latency of only 10 ms, whereas

an eye movement response to a visual stimulus occurs much later, after 100 ms.

Modern tests now allow clinicians to detect even discrete vestibular deficits in

all directions of head movements [see the chapter by Fetter].

The progress in neuro-ophthalmology reveals complex interactions of ocu-

lomotor signals at all levels. To understand this complexity, models based on

Control Theory have been proven to be very beneficial, and often deficits can

only be correctly interpreted by the use of such models [see the chapter by

Glasauer]. The latter also allow predictions and can provide the basis for new

surgical procedures and other interventions. In order to test the models, precise

measurements of the eye movements have to be made. Methods for recording

eye movements have greatly improved over the last years, particularly for

recording 3-D eye movements [see the chapter by Eggert].

The main aim in clinical practice is therapy [see the chapter by Straube].

For some disorders, drug therapy has been shown to be quite efficient (i.e. for

downbeat nystagmus), and some therapies are starting to be based on the under-

standing of the neuronal interactions and their transmitters. For others, the

search for specific and affective drugs is continuing.

This book presents the current state of research and clinical studies in this

important and relevant field. It is aimed at ophthalmologists who want to

become familiar with the latest developments in oculomotor research. Certainly,

the chapters related to the oculomotor periphery [see the chapters by Demer and

Büttner-Ennever] will also have some impact on the surgical approach for treat-

ing eye movement disorders (i.e. strabismus). The book is also aimed at basic

scientists with interest in clinical aspects of oculomotor disorders. A continuing

multidisciplinary approach will hopefully lead to further improvement of diag-

nostic methods and the development of new therapeutic options.

Ulrich Büttner and Andreas Straube, Munich

Preface X
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Anatomy of the Oculomotor System

Jean A. Büttner-Ennever

Institute of Anatomy, Ludwig-Maximilian University, Munich, Germany

Abstract
The sensory and motor control of eye muscles are considered in this chapter. Eye mus-

cles differ from skeletal muscles in several ways. One is the absence of muscle spindles and

Golgi tendon organs in the eye muscles of some species, and their poor development in oth-

ers. Second, eye muscles have an inner ‘global layer’, and the outer ‘orbital layer’, each con-

taining different types of muscle fiber. Third, eye muscles contain not only twitch muscle

fibers with a single endplate zone (SIFs), but also nontwitch muscle fibers with multiple

endplate zones (MIFs), which are otherwise absent from mammalian muscles. There are

cuffs of nerve terminals, called palisade endings, around the myotendinous junctions of

global layer MIFs. Palisade endings are unique to eye muscles, and have been found in all

mammalian species investigated up to now. The function of palisade endings is uncertain, but

it is possible that they are ‘sensory receptors’. Motoneurons innervating the eye muscles lie

in the oculomotor, trochlear and abducens motor nuclei, and are contacted by several rela-

tively independent premotor networks, which generate different types of eye movements

such as saccades, vestibulo-ocular reflexes, optokinetic responses, smooth pursuit conver-

gence or gaze-holding. In each motor nucleus, the motoneurons can be divided into two dis-

tinct sets: the first set innervating SIF muscle fibers and receiving inputs from all oculomotor

premotor networks, and the second set innervating the MIFs and receiving premotor affer-

ents from the gaze holding, convergence or smooth pursuit premotor networks, but not from

the saccadic and vestibulo-oculomotor networks. We suggest that the SIF motoneurons and

muscles are more suited to driving eye movements, and the MIF motoneurons and muscles to

setting the tonic tension in eye muscles. Furthermore the ‘palisade ending – MIF unit’ may

be part of a sensory feedback system in eye muscles, which should be considered in associa-

tion with the causes and treatment of strabismus.

Copyright © 2007 S. Karger AG, Basel

Skeletomotor function depends on a chain of activity involving (a) sensory

receptors in muscles, (b) their central connections, (c) the diverse central pre-

motor inputs onto motoneurons, (d) the properties of the muscles that are tar-

geted. Similarly, oculomotor function depends on the activity of sensory
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receptors in eye muscles, their central connections with the premotor pathways

that drive the activity of extraocular motoneurons, and finally the contraction

properties of the eye muscles.

However, eye muscles are fundamentally different from skeletal muscles in

many ways [1]: they are responsive to different metabolic and neuromuscular

diseases; their myosin retains some characteristics seen only in the early stages

of the embryological development of skeletal muscles, and hence they contain

different muscle fiber types than skeletal muscles. In many species, eye mus-

cles lack the classical sensory receptors, such as muscle spindles and Golgi-

tendon organs, the receptors which would provide the central nervous system

with sensory feedback signals, a fundamental principle of skeletal muscle con-

trol [2, 3]. Additional neural structures unique to eye muscles could provide a

sensory feedback signal, but it is clear from the differences between eye and

skeletal muscles that their sensorimotor control will follow a different pattern.

A great deal is known about the motor and premotor control of eye muscles,

perhaps even more than of skeletal muscles. In this chapter, we will consider

how the properties of eye muscles and their neural connections contribute to the

sensorimotor control of eye movements, discussing first properties of eye mus-

cles, then their sensory receptors, the central connections of different types of

extraocular motoneurons, and finally we will suggest how these pathways and

structures might together contribute to different types of eye movements.

Properties of Extraocular Muscles

Eye muscles have 2–3 separate morphological subdivisions (fig. 1a),

which have independent developmental features [4]. There is a C-shaped outer

‘orbital’ layer of small diameter fibers, with high mitochondrial content, a well-

developed microvascular system and oxidative enzymes, all correlating with a

high level of continuous muscle activity. The orbital layer inserts onto Tenon’s

capsule or ‘pulleys’, a ring of fibroelastic connective tissue that forms sleeves

around the individual eye muscles, and is fully discussed by Demer [this vol, 

pp 132–157]. The inner ‘global’ layer contains muscle fibers of a larger diameter;

it extends the full length of the muscle and inserts on the sclera of the globe.

A third thin muscle layer outside the orbital layer has been described in some

species, including human [5], and is called the marginal layer.

Morphological, histochemical and immunological studies have character-

ized six different types of muscle fibers in mammalian extraocular muscles,

and their properties are fully reviewed by Spencer and Porter [1]. They distin-

guish between (1) the orbital singly innervated fiber type (orbital SIF), and (2)

the orbital multiply innervated fiber type (orbital MIF); in the global layer, four
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muscle types are found: (3) the global red SIF, (4) the global white SIF, (5) the

global intermediate SIF, and lastly (6) the global MIF. These fiber types can be

divided morphologically and physiologically into two fundamentally different

categories – the singly innervated muscle fibers and multiply innervated muscle

fibers, that is SIFs and MIFs which are shown diagrammatically in figure 2.

The SIFs are also called ‘twitch’ fibers, since they undergo an all-or-nothing

contraction on the activation of their centrally lying endplates. Skeletal muscles

contain only SIF, or twitch, fibers, with the exception of perhaps tensor tympani

and vocal muscles [6]. Thus MIFs are highly unusual in mammals. In mam-

mals, the extraocular muscles contain 10–20% of MIF muscle fibers, with the

exception of levator palpebrae. These striated muscle fibers are innervated at

several places along their length, as apposed to having a single endplate zone

like the SIFs (fig. 2). On activation of the nerve fibers to MIFs, the small grape-

like clusters of endplates, ‘en grappe’ nerve endings, generate a local contrac-

tion which is not propagated throughout the muscle fiber, but remains local to

the nerve terminal [6–11]. The MIFs are often referred to as nontwitch muscle

fibers. They are a regular component of the skeletal muscles in amphibians,

reptiles and fish, where a spectrum of different types of nontwitch fiber can be

found, with graduated properties [6]. The contraction of nontwitch muscle

fibers is slower than in all other muscle types, but they can maintain the tension

for long periods at less energy cost than a twitch fiber, due to the slow turnover

TendonMIF

P

50�m

Muscle

Global layer with 
palisade endings

MIF fibre

MIF motoneuron

Orbital layer with 
muscle spindles

Global layer

a b

Pulleys

Fig. 1. a Diagram of an extraocular muscle showing how muscle spindles tend to lie in

(and adjacent to) the orbital layer; while the global layer is characterized by MIFs which

extend throughout the length of the muscle and carry palisade endings at their tips in the

myotendinous junction. b Light microscopic photograph of the tip of a MIF at the distal

myotendinous junction of a human lateral rectus muscle (see rectangle in a). The MIF is

identified by the presence of a palisade ending (P) surrounding the tip of the muscle fiber.

Note the axon (arrow) passing into the collagen bundles of the tendon on the left.
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of the myosin-actin bonding. The function of MIFs in extraocular muscles is

still unclear, but experiments on frogs suggest that they respond in a highly

tonic fashion [12]. The MIFs appear to be primitive or immature fiber types,

and they are unlike any type of skeletal muscle fiber. They also have many fea-

tures in common with intrafusal muscle fibers of muscle spindles [13].

Sensory Receptors in Extraocular Muscles

Muscle Spindles
All skeletal muscles possess muscle spindles, so it is curious that in

extraocular muscles some animals have them, and others lack them: no muscle

spindles have been found in the eye muscles of submammalian species [14].

Many mammalian species do not have muscle spindles in their eye muscles:

most monkey species including Macacca fascicularis, dogs, cats, rats, guinea

pigs and rabbits do not have muscle spindles, whereas they have been found in

humans, some types of monkey, mice and all ungulates (artiodactyls) [15–18].

The later studies show that the spindles are associated with the orbital layer, or

the transition zone of the orbital layer with the global layer; but they are not

associated with the global layer (fig. 1a). Furthermore, the density of muscle

PROXIMAL 
TENDON

‘En plaque’ 
endplate zone

Palisade 
ending

DISTAL 
TENDON

SIF

SIF 
motoneuron

MIF 
motoneuron

‘En grappe’ 
endplates

MIF

?

Fig. 2. Diagram of motoneurons innervating SIFs and MIFs of an extraocular muscle.

Note the endplate zone in the central part of the muscle with ‘en plaque’ endings on the SIF,

the ‘en grappe’ endings distally and proximally on the MIF, and the palisade endings associ-

ated with the MIFs (only of the global layer).
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spindles in human eye muscles is extremely high and is comparable to the den-

sity of muscle spindles in hand lumbrical and short neck muscles [16].

Extraocular muscle spindles appear poorly preserved in comparison to

those in skeletal muscle, even to the point that some authors have raised the

question of whether or not they are functional [3, 19–22]. Most extraocular

muscle spindles lack an expansion of the equatorial zone; they contain fibers of

the nuclear chain type, but no nuclear bag fibers are present. Extraocular mus-

cle spindles also have many anomalous fibers which pass through the muscle

spindle capsule without any intrafusal modification. An exception to this is

seen in sheep (ungulates) where the extraocular spindles are very well devel-

oped, and they appear very similar to the skeletal spindles [18]. It has long been

known that MIFs are morphologically very similar to the nuclear bag fibers of

muscle spindles [13]; in sheep, branches from extraocular MIFs enter the mus-

cle spindles and build nuclear bag fibers [23].

The erratic occurrence of muscle spindles in eye muscles cannot be

explained today. Recent research on skeletal muscle spindles shows that their

occurrence can be a highly dynamic process. For example, their incidence is

critically dependent on the timing of the sensory innervation of the developing

spindles, on the presence of neurotrophins, and of specific genetic transcription

factors [24–27]. Similar studies on extraocular muscle spindles could help

explain their variability, particularly in view of the persistence of embryological

characteristics in adult eye muscles.

Palisade Endings
The global layer possesses an unusual feature unique to eye muscles; it has

palisade endings at the myotendinous junctions, both proximally and distally

(figs. 1b and 2) [3, 15, 28, 29]. Palisade endings, or palisade-like endings, have

been found in almost all species that have been investigated [30]. Several

authors have suggested that palisade endings could be the source of sensory

afferent signals [2, 3, 31, 32]. The vast majority of the palisade terminals make

contact with collagen fibers, and only a few are associated with muscle fibers

[33, 34]. But this is a controversial topic [35]. A recent demonstration in cats

that palisade endings are cholinergic structures argues in favor of their motor

function [34]. In man, palisade endings with both sensory-like neurotendinous

contacts and a few motor-like neuromuscular contacts have been found, and

some of the authors daringly proposed that palisade endings might combine

sensory and motor function [33, 36, 37].

Palisade endings form a cuff of nerve branches around the muscle fiber tip,

like a palisade fence (fig. 1b); but they contact only one type of muscle fiber,

the MIFs of the global layer [3, 36, 38, 39]. The term ‘innervated myotendinous

cylinders’ is used to describe the palisade endings along with their fibrous
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capsule. The palisade terminals arise from nerve fibers that enter the muscle at

the central nerve entry zone, run the length of the muscle into the tendon and

then turn back 180�, to contact the tip of the muscle fibers (fig. 2).

The uncertainty concerning the sensory or motor nature of palisade endings

is compounded by the conflicting evidence on the location of their cell soma. If

the palisade endings are sensory, their ganglion cell body should be in the trigem-

inal ganglion or in the mesencephalic trigeminal nucleus, whereas if the endings

are of a motor origin then they would have cell bodies associated with the oculo-

motor nucleus. Tozer and Sherrington [29] as well as Sas and Schab [40] provided

evidence for their location in the extraocular motor nerves or their nuclei, a result

more compatible with either a motor role for the palisade endings, or perhaps an

aberrant pathway for the afferent axons [3, 41]. The results of other studies point

to the trigeminal ganglion as the location of palisade ending soma [42], and imply

a sensory function. At present, considerable evidence points towards a sensory

function of palisade endings, but without knowledge of their afferent pathways or

evidence for their function, no conclusions can be made.

Golgi Tendon Organs
Golgi tendon organs are very rarely found in eye muscles, but they have

been reported in the tendons of extraocular eye muscles artiodactyls, that is in

sheep, camel, pig and calf [3, 43, 44]. They exhibit structural features not seen

in skeletal Golgi-tendon organs, and several different types have been described

[44]. Of particular interest in the context of this paper are Golgi tendon organs

(only found in sheep). They all lie in one specific layer of the sheep eye muscle,

the outer marginal layer. Zelená and Soukup [45] studied the development of

Golgi tendon organs, and made the exciting suggestion that palisade endings

may represent immature Golgi tendon organs. This hypothesis fits well with the

demonstration of embryological (or immature) myosin types in the eye muscles,

and suggests that eye muscle development may have been arrested at an early

developmental stage, and hence the appearance of ‘immature Golgi tendon

organs’, i.e. palisade endings.

In summary, it seems that each eye muscle layer has its own individual type

of receptor, muscle spindles are associated with the orbital layer, palisade end-

ings with the orbital layer and, albeit only in sheep, Golgi tendon organs with

the outer marginal layer. An important question to answer now is whether these

receptors all deliver a sensory feedback signal to the central nervous system.

Does the central nervous system need them all, or will one type suffice? If pal-

isade endings are proprioceptors, then they could deliver the sensory feedback

signals in species without muscle spindles; and since palisade endings are

found in all species so far investigated, they could be the major sensory recep-

tor, i.e. proprioceptors, for eye muscles.
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Central Pathways

The trigeminal nerve or the ocular motor nerves are the only two pathways

available for primary sensory afferents from eye muscles to access the brain-

stem; however, the route that the sensory afferents take is not clear.

Anastomoses between these two nerves in retro-orbital regions have been

demonstrated, so that it is possible that both pathways are involved. The loca-

tion of the cell bodies (i.e. pseudounipolar ganglion cells) of the eye muscle pri-

mary sensory afferents is also a subject of disagreement, and has been reviewed

by both Ruskell [3] and Donaldson [2]. Some studies suggest that they lie in the

mesencephalic trigeminal nucleus, others the trigeminal ganglion, and some

report finding cells labeled in both structures after tracer injections into eye

muscles. Furthermore, ganglion cells are regularly reported to lie between the

fascicles of the ocular motor and trigeminal nerves, and could possibly belong

to the eye muscle proprioceptors [46, 47].

In spite of the uncertainty of the anatomy of the sensory pathways,

responses to eye muscle stimulation have been reported in numerous central

nuclei [2, 3]; these include the spinal and mesencephalic trigeminal nucleus,

superior colliculus, the vestibular nuclei, the cerebellum, nucleus prepositus

hypoglossi, the lateral geniculate nucleus and the visual cortex. How the activ-

ity in these central nuclei affects eye movements, or rather motoneurons, is not

known, but afferent signals from extraocular muscles have been shown to affect

orientation selectivity in the visual cortex, binocularity, stereoacuity, spatial

localization, and under some conditions eye movements [2, 48–51].

Motor and Premotor Pathways Controlling Eye Muscles

Motoneurons in the oculomotor nucleus (III) innervate the ipsilateral

medial and inferior rectus (MR, IR) and the inferior oblique (IO) and contralat-

eral superior rectus (SR); those in the trochlear nucleus (IV) control the con-

tralateral superior oblique (SO), and motoneurons in the abducens nucleus (VI)

drive the lateral rectus muscle (LR). The mammalian III also includes motoneu-

rons which innervate the levator palpebrae superioris; they lie in a slightly sepa-

rate subgroup in caudal III, called the central caudal nucleus. Although at least

six different types of muscle fiber have been described in extraocular muscles,

only one type of extraocular motoneuron was recognized in III, IV and VI until

recently. Recordings from awake monkeys showed that motoneurons responded

during all types of eye movement providing a so-called ‘final common pathway’.

Neuroanatomical experiments to determine the exact localization of MIF

or nontwitch motoneurons with the motor nuclei were undertaken in the
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monkey [52]. Injections of a simple retrograde tracer were placed in the muscle

belly within the central endplate zone of the SIFs (fig. 2). The tracer was taken

up by SIF endplates and some MIF endplates. There was retrograde filling of the

classical motoneuron subgroups throughout III, or in IV or VI. Alternatively,

when the injection was placed at the distal tip of the muscle the tracer involved

only MIF ‘en grappe’ motor endplates. Thus, only the (global) MIF motoneu-

rons were retrogradely filled. In fact, these experiments labeled mainly the

global MIFs since the orbital MIFs did not extend into the distal tendon (fig.

1a) [see also the chapter by Demer, this vol, pp 132–157]. The MIF motoneu-

rons lay around the periphery of the classical III, IV and VI boundaries and did

not intermingle with the SIF motoneurons. In VI, the LR MIFs surrounded the

medial aspect of the nucleus; the SO MIFs lay in a dorsal cap over IV; in III the

MIFs of MR and IR gathered into a small group on the dorsomedial boarder of

III (C group), while those of SR and IO lay around the midline between the two

halves of the III (S group). It is important to note that the extraocular MIF and

SIF motoneurons do not intermingle. In terms of neuroanatomy, when neuronal

cell groups lie separately it is often a sign that they receive different afferent

inputs. This is indeed the case, as is described in the next sections.

Premotor Circuits
Pioneering studies of the oculomotor system in 1960s and 1970s resulted in

the realization that there were several relatively independent premotor circuits

carrying vestibular, saccadic, smooth pursuit or vergence signals. They were

modeled, recorded, lesioned and traced and shown to generally converge on the

oculomotor system at the level of the motoneurons in the oculomotor, trochlear

or abducens nuclei [53]. Clinical studies confirmed that saccadic circuits

through the pontine and mesencephalic reticular formation could be lesioned,

leading to the loss of gaze to the ipsilateral side, but other eye movements such

as vestibular reflexes, optokinetic responses or convergence remained intact.

This concept is diagrammatically represented in figure 3.  One exception is the

optokinetic system which converges on the vestibular nuclei and uses the

vestibulo-ocular pathways to drive optokinetic eye movements. The motoneu-

rons generate motor responses, some with more tonic activity, others with more

phasic properties; but up to now electrophysiological recordings showed that the

motoneurons respond with every type of eye movement [54–56]. This concept –

a final common pathway – has become widely accepted, although detailed stud-

ies described below show that this concept is not yet complete [57, 58].

With the anatomical identification of the MIF motoneurons it became clear

that the concept of a final common pathway is an oversimplification, because

two very different sets of motoneurons were found to innervate the extraocular

muscles. Recent tract tracing experiments have now shown that the MIF
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motoneurons in the oculomotor nucleus receive different afferent inputs than the

SIF motoneurons. This was done in two ways. Firstly, by tracing projections to

the oculomotor nucleus, for example from the pretectum, which targeted the 

C and S groups of MIFs, but not the classical SIF motoneuron subgroups [59].

A very elegant approach to this system was the use of rabies virus, which is a

retrograde transsynaptic tracer, and when injected into the muscle belly it retro-

gradely labeled all the premotor structures shown in figure 4 [60]. The injection

of the virus into the distal tip of LR, avoiding the SIF endplate zone and labeling

only MIF terminals, retrogradely filled pathways mainly associated with gaze

holding or convergence, but did not fill the saccadic and vestibulo-ocular path-

ways. The premotor inputs to the LR MIF motoneurons came from areas not

previously recognized as premotor: the medial mesencephalic reticular forma-

tion and the supraoculomotor area, as well as areas associated with the neural

integrator, like nucleus prepositus hypoglossi and the parvocellular parts of the

medial vestibular nucleus. This difference in premotor inputs to SIFs and MIFs

is shown diagrammatically in figure 4.

Moto-
neuron

RIMLF

PPRF*

Vestibular
n.

Accessory
optic n. Retina

Vestibular n.
y-group

marginal zone

Perioculomotor
MRF

Eye muscle Interst.n.Cajal
n. prepositus*

Vestibular
n.

Flocculus
region

Flocculus
region

Pontine
n.

Visual
cortex

SC 1 Saccades

2 VOR

3 OKN

4 Smooth
pursuit

5 Vergence

6 Gaze holding

Fig. 3. Several relatively independent neural networks of the brain converge at the level

of the extraocular motoneurons to drive the eye muscles. The simplified diagram of these net-

works shows the premotor structures involved in five different types of eye movements and in

gaze holding. MRF � Mesencephalic reticular formation; OKN � optpkinetic responses;

PPRF � paramedian pontine reticular formation; RIMLF � rostral interstitial nucleus of the

MLF; SC � superior colliculus; VOR � vestibulo-ocular reflex.
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It is not easy to identify MIF motoneurons physiologically, possibly

because they are smaller than SIF motoneurons, or because they do not gather

together to form large identifiable groups, but rather lie around the perimeter of

the motor nuclei in thin sheets. Thus, the differences between SIF and MIF

motoneuron activity suggested by anatomical experiments have not yet been

confirmed by physiological recordings.

A Proprioceptive Hypothesis

Given that we now have recognized the identity and location of at least

some of the MIF motoneurons innervating tonic nontwitch muscle fibers, and

found them to possess very different properties than the SIF motoneurons, we

must now ask what role they play in oculomotor control [32, 52]. The MIF muscle

fibers of the global layer extend throughout the length of the eye muscle [61],

contract more slowly than SIFs, are fatigue resistant [6], and are driven by ton-

SIF 
motoneuron

MIF 
motoneuron

Eye movement

MIF
(nontwitch muscle fibers)

SIF
(twitch muscle fibers)

Saccadic pathways

Vestibular pathways

Optokinetic pathways

Smooth pursuit pathways

Convergence pathways

Smooth pursuit pathways

Convergence pathways

Gaze holding/eye alignment?

Gaze holding pathwaysGaze holding pathways

Fig. 4. The diagram is based on the results of transsynaptic tract tracing experiments

[60], and shows that the MIF motoneurons receive afferents from premotor neural networks

associated with smooth pursuit eye movements, convergence and gaze holding, but not from

the networks generating saccades or the vestibulo-ocular reflex. In contrast, the SIF motoneu-

rons receive inputs from saccadic and VOR pathways, and possibly the other networks too.

The difference in connectivity of MIFs and SIFs means a difference in function, and it is sug-

gested that the SIFs may drive fast eye movements, while MIFs control muscle tension.



Anatomy of the Oculomotor System 11

ically firing units [12, 62, 63]. It is not clear how much they contribute to the

tension of eye muscles in natural conditions; but experimentally exposing eye

muscle to succinyl choline, which causes the contraction of MIFs alone, causes

tension changes, and indicates that MIF could contribute to tension in the eye

muscle [64]. As discussed earlier in this chapter, MIFs are coupled with pal-

isade endings at their tips in the myotendinous junction. Since palisade endings

are putative sensory receptors, the MIF-palisade combination has been com-

pared to an immature Golgi tendon organ [45], or an inverted muscle spindle,

where the MIF represents an overgrown nuclear bag fiber and the palisade end-

ing its displaced primary sensory endings [65]. It is possible that this structure

could provide a sensory or proprioceptive feedback signal to the central ner-

vous system, and its afferent signal would be modulated by the activity of the

MIF motoneurons. It is still too early to decide what role MIF motoneurons

play in the control of eye movements, but currently evidence supports the idea

that the SIF or twitch motoneurons primarily drive the eye movements, whereas

the MIF or nontwitch, or tonic motoneurons participate in determining tonic

muscle activity, as in eye alignment, vergence and gaze holding.

Conclusions

Current evidence supports the concept that MIF motoneurons carry a tonic

eye position signal, and the SIF, or twitch, motoneurons an additional phasic

signal driving the actual eye movements. The role of MIFs and palisade endings

is still speculation. However, they are constant features of human eye muscles,

and they draw attention to the myotendinous junction. In the light of the MIF-

palisade proprioceptive hypothesis, it is possible that the myotendinous junction

is a site from which sensory signals can be sent to the central nervous system,

and in turn influence muscle tension and perhaps eye alignment. This hypothe-

sis should be considered seriously in the plans for the surgical operations for

strabismus. In strabismus, the myotendinous junction has been reported to be

the site of muscle damage and abnormal innervation [66–68]. But further inves-

tigations and experiments are necessary before there is a full understanding of

these structures in the sensory-motor control of the eye position.
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Eye Movement Recordings: Methods
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Abstract
The development of oculomotor research is closely related to the development of the

technology of eye movement recordings. The first part of this chapter summarizes some cor-

nerstones of the history of eye movement recordings from the 18th century until today and

explains the technical principles of the early antecedents of modern recording devices. The

four most common recording techniques (electro-oculogram, infrared reflection devices,

scleral search coil, and video-oculography) are then compared with respect to the most

important system parameters: spatial resolution, temporal resolution, the capability to simul-

taneously record the multiple degrees of freedom of the eye, the setup complexity, system

specific artifacts, and invasiveness. These features determine the suitability of these devices

in particular applications.

Copyright © 2007 S. Karger AG, Basel

Visual perception provides us with the illusion of a visual world that is

continuously available within the complete field of fixation. Subjectively we

are unaware of using saccadic eye movements to scan our visual environment

with a small fovea (diameter about 5�) because we perceive a stable visual

world. Similarly, we do not directly perceive the stabilizing eye movements we

make, such as the vestibular ocular reflex or the optokinetic reflex. Therefore,

before the actual dynamics of eye movements could be discovered, careful

examination was needed. In particular, the development of eye movement

recording techniques played a crucial role in this research. Some historical cor-

nerstones of this development will be summarized in the first part of this chap-

ter. References to the history of eye movement research and recording

techniques from the 18th and 19th centuries are mainly based on the work of

Wade et al. [1] and Wade and Tatler [2], who provided excellent reviews of this

field. The second part of this chapter will focus on three methods that are still

relevant today.
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History of Eye Movement Recording

Very early qualitative descriptions of eye movements originated at the

beginning of the 18th century [3]. More accurate descriptions, based on the

observation of afterimages, were made at the end of the 18th century. Using this

method, Wells [4] described the slow and fast phases of vestibular nystagmus.

The occurrence of saccades during reading was first reported by Javal [5] and

Lamare [6], who used a rubber tube connected to the conjunctiva and both ears.

With this device, each eye movement caused a sound that was heard. Hering [7]

used a similar acoustic device in combination with the technique of afterim-

ages. The first attempts to record eye movements were made at the end of the

19th century. Ahrens [8], Delabarre [9], and Huey [10, 11] used devices con-

sisting of a lever attached to a plaster eyecup. A bristle at the end of the lever

recorded the eye movements on the smoked drum of a kymograph. A schematic

outline of the system used by Huey [11] and an original recording are shown in

figure 1. This method had the fundamental drawback that the inertial forces

between apparatus and eye could injure the eye mechanically. The device was

also too heavy for the large accelerations occurring during saccades. To over-

come this problem, Javal [12] suggested recording the reflection of a light beam

from a little mirror attached to the conjunctiva, a method that was not success-

fully applied before von Romberg and Ohm [13] used it to measure ocular tor-

sion. This technique was, however, still too invasive to be adopted by many

researchers.

a b

Fig. 1. Huey’s [10] lever device to record horizontal eye movements. a Eye movements

made during reading were recorded with this technique; from Huey [11]. b The tracing on the

smoked drum was photographed and then engraved; from Wade et al. [1].
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A more elegant approach that avoided mechanical contact with the eye was

chosen by Dodge and Cline [14]. They developed the first photographic method

and recorded the corneal reflection of a bright vertical line on a moving photo-

graphic plate. This system can be considered an early antecedent of the modern

system that uses light reflections from the cornea and the lens to measure the

orientation of the eye without having any contact with it. These so-called double

Purkinje image (DPI) eye trackers [15] reach very high resolution (�0.017�),
accuracy (0.017�), and bandwidth (500 Hz) (DPI Eyetracker Gen 5.5, Fourward

Technologies, Inc., Buena Vista, Va., USA). However, their accuracy is much

lower during the high accelerations and decelerations of saccades, because the

lens is not rigidly but elastically connected to the eyeball. This causes the large

dynamic overshoot of saccade traces recorded with DPI eye trackers [16]. The

very high accuracy of the DPI eye tracker during steady fixation is due to the

fact that they use the angular differences between light reflections which are

insensitive to small translations between the eye and the tracker. The complex

mechanics involved in DPI trackers make these devices very expensive

(monocular: USD 60,000; binocular USD 115,000).

The electro-oculogram (EOG) was developed as another means to avoid

any mechanical contact with the eye. The history of the EOG was described by

Brandt and Büchele [17]. Schott [18] and Meyers [19] measured electrical

potentials with skin electrodes attached near the eye. They erroneously assumed

that changes of the measured potentials were mainly related to electrical activ-

ity of the eye muscles. Mowrer et al. [20] discovered that the EOG is primarily

caused by the electrical dipole between cornea and retina, which moves with the

eye. Jung [21] applied this method to record horizontal and vertical components

of the eye position simultaneously. This signaled a remarkable progress, since

previous recording techniques had been restricted to one movement direction

only. Moreover, the EOG is still the only measurement technique that allows to

record eye movements while the eyes are closed. This is of particular interest

for sleep research. The EOG will be described in more detail in the second part.

The second noninvasive measurement technique to become widely used is

based on the intensity of infrared light reflected from the eye. Infrared reflec-

tion devices (IRDs) measure the intensity of these reflections by photosensitive

elements placed at different locations in front the eye. The differences between

these measures are used to determine the eye position. The first system of this

type was developed by Torok et al. [22]. A modern variant of the IRD will be

discussed later in the second part. Because fiber optic cables can be used to spa-

tially separate the location where light intensity is collected and the location of

the photodiodes used to measure the intensity, this method was also adopted for

eye movement recordings together with functional magnetic resonance imaging

techniques [23].
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None of the recording methods mentioned so far were able to quantify all

three rotatory degrees of freedom of the eye simultaneously. Vertical and hori-

zontal movement components could be quantified by the EOG, IRD, or the DPI

tracker, but these devices cannot measure the orientation of the eye around the

axis of view (ocular torsion), which is of special interest when examining the

coordination of the three pairs of eye muscles. Von Romberg and Ohm [13]

measured pure ocular torsion (during straight-ahead fixation) with their mirror

system mentioned above. Howard and Evans [24] give a more detailed review

of the early history of the measurement of ocular torsion. Already in the 19th

century, the technique of afterimages had provided important findings about

ocular torsion during fixation. Ruete [25] described the relation between gaze

direction and ocular torsion and attributed it to his friend Listing (professor of

mathematical physics in Göttingen) [26]. Von Helmholtz [27] discovered most

of the geometric implications of ‘Listing’s law’. This field of research became

of increasing interest when the magnetic search coil technique developed by

Robinson [28] and Collewijn et al. [29] was extended by Collewijn et al. [30]

and Kasper and Hess [31] to cover 3-D movements. The method is based on the

voltages induced in coils by two or three orthogonal, rapidly alternating mag-

netic fields. The coils are embedded in a soft plastic annulus that adheres elas-

tically to the eyeball. One coil is sufficient to measure gaze direction. Two coils

with different orientations must be molded in the plastic annulus to measure

gaze direction and ocular torsion simultaneously. The search coil method com-

bines high spatial and temporal resolution and is so far the most precise method

for measuring ocular torsion during eccentric gaze. With this technique it

became possible to extend Helmholtz’s 3-D analysis of fixation to the full range

of oculomotor performance [32].

Like other methods based on contact lenses, the search coil technique has

the main disadvantage of being invasive. Therefore, considerable effort was

made to evaluate the 3-D eye position on the basis of photographic images of

the eye. All photographic methods are based on the detection and localization of

eye-fixed markers (pupil, limbus, iris signatures, episcleral blood vessels) in

image coordinates. The eye position with respect to the head can be computed

from these image coordinates if the camera is firmly attached to the head.

Otherwise, head-fixed markers can be used to compensate for relative transla-

tions between head and camera. Pioneers in these techniques, Brecher [33],

Miller [34], Howard and Evans [24], detected and localized these markers man-

ually and individually for each image. Howard and Evans [24] described a

method for computing 3-D angular eye positions from the image coordinates of

the markers.

Video-oculography (VOG), defined as the use of these methods for dynamic

measure of eye movements, became feasible with the rapid development of
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computer-based automatic image processing. This progress is mainly reflected

(1) in the frame rates being processed online and (2) in the robustness and the

accuracy of the marker detection algorithms. Both improve with the increase in

computational power. Young et al. [35] detected the image position and orienta-

tion of the eye marker online at a frame rate of 60 Hz. Clarke et al. [36] could

process frame rates up to 400 Hz. This temporal resolution is sufficient to cover

the temporal bandwidth of physiological eye movements. The automatic detec-

tion and localization of the pupil do not need very complicated image process-

ing, are relatively robust, and do not require very complicated algorithms. Since

the measurement of the 2-D gaze direction in VOG is primarily based on the

localization of the pupil, the 2-D VOG works reliably in head-mounted systems

and with stabilized head positions. To compute the 3-D eye position, the orien-

tation of the iris signature can be used. This signature must be scanned along a

circular path close to the limbus, in order to be insensitive to changes of the

pupil diameter. Direct polar cross-correlation of the iris signature at the actual

eye position with that of a reference position can be used to measure ocular tor-

sion. This works well while gaze is pointing straight ahead, but geometric dis-

tortions of the iris occurring at eccentric gaze positions lead to large errors.

Haslwanter and Moore [37] observed errors of up to 8.7� for 20� horizontal and

vertical eccentricities, and developed a method to correctly compensate for

these errors. However, this technique may be difficult to apply in subjects with

little iris structure. To reduce the computational effort and to increase the

precision of VOG, some applications used artificial markers on the eye because

they can be detected and tracked more easily than natural markers like iris sig-

natures or episcleral blood vessels. Young et al. [35], for example, used a human

hair mounted in a soft contact lens sandwich. As already proposed by

Nakayama [38], Clarke et al. [36] applied two high-contrast tincture landmarks

on the limbus.

Principles of Eye Movement Recordings: Advantages and
Disadvantages

The Electro-Oculogram 
The simplest method for measuring human eye movements is based on the

feature that the human eye is an electrical dipole. The axis of this dipole and the

optical axis of the human eye are roughly collinear. The retina is more negative

than the cornea. The potential difference of about 6 mV results from the electri-

cal activity of photoreceptors and neurons in the retina. Changes of this poten-

tial induced by sudden light stimulus can be used to monitor the electrical

activity of the retina (electroretinogram, ERG). However, the EOG uses the fact
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that this dipole rotates with the rotation of the eye. This causes small differences

between the electrical potential at the skin surface depending on eye position. A

rightward eye movement will increase the surface potential at the temporal can-

thus of the right eye, and decrease the surface potential at the temporal canthus

of the left eye. The potential differences are in the range of a few �V and can be

measured with a bitemporal electrode configuration. The voltages are usually

referenced to a third electrode that is generally placed at one of the mastoid

processes or on the earlobe [17, 39]. Placing two electrodes bitemporally has

the advantage that the measured voltage is linearly related to the horizontal eye

position within a range of �25�. Because eye movements are largely conjugate

under far-viewing conditions, this electrode configuration is frequently used,

even though it does not permit inference about differences between left and

right eye movements. To simultaneously record vertical eye movements, two

additional electrodes must be placed below and above the eye. Vertical EOG

signals are less reliable than horizontal ones due to lid artefacts. Schmid-

Priscoveanu and Allum [40] observed systematic overestimation of vertical

EOG velocity compared to VOG.

The resolution of both horizontal and vertical EOG signals is limited by

noise. Three different noise sources can be distinguished. (1) Inductive noise

related to electromagnetic fields in the environment is reduced by relating the

measured voltages to the reference electrode; however, it cannot be completely

eliminated due to residual asymmetries between the three electrodes. (2) Thermal

noise is generated by the input resistance of the amplifier and the contact res-

istance of the skin electrodes. In addition, an increased contact resistance also

changes the voltage divider at the input of the amplifier, which in turn leads to

a further decrease of the signal-to-noise ratio. To lower the contact resistance,

the skin should be cleaned with alcohol or a commercial skin-preparing mater-

ial. Electrodes should be made of relatively nonpolarizeable material such as

silver-silver chloride or gold. The electrodes should be applied with a conduc-

tive paste. (3) Finally, capacitive noise is due to electrical activity of muscles

and neurons. Subjects should be instructed to avoid any movements except eye

movements. Especially the face and chewing muscles should stay as relaxed as

possible. Changes of the dark adaptation level induce slow drifts of the corneo-

retinal potential which are superimposed on the EOG signal. Since both the

EOG and ERG measure the corneoretinal potential, the standards of ERG

recordings as specified by Marmor and Zrenner (1999) [41] can also be recom-

mended for EOG recordings.

To compare EOG recordings with IRD (see below), we applied both meth-

ods simultaneously to measure horizontal saccades between �5� (symmetrical

around the straight ahead position; amplitude: 10�). The EOG was recorded

binocularly with the electrodes placed bitemporally. Eye position signals were
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filtered using a low pass filter excluding frequency components above 50 Hz.

Eye position traces were calibrated separately for each saccade and for both

recording systems, based on the mean eye position signals averaged across win-

dows with a duration of 200 ms, starting 300 ms before and 500 ms after the

saccade. The beginning and end of the saccade were defined by the time at

which eye velocity increased above or fell below 10% of the peak velocity of

the saccade. Saccade amplitude was defined as the difference of eye position

between the end and the beginning of the saccade. We observed a mean saccade

amplitude of 9.4�, which was systematically smaller than the target amplitude

(10�). This saccadic undershoot is typical for reflexive saccades to stepping tar-

gets and does not occur with targets that are continuously visible [42]. We did

not find significant differences in eye amplitude between an IRD recording and

the binocular EOG. Schmid-Priscoveanu and Allum [40] evaluated average hor-

izontal slow-phase velocities induced by optokinetic nystagmus, vestibular nys-

tagmus, and smooth pursuit using (subsequent) EOG and IRD recordings. They

observed similar slow-phase velocity estimates.

To measure movements of the right or the left eye only, skin electrodes can

be placed at the temporal and the nasal canthus of one eye. This nasal-temporal

configuration is difficult to handle, because the EOG voltage is influenced by

the electrical activity of eye muscles and eye lids (electromyogram). Whereas

the electromyogram activity of the right and left lateral rectus muscle cancel

each other in the symmetrical bitemporal configuration, this symmetry is not as

perfect in the nasal-temporal configuration. This can cause nonlinearity in the

relation between horizontal eye position and measured voltage, and it may even

cause asymmetries in the velocity gain between nasal and temporal saccades.

We quantified this asymmetry by measuring the same symmetrical saccade par-

adigm as described above (amplitude 10�) with a nasal-temporal EOG of the

right eye. Again a simultaneous IRD recording of the same eye was performed.

Consistent with results obtained with search coil recordings [42], the IRD mea-

surement correctly indicated that abducting saccades have larger amplitudes

than adducting saccades (fig. 2). Therefore, the opposite adducting-abducting

asymmetry indicated by the EOG recording (fig. 2) seems to reflect a system-

atic error of the nasal-temporal electrode configuration.

We also analyzed the noise characteristic of the EOG using the same nasal-

temporal electrode configuration. Representative examples of the resulting

traces are shown in figure 3. The irregular oscillation of the EOG trace reflects

a peak of the spectral power of the EOG signal close to 10 Hz. The root mean

square (RMS) difference between IRD and EOG position signals was 0.26�.
Because the changes of the IRD signal during the initial fixation stayed within

�0.05�, this noise can be almost completely assigned to the EOG signal. This

leads to a resolution of the EOG signal (defined as its 95% confidence interval)
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of about �0.5�. Thus, the EOG cannot reliably be used for movement ampli-

tudes of less than 5�, a condition that is fulfilled in many clinical applications.

Infrared Reflection Devices 
In contrast to DPI eye trackers, IRDs do not determine the direction of a

light beam reflected from the cornea, but measure the intensity of infrared light

reflected from the eye at certain fixed locations close to the eye. Light intensity

is measured with photo diodes that have a high temporal resolution. The dis-

tance between eye and photoreceptors is in the range of 1 cm. At such small dis-

tances, the differences in the intensity between the different photodiodes

depend mainly on the position of iris and pupil, which reflect less light than the

sclera. IRDs are very sensitive to relative translations of the photodiodes and

the eye because they do not evaluate the angle, but only the intensity of the

reflection. For an eye radius of 1.25 cm, a translational error of 1 mm will lead

to an eye position error of almost 5�. The system must therefore be firmly

attached to the head. IRDs have a much lower noise level than EOG, but they

suffer from eye lid artifacts that critically depend on the position of the photo-

diodes. These lid artifacts may increase dramatically if the device is not prop-

erly adjusted in front of the eye. Lid artifacts are more pronounced for vertical

than for horizontal eye movements. Moreover, the position of the photodiodes is
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Fig. 2. Mean gain saccades of the right eye (i.e. the ratio between saccade amplitude

and target amplitude) to symmetric target steps of 10� as measured with monocular EOG and

IRD. The monocular EOG overestimates the amplitude of adducting saccades and underesti-

mates the amplitude of abducting saccades. For IRD recording, a commercial system (IRIS,

Skalar) was used.



Eye Movement Recordings: Methods 23

also critical for the system linearity. Due to these features, optimal adjustment

of the device requires that the experimenter carefully controls the eye position

signal of the IRD and compares it with the eye movements. A useful method to

control the subject’s eye movements during the adjustment is to manually guide

the head movements of the subject while the subject is fixating a space-fixed

target. System setup may be very difficult or even impossible for subjects with

narrow palpebral fissures. Because of the sensitivity of the overall transfer

function (IRD signal/eye position) to translation, it is recommended to collect

calibration data not only at the beginning or the end of a recording, but at regu-

lar time intervals.

We tested the temporal stability of the calibration using a commercial IRD

(IRIS, Skalar, Delft, The Netherlands). Figure 4 shows two sets of calibration

data for one subject, the second was collected 10 min after the first. Targets

were presented at eye level at nine equidistant horizontal positions with eccen-

tricities between �20�. The interpolated curves are least square fits of 3rd order

polynomials. The coefficients of the polynomial were computed by minimizing
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Fig. 3. Recording of a horizontal symmetrical saccade to a target step starting at 5�
eccentricity at the right side and ending at 5� eccentricity on the left side. The solid traces

show the horizontal eye position of the right eye simultaneously recorded with the monocular

EOG and IRD. The noise level of the EOG is much higher that of the IRD. The amplitude of

the leftward saccade of the right eye (adducting) is overestimated by the EOG (fig. 2).



Eggert 24

the mean squared distance between the IRIS signal during fixations and the fit-

ted curve. The distance is measured along lines parallel to the abscissa of figure

4. The curvature of the calibration curve is more pronounced in the first data set

(fig. 4; deviations from linearity: �4.5�) than in the second data set (fig. 4;

deviations from linearity: �2.8�). This shows that using a nonlinear calibration

is indeed profitable for accuracy. The difference between the two subsequent

calibrations can largely vary between subjects and amounts up to 10� in the

given example. We conclude that the calibration of an IRD can be substantially

improved by considering temporal drifts of gain, offset, and nonlinearity.

Search Coil
The scleral search coil system measures the voltages in one or two coils

induced by two or three rapidly oscillating magnetic fields. The coils are

molded in a soft contact annulus that is attached to the eyeball. The magnetic

fields are generated by three pairs of large coils, mounted in a cubic frame. The

subject’s head is positioned in its center. The field coils should be large, because

the homogeneity of the magnetic field is crucial for the precision of the mea-

surement. With pairs of square-shaped coils, arranged in a cubic configuration,

the inhomogeneity inside of a central test cube stays below 5% when the edge
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Fig. 4. Relation between the noncalibrated raw signal of an IRD (raw units of a 12-bit

analog to digital converter; abscissa) and the target position during fixation of that target.

Each symbol corresponds to one fixation. The second set of data is separated from the first

set by a time interval of 10 min. Solid lines indicate the fitted calibration curves (see text).

Differences between the first and the second calibration are mainly due to relative move-

ments between the IRD and the eye caused by slip of the head mount.
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length of the test cube approaches one fifth of the edge length of the field coil

[43]. This means that when using field coils with an edge length of 1.5 m, sub-

jects should not move by more than 7 cm. The basic principle of the relation

between induced voltage and coil orientation is the following.

The voltage induced by one of the magnetic fields in the scleral search coil

is proportional to the projection of the coil vector (defined as the vector ortho-

gonal to the effective coil plane) onto the magnetic field vector. Thus, the three

voltages induced by three orthogonal magnetic fields form the vector compo-

nents of the coil vector expressed in field coordinates. A dual search coil for

recording 3-D eye orientation provides six voltages, corresponding to the two 

3-D coil vectors of the directional and the torsional coil (fig. 5). Methods to

compute the 3-D eye orientations from these six signals were described by

Tweed et al. [44]. This simple principle is complicated by a number of potential

sources of errors: (1) cross-coupling of horizontal, vertical, and frontal field

caused by misalignment of the three magnetic fields and the three orthogonal

axes of the head-fixed Cartesian reference frame; (2) inhomogeneity of the mag-

netic fields; (3) offset voltages related to induction in the connecting line of the

search coil; (4) misalignment between coil vector and gaze vector. To overcome

these problems, search coil recordings require a calibration procedure that is

often based on multiple fixations on targets at various positions. The calibration

parameters are computed by minimizing the errors between the calibrated gaze

vector and target vectors. Systems with only two magnetic fields are usually

calibrated in this way. The disadvantage of this method is that it cannot be used

with oculomotor pathologies that prevent accurate fixation. Systems with three

Directional coil

Torsional coil

Fig. 5. Technique for molding two coils with almost orthogonal effective planes in a

single contact annulus. The directional coil is wound in a single plane that is orthogonal to

the viewing axis. The torsional coil is wound in the shape of an ‘eight’. A magnetic field

aligned to the axis of view will induce identical, but opposite voltages in both parts of this

‘eight’. These voltages cancel each other. Therefore, the axis of view is a null direction of the

torsional coil. Consequently, because by definition the vector of any null direction lies in the

efficient plane of a coil, the efficient planes of directional and torsional coils are orthogonal.
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magnetic fields can be objectively calibrated [45], i.e. their calibration does not

rely on accurate fixation of targets at different positions, as most other recording

techniques. The calibration method described by Bartl et al. [45] evaluates the

gain matrix of the 3-D search coil system based on an objective measurement of

the direction of the three magnetic fields. Only a single fixation target is needed

in order to determine the orientation of the coil with respect to the eye.

Another important advantage of 3-field systems over 2-field systems is

that the orientation of the coil vector can be determined without knowledge of

the actual inductance of the scleral search coil. This is because changes in

inductance will have the same proportional effect on all three voltages and can

easily be eliminated by normalization.

With the search coil technique, the inherent system noise of horizontal and

vertical eye position has been estimated to be on the order of 0.5 min of arc

(0.0083�) [29]. With a dual search coil and a 3-field system (Remmel Labs,

Ashland, Mass., USA) using a 12-bit analog to digital converter, we measured a

system noise of 0.007� for horizontal and vertical eye positions and 0.025� for

torsional eye position. The system noise was defined as the standard deviation of

the eye position signal from its mean when the coil was objectively fixed in

space. Data were sampled at 1 kHz. The larger system noise of the torsional eye

position is due to the smaller inductivity of the torsional coil (fig. 5). It should be

noted that the actual resolution of the calibrated coil signal depends very much

on the amplifier gain which should make optimal use of the dynamic range of

the recording device (usually analog to digital converters). The system resolution

is a very important parameter; it determines the smallest eye movement that can

be detected. However, to compare the metrics of eye movements between differ-

ent subjects or with a stimulus- defined requirement the accuracy is more impor-

tant than the system noise. The system accuracy of search coils depends mainly

on the quality of the calibration. Imai et al. [46] used an artificial eye to evaluate

the coil accuracy. They obtained mean differences between coil measure and the

set angle of the artificial eye of 0.458, 0.948, and 1.628� for horizontal, vertical,

and torsional eye position, respectively. Measurement errors are mainly caused

by instabilities of the current of the field coils, temperature dependences of the

electronic circuits, and metallic parts in the neighborhood of the field coils.

These difficulties, however, can be controlled by careful handling of the system.

Due to its large signal to noise ratio and reliability, the search coil tech-

nique has been the generally accepted reference standard for eye movement

recordings for 30 years. However, the disadvantages, connected with the inva-

siveness of the method, have also been recognized. The search coil not only

measures eye movements, but also affects them. Frens and van der Gest [47]

found that saccades last longer (by about 8%) and become slower (by about 5%)

when subjects wear search coils in both eyes than when they do not. When only
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one search coil was applied, these effects did not reach significance within the

tested population, because the differences between subjects were larger. At least

in some subjects, wearing a search coil in one eye only also prolonged saccade

duration and reduced saccade velocity. It was also shown that the eye torsion,

when evaluated with the search coil, depends on the orientation of exit point of

the connecting line from the search coil. With the nasal exiting orientation of a

commercial eye coil (Skalar), Bergamin et al. [48] observed that ocular torsion

depended more on eye elevation than with a modified exit point that minimized

the contact between wire and eyelids. Changes in static torsion associated with

40� change in elevation were about 2� larger with the commercial search coil

than with the modified eye coil. Differences in intrasaccadic torsion between

the two different coils reached up to 5�. These results suggest that contact

between eye lid and coil wire can lead to substantial changes of the coupling

between gaze direction and ocular torsion.

Other disadvantages of the scleral search coil are that wearing the coil may

lead to drying, and temporal deformations of the cornea, and reduced visual acu-

ity in the eye with the search coil. Therefore, the manufacturer of the search coil

limits wearing time to 30 min. Irving et al. [49] observed corneal deformations

of more than 3 dpt in 2 of 6 subjects and visual acuity (Snellen) of less than 6/9

in 2 subjects. These effects appeared as early as 15 min after coil insertion and

dissipated after coil removal. As the number of subjects in this study was small,

it is possible that the frequency of occurrence of such effects is less across the

population. However, in eye movement experiments involving visual tasks, par-

ticularly with binocular search coil recordings, visual acuity should be checked.

Even though most authors feel confident that the safety risks of the search coil

are relatively minor [49, 50], the discomfort induced by wearing eye coils makes

it more difficult to work with untrained volunteers. Irving et al. [49] asked sub-

jects to rate the coil-induced discomfort on a scale between none (1) and

‘extreme discomfort’ (5). The mean subject rating on this scale was 3.0 � 0.3 at

the point of maximum discomfort (immediately before coil removal).

Video-Oculography 
Video-based eye movement recordings have become more and more popu-

lar because of the rapid progress made in electronic data processing. The

devices have become affordable, the robustness of the algorithms improved, and

the range of applications expanded. Nowadays, commercial companies produce

VOG devices that can be used in an fMRI scanner (MeyeTrack, SMI, Berlin,

Germany). Most fundamental VOG techniques, as defined above, are based on

tracking of the position of eye-fixed markers in a 2-D image. These positions

have to be expressed in head-fixed coordinates. Since head-fixed markers are

difficult to obtain with high precision, one strategy of VOG systems is to attach



Eggert 28

the video camera as firmly as possible to the head. As long as the system is not

compensated for relative translation between camera and head, the accuracy of

VOG has a problem very similar to that of the IRD. A translation of 1 mm will

result in an error of about 5�. Head-fixed devices cause a problem under head-

free conditions, because the stability of the head mount is not sufficient.

Because of this problem, actual VOG systems can make highly accurate mea-

surements of eye position, only as long as the head is fixed in space.

Karmali and Shelhamer [51] compared algorithms to compensate for camera

translation by tracking specific landmarks in the surrounding of the eyes that

are supposed to move little with respect to the head. Karmali and Shelhamer

[51] were especially interested in the differences in vertical translation between

the cameras of the left and the right eye. In this study, the best results were

obtained when the upper eyelid was localized using a template matching algo-

rithm together with 20% outlier rejection. On average, the estimate of head

translation differed by less than 1.5 pixels from a manual estimate of head posi-

tion. Another method of compensating for head translation uses the relative

position of the corneal reflex of an infrared LED (Eyelink II, SR Research,

Osgode, Canada). One difficulty with this method is that using the corneal

reflection adds more noise. For eye movements of about 12–15� the reflection

reaches the edge of the cornea, and can no longer be used for compensation.

Moreover, this approach relies on the topography of the cornea, which varies

between subjects. Therefore, it seems to be useful when compensating for large

translations, but may be unable to provide very high accuracy.

Since the pupil position is detected and evaluated in image coordinates, the

nonlinearity of the VOG systems (in contrast to IRDs) is well defined by the

geometry of the image projection. With parallel projection, the angular eccen-

tricity of the eye can be approximated by the inverse sinus of the ratio of the

eccentricity of the pupil center and the eye radius, both expressed in image

coordinates. The main aim of the VOG calibration is therefore to determine the

location of the center of rotation of the eye and the radius of the eyeball.

Up to now, no objective method has been established to determine these

parameters. This is due to the following difficulties. (1) Pure rotation is an

insufficient mathematical model to describe the actual movement of the eyeball

[52] during large changes of vergence. (2) The pupil is viewed through the

cornea and therefore, the detected pupil center is subject to refractive errors.

Systems that track the limbus position [53] avoid this problem, because the lim-

bus is closer to the eye surface than the pupil. Usual calibration methods do not

explicitly compensate for these effects but use 2-D interpolating functions to

transform the image coordinates of the pupil to 2-D eye position. The parame-

ters of these functions are computed by minimizing the mean squared error in a

similar manner as for the IRD (see above). Van der Geest and Frens [54] used
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such a calibration (biquadratic interpolating function) for a 2-D VOG system

(Eyelink version 2.04, SR Research) and compared it with a simultaneous

recording of a 2-D coil system (fig. 6). This VOG system neither tracked the

corneal reflex nor tried to compensate for relative translation between camera

and head. While fixating targets between �20� horizontal and vertical eccen-

tricity, the standard deviation of the difference of gaze position between both

systems was 0.98� for the horizontal errors and 1.05� for the vertical errors.

Since the accuracy of the 2-D search coil was estimated at about 0.5� [46; see

above], Van der Geest and Frens [54] concluded that the ‘…video system

should be treated with care when the accuracy of fixation position is required to

be smaller than 1 deg’. This statement can be generalized for any eye movement

recording system using calibrations based on fixation data because the standard

deviation of the eye position across repeated fixation of the same target position

in healthy subjects is on the order of 1–2� (fig. 4). The accuracy of a calibration

based on fixations is not better than the standard error of the fixation. For

example, nine fixations with a standard deviation of 1.8� lead to a calibration

accuracy of 0.6�. The resolution of the 2-D VOG defined by the standard devia-

tion of system noise measured with an artificial eye is about 0.01� (details

provided by SR research). This system noise is typical and is also reached

by other modern VOG devices [55]. Since these values were obtained with 

artificial eyes under optimal lighting conditions, system noise should be about

2–5 times higher with human eyes under natural conditions.
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Fig. 6. Simultaneous recordings of an oblique saccade with a search coil and VOG.

Data from Van der Geest and Frens [54].
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Like the VOG of 2-D gaze direction, measurements of ocular torsion also

reach accuracy values that are similar to those of coil measurements. Using an

artificial eye, Imai et al. [46] reported mean errors of the torsional VOG signal

of 0.52�. Occasionally, and in particular for fixations in tertiary gaze positions,

larger deviations (up to 5�) of ocular torsion between a VOG and a simultaneous

search coil recording have been observed [56]. Using an artificial eye with a

very clear iris structure, Clarke et al. [55] estimated the inherent system noise

of VOG measurements of ocular torsion at 0.016� (RMS). This value is proba-

bly better than torsional noise levels reached with natural iris patterns.

Schneider et al. [57] reported noise levels of about 0.14� (RMS) (fig. 7). They

demonstrated that the noise level of torsional VOG measurements can be sub-

stantially lowered by tracking two artificial marks applied outside and close to

the limbus (fig. 7). With this method, the inherent system noise dropped to

0.017� (RMS), which is similar to coil data. Unfortunately, marking the eyeball

with tincture markers requires anesthetizing the eye. Hence, the VOG system’s

main advantage of noninvasiveness is lost when this method is used.
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Fig. 7. Torsional eye position during galvanic vestibular stimulation of a subject

instructed to fixate straight ahead. Two dark artificial markers were applied outside and close

to the limbus. The two traces show the torsional eye position evaluated on the basis of the

image location of the markers (upper trace) or on the basis of a cross-correlation of 16 iral

segments (lower trace). For clarity, the latter has been shifted down by 1�. Both methods were

applied offline to the same image data. The noise level of the marker method is about ten

times less than the method based on iris patterns. Data from Schneider et al. [57].
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Table 1. Summary of the main features of EOG, IRD, scleral search coil and VOG

EOG IRD Scleral search VOG

coil

Spatial �0.5 �0.02 �0.01 �0.05

resolution

(inherent

system noise

RMS value),

degrees

Temporal 40 100 500 50–400 

resolution

(bandwidth), Hz

Vertical possible, possible,

movements confounded by confounded by yes yes

recordable eyelid artifacts eyelid artifacts

Torsional no no yes, also in yes, with some 

movements secondary gaze difficulties in 

recordable positions secondary 

gaze positions

Setup time slow (skin medium (goggle slow very fast

preparation and adjustment to

electrode minimize

application) nonlinearity)

Accurate yes yes no yes

fixation needed

for calibration

Complexity of good linearity polynomial nonlinearity can good linearity

calibration (with bitemporal calibration be compensated

configuration) necessary for by model-based

larger parameter fit

eccentricities

Invasiveness surface head-mounted contact lens head mounted 

electrodes next device, no attached to the device, no 

to the eye, no contact with the eye, potential contact with 

contact with the eye, moderate effects on visual the eye, 

eye, no effects limitations of acuity, moderate 

on vision field of view considerable limitations of 

discomfort field of view
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The main features of the eye movement recording devices mentioned in this

chapter are summarized in table 1. Since the EOG is still the only method that

allows measurement of eye movements while the eyes are closed, it remains

important for specialized applications that require this possibility. Modern VOG

systems can measure 2-D gaze direction at spatial resolutions comparable to

those of search coil systems. The accuracy of VOG devices is also comparable to

that of the search coil, but it depends on the ability of the subjects to fixate accu-

rately. System noise and accuracy of ocular torsion is slightly better in search coil

systems than in VOG. The main disadvantage of the search coil is that it is inva-

sive compared with the EOG, IRD, or VOG. Therefore, search coil measurements

are advisable only for relatively short recordings requiring high temporal resolu-

tion, high accuracy, and an objective calibration. For most other applications,

VOG seems to provide a good alternative to the search coil technique. Until

recently, the IRD was still a reasonable noninvasive alternative to the search coil,

at least for measuring horizontal (1-D) eye movements. In the meantime, the tem-

poral resolution of VOG improved and is now sufficient to cover the temporal

bandwidth of physiological eye movements. The robustness of the system linear-

ity with respect to displacements between the device and the eye is much better in

VOG than in the IRD. Therefore, the IRD appears to have been outdated by VOG.
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Vestibulo-Ocular Reflex

Michael Fetter

Department of Neurology, SRH Clinic Karlsbad-Langensteinbach, Karlsbad, Germany

Abstract
The vestibulo-ocular reflex (VOR) ensures best vision during head motion by moving

the eyes contrary to the head to stabilize the line of sight in space. The VOR has three main

components: the peripheral sensory apparatus (a set of motion sensors: the semicircular

canals, SCCs, and the otolith organs), a central processing mechanism, and the motor output

(the eye muscles). The SCCs sense angular acceleration to detect head rotation; the otolith

organs sense linear acceleration to detect both head translation and the position of the head

relative to gravity. The SCCs are arranged in a push-pull configuration with two coplanar

canals on each side (like the left and right horizontal canals) working together. During angu-

lar head movements, if one part is excited the other is inhibited and vice versa. While the

head is at rest, the primary vestibular afferents have a tonic discharge which is exactly bal-

anced between corresponding canals. During rotation, the head velocity corresponds to the

difference in the firing rate between SCC pairs. Knowledge of the geometrical arrangement

of the SCCs within the head and of the functional properties of the otolith organs allows to

localize and interpret certain patterns of nystagmus and ocular misalignment. This is based

on the experimental observation that stimulation of a single SCC leads via the VOR to slow-

phase eye movements that rotate the globe in a plane parallel to that of the stimulated canal.

Furthermore, knowledge of the mechanisms that underlie compensation for vestibular dis-

orders is essential for correctly diagnosing and effectively managing patients with vestibular

disturbances.

Copyright © 2007 S. Karger AG, Basel

The vestibulo-ocular reflex (VOR) helps to stabilize the retinal image by

rotating the eyes to compensate for movements of the head. An ideal VOR, that

tries to compensate for any arbitrary movement of the head in 3-D space, would

generate eye rotations at the same speed as, but in the opposite direction to, head

rotation independent of the momentary rotation axis of the head. The desired

result is that the eye remains still in space during head motion, enabling clear

vision. The VOR has two different physical properties. The angular VOR, mediated
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by the semicircular canals (SCCs), compensates for rotation. The linear VOR,

mediated by the otolith organs (saccule and utricle), compensates for translation.

The angular VOR is primarily responsible for gaze stabilization. The linear VOR

is most important in situations where near targets are being viewed [1, 2].

The VOR has three main components: the peripheral sensory apparatus

(the labyrinth), a central processing mechanism, and the motor output (the eye

muscles) [3]. The sensory input for the generation of the VOR is provided by a

set of motion sensors, which send the information about head angular velocity,

linear acceleration, and orientation of the head with respect to gravity to the

central nervous system (specifically the vestibular nucleus complex and the

cerebellum). In the central nervous system, these signals are combined with

other sensory information (e.g. from the somatosensors) at as early stages as the

vestibular nucleus complex to estimate head orientation. The output of the cen-

tral vestibular system is sent to the ocular muscles and the spinal cord to serve

the VOR and the vestibulospinal reflex (VSR), the latter generating compen-

satory body movement in order to maintain head and postural stability, thereby

preventing falls. The information goes also to cortical structures (e.g. posterior

insular vestibular cortex, PIVC) where it is further integrated with visual, pro-

prioceptive, auditory and tactile input to generate a best possible perception of

motion and space orientation [4]. The performance of the VOR and VSR is

monitored by the central nervous system, and readjusted as necessary by adap-

tive processes with immense capability of repair and adaptation mainly involv-

ing cerebellar function (fig. 1) [5].

The Peripheral Sensory Apparatus

The peripheral vestibular system includes the membranous and bony

labyrinths, and the motion sensors of the vestibular system, the hair cells. Each

Sensory input Central processing Motor output

Visual 
Vestibular 

Proprioceptive

Adaptive 
processor 

(cerebellum)

Vestibular 
nuclear complex

Oculomotor 
neurons

Fig. 1. Schematic drawing illustrating the VOR.
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labyrinth consists of three SCCs, the cochlea, and the vestibule containing the

utricle and saccule). The geometric arrangement of the SCCs allows for detec-

tion of head rotation about any axis in space. They are positioned in three nearly

orthogonal planes in the head and act as angular accelerometers working in a

push-pull arrangement with the other labyrinth (right and left lateral SCC; right

anterior and left posterior SCC; left anterior and right posterior SCC). The

planes of the SCCs are close to the planes of the extraocular muscles, thus

allowing relatively simple neural connections between sensory neurons related

to individual canals, and motor output neurons, related to individual ocular

muscles (fig. 2) [6]. One end of each SCC is widened in diameter to form an

ampulla containing the cupula. The cupula causes endolymphatic pressure dif-

ferentials, associated with head motion, to be coupled to the hair cells embed-

ded in the cupula. These specialized hair cells are biological sensors that

convert displacement due to head motion into neural firing. When hairs are bent

toward or away from the longest process of the hair cells, firing rate increases or

decreases in the vestibular nerve [7, 8]. The hair cells of the saccule and utricle,

the maculae, are located on the medial wall of the saccule and the floor of the

utricle. The otolithic membranes are structures similar to the cupulae, but as

they contain calcium carbonate crystals called otoconia, they have substantially

more mass than the cupulae. The mass of the otolithic membrane causes the

maculae to be sensitive to gravity. In contrast, the cupulae normally have the

same density as the surrounding endolymphatic fluid and are insensitive to

gravity. By virtue of their orientation, the SCC and otolith organs are able to

respond selectively to head motion in particular directions [9].

Central Processing of Vestibular Signals

The coplanar pairing of canals is associated with a push-pull change in the

quantity of SCC output. With rotation in the plane of a coplanar SCC pair, the

neural firing increases from tonic resting discharge in one vestibular nerve and

decreases on the opposite site. For the lateral canals, displacement of the cupula

towards the ampulla (ampullopetal flow) is excitatory, whereas for the vertical

canals, displacement of the cupula away from the ampulla (ampullofugal flow)

is excitatory (fig. 3).

There are certain advantages to the push-pull arrangement of coplanar

pairing. First, pairing provides sensory redundancy. If disease affects the SCCs

from one member of a pair (e.g. as in vestibular neuritis), the central nervous

system will still receive vestibular information about head velocity within that

plane from the contralateral member of the coplanar pair. Second, such a pair-

ing allows the brain to ignore changes in neural firing that occur on both sides
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Fig. 2. The VOR network: corresponding SCCs and the main brainstem connections to

the oculomotor nuclei are shown. lr, sr, ir, mr � Left, superior, inferior, medial rectus mus-

cle; IO, SO � inferior, superior oblique muscle; III � third nerve nucleus with inferior

(ir), superior (sr), medial rectus (mr), and inferior oblique (io) motor neurons; IV � fourth

nerve nucleus with superior oblique motor neurons (so); bc � brachium conjunctivum; 

VI � sixth nerve nucleus with lateral rectus (lr) and internuclear (in) motor neurons; 

mlf � medial longitudinal fasciculus; la, lh, lp � left anterior, horizontal and posterior

SCC; ra, rh, rp � right anterior, horizontal and posterior SCC. (Courtesy of D.A. Robinson,

Baltimore.)
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simultaneously, such as might occur due to changes in body temperature or

chemistry.

In the otoliths, as in the canals, there is a push-pull arrangement of sensors,

but in addition to splitting the sensors across sides of the head, the push-pull

processing arrangement for the otoliths is also incorporated into the geometry

of the otolithic membranes. Within each otolithic macula, a curving zone, the

striola, separates the direction of hair cell polarization on each side.

Consequently, head tilt results in increased afferent discharge from one part of a

macula, while reducing the afferent discharge from another portion of the same

macula [10, 11].

There are two main targets for vestibular input from primary afferents: the

vestibular nuclear complex and the cerebellum. The vestibular nuclear complex

is the primary processor of vestibular input, and implements direct, fast con-

nections between incoming afferent information and motor output neurons.

R

Resting

Inhibition ExcitationL

Sp/s

Fig. 3. With rotation toward the left side, the neural firing increases from tonic resting

discharge (shown as horizontal dotted line) in the vestibular nerve of the left lateral canal and

decreases in the vestibular nerve of the right lateral canal. During rotation, the head velocity

corresponds to the difference in firing rate between SCC pairs.
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The erebellum is the adaptive processor – it monitors vestibular performance

and readjusts central vestibular processing if necessary [12]. At both locations,

vestibular sensory input is processed in association with somatosensory and

visual sensory input [5].

The vestibular nuclear complex consists of 4 major nuclei (superior,

medial, lateral, and descending) and at least 7 minor nuclei. This large struc-

ture, located primarily within the pons, also extends caudally into the medulla.

The superior and medial vestibular nuclei are relays for the VOR. The medial

vestibular nucleus is also involved in the VSR, and coordinates head and eye

movements that occur together. The lateral vestibular nucleus is the principal

nucleus for the VSR. The descending nucleus is connected to all of the other

nuclei and the cerebellum, but has no primary outflow of its own [13]. The

vestibular nuclei are connected via a system of commissures, which for the

most part, are mutually inhibitory. The commissures allow information to be

shared between the two sides of the brainstem and implements the push-pull

pairing of vestibular canals. Extensive connections between the vestibular

nuclear complex, cerebellum, ocular motor nuclei, and brainstem reticular acti-

vating systems convey the efferent signals to the VOR and VSR effector organs,

the extraocular and skeletal muscles [14]. The output neurons of the VOR are

the motor neurons of the ocular motor nuclei, which drive the extraocular mus-

cles resulting in conjugate movements of the eyes in the same plane as head

motion (fig. 2).

VOR – Pathology

It is crucial to carefully evaluate the eye movements during clinical exam-

ination, as the physiological and anatomical substrate of the ocular motor sys-

tem is intimately connected with the vestibular system via the VOR. The VOR

is responsible for the nystagmus phenomena seen in patients [15]. Caloric

stimulation provides perhaps the clearest analogy to what the patient with

pathological vertigo and nystagmus experiences. For example, warm stimula-

tion of the left ear increases neural activity from the left lateral SCC and there-

fore in the left vestibular nerve; it thereby produces not only left-beating

horizontal nystagmus but a sense of turning about the body long axis, toward

the left. Conversely, cold stimulation of the right ear reduces neural activity in

the right lateral SCC, the right vestibular nerve; and by commissural disinhibi-

tion it also increases neural activity in the left vestibular nucleus and, there-

fore, produces left-beating nystagmus and a sense of turning to the left (the

nystagmus always beating toward the side of higher vestibular activity) [16,

17]. In a patient with sudden unilateral loss of peripheral vestibular function
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(such as in vestibular neuritis), the situation is in some way analogous to a cold

caloric stimulus.

An example of vertigo due to pathological unilateral increase in vestibular

activity is benign paroxysmal positioning vertigo (BPPV), the most common

vestibular disorder. With appropriate positioning, there is a sudden brief

increase in activity from one SCC. The result is a sudden intense sense of self-

rotation in the plane of the activated canal and a nystagmus beating in this

plane. For example, if a patient with left posterior canal BPPV is rapidly placed

in the provocative left lateral position, there is a sense of self-rotation in a plane

halfway between the roll and the pitch plane toward the patient’s left side with a

vertical – torsional nystagmus beating upward and with the torsional compon-

ent to the lower ear [18–21].

Practical Aspects for Bedside Clinical Evaluation

An acute unilateral peripheral vestibular lesion reduces or eliminates input

from one or more SCCs and otolith organs on that side. In the acute phase, a

complete lesion abolishes the tonic neuronal discharge (resting activity) in the

vestibular nerve [22]. The resulting loss of accelerometer function on one side

of the head and the imbalance between the tonic inputs on the two sides lead to

both spontaneous nystagmus and decreased and asymmetrical dynamic vestibu-

lar responses. Thus, there are both static and dynamic imbalances which need to

be evaluated.

Static Imbalance
Spontaneous nystagmus (with the head still) is the hallmark of an imbal-

ance in the tonic levels of activity mediating SCC-ocular reflexes. When

peripheral in origin, spontaneous nystagmus characteristically is damped by

visual fixation and is increased or only becomes apparent when fixation is

eliminated. Hence, one must look for spontaneous nystagmus behind Frenzel

lenses (magnifying lenses that prevent the patient from using visual fixation to

suppress any spontaneous nystagmus) or during ophthalmoscopy (with the

opposite eye occluded to prevent fixation). The intensity of nystagmus is com-

pared with that observed when the patient is fixing on a visual target.

Nystagmus is sometimes seen or even palpated through closed eyelids. Note

that during ophthalmoscopy the direction of any horizontal or vertical slow

phases is opposite to the direction of the motion of the optic disk.

The nystagmus should also be inspected for dependence on the position of

the eye in the orbit. Nystagmus arising from a peripheral lesion and most cen-

tral lesions is more intense or may be evident only when the eye is deviated in
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the direction of the quick phase (Alexander’s law). With central lesions, how-

ever, the opposite sometimes occurs. The axis around which the globe of each

eye is rotating should be evaluated. For example, a pure vertical or a pure tor-

sional nystagmus implies a central disturbance; a mixed horizontal-torsional

nystagmus is typical for a peripheral labyrinthine dysfunction, and a mixed ver-

tical-torsional nystagmus that becomes more vertical on looking toward one

side and more torsional on looking to the other is typical for inappropriate exci-

tation of the posterior SCC causing BPPV [19].

Skew deviation is the hallmark of an imbalance in the tonic levels of activ-

ity underlying otolith-ocular reflexes. Skew deviation is a vertical misalignment

of the eyes that cannot be explained on the basis of an ocular muscle palsy.

Patients with a skew deviation complain of vertical diplopia and sometimes tor-

sional diplopia (one image tilted with respect to the other). There may also be a

cyclorotation (ocular counterroll) of both eyes associated with an illusion of tilt

of the visual world. The head may also be tilted, usually toward the side of the

lower eye. Skew deviation, ocular counterrolling, and head tilt constitute the ocular

tilt reaction: vestibulo-ocular and vestibulo-collic components of the righting

reaction in response to the lateral tilt of the head and body [23]. Skew deviation

is best detected with cover testing. With the alternate cover test, one looks for a

vertical corrective movement on switching the cover from one eye to the other

as an index of a vertical misalignment. Skew deviation tends to be relatively

comitant (i.e. the degree of misalignment changes little with different direction

of gaze), though it is not always the case. Ocular counterroll is difficult to

detect clinically without photographic means, but if the amount of counterroll is

large it can be appreciated by the tilt of the imaginary line that connects the

macula and the optic disk. The ocular tilt reaction can occur with lesions any-

where in the otolith-ocular pathway. With peripheral and vestibular nucleus

lesions, the lower eye is on the side of the lesion. The otolith-ocular pathway

crosses at the level of the vestibular nucleus, so that with lesions above the

decussation the higher eye is on the side of the lesion [24–26].

Dynamic Disturbances 
The SCC induced VOR can be tested at the bedside by observing the effect

of head rotation on visual acuity and by looking at the eye movements them-

selves in response to head rotation. Measure the patient’s best corrected visual

acuity using a distance acuity chart with the head still and then with the head

passively rotated at a frequency of about 2 Hz. Normal individuals may lose one

line of acuity during head shaking; patients with a complete loss of labyrinthine

function loose up to five lines and sometimes more. The possible influence of

stimulation of cervical afferents, through the cervico-ocular reflex, when the head

is rotated on the body must also be considered. In normal subjects, especially at
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the relatively high frequencies associated with bedside testing, the cervico-ocu-

lar reflex is rudimentary and can be ignored. In patients with loss of the func-

tion of the SCCs, however, there may be potentiation of the cervico-ocular

reflex or the use of cervical afferents to trigger preprogrammed compensatory

slow phases or even saccades, independent of inputs from the SCCs [27].

Next, carefully apply brief, high-acceleration head thrusts, with the eyes

beginning about 15� away from the primary position in the orbit and the ampli-

tude of the head movement such that the eyes end near the primary position of

gaze. Instruct the patient to look carefully at the examiner’s nose. Look for a

corrective saccade (usually catch-up) as a sign of an inappropriate compen-

satory slow phase. When interpreting an abnormal response, one must consider

the potential adaptive readjustment in VOR function that may occur when a

subject habitually wears a spectacle correction. Farsighted individuals (hyper-

opia) increase their VOR gain owing to the magnification effect of a plus lens;

nearsighted individuals (myopia) decrease their VOR gain owing to the mini-

fication effect of a minus lens [28, 29].

Head-shaking nystagmus (HSN) is another way to look for an imbalance

of dynamic vestibular function. First, with Frenzel lenses in place, instruct the

patient to shake the head vigorously about 15–20 times, side to side. Look for

any nystagmus following the head shaking. Normal individuals usually have no

or occasionally just a beat or two of HSN. With a unilateral loss of labyrinthine

function, however, there is usually a vigorous nystagmus with slow phases ini-

tially directed toward the lesioned side and then a reversal phase with slow

phases directed oppositely [30]. The initial phase of HSN arises because there is

asymmetry of peripheral inputs during high-velocity head rotations. More

activity is generated during rotation toward the intact side than toward the

affected side [31, 32]. This asymmetry leads to an accumulation of activity dur-

ing the head shaking [33]. The nystagmus following head shaking reflects the

discharge of that activity again beating towards the healthy side.

Positional Testing
Positional (sustained) and positioning (transient) nystagmus is best elicited

with the patient wearing Frenzel lenses. For positioning nystagmus the head

should be moved to the dependent position as rapidly as possible. The same

positioning maneuver should be repeated to see if the nystagmus becomes

attenuated. If a horizontal nystagmus is elicited with one ear down during posi-

tional testing, the patient’s head should be rotated to put the other ear down to

see if the horizontal nystagmus changes direction, as occurs, for example, with

the lateral canal variant of BPPV [15].

A positioning nystagmus is characteristic of BPPV. A transient burst of a

mixed vertical (upbeat)-torsional (the superior pole of the globe beats toward
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the side of the dependent ear) nystagmus, usually appearing after a latency of

several seconds and lasting 20–30 s, is characteristic of the inappropriate exci-

tation of the posterior SCC that produces typical BPPV. On reassuming the

upright position, nystagmus due to BPPV may transiently reappear, but it is

usually directed opposite to that in the dependent position. With successive rep-

etitions, the nystagmus usually becomes more difficult to elicit.

With the lateral canal variant, the horizontal nystagmus usually lasts much

longer. The increased duration may reflect the action of the central velocity

storage mechanism, which is much more effective for horizontal than vertical

canal inputs. Lateral canal BPPV occurs with either ear down and may be geot-

ropic (beats toward the ground) or ageotropic (beats away from the ground). It

should be remembered that a small amount of unidirectional horizontal posi-

tional nystagmus is observed in many normal subjects. A central lesion is most

likely when a positional nystagmus is purely vertical or purely torsional, or if

there is a significant sustained unidirectional horizontal positional nystagmus

[20].

Positional testing may also exacerbate a spontaneous nystagmus. With

an acute unilateral loss of labyrinthine function, the horizontal component of

the spontaneous nystagmus is increased with the patient lying with the

affected ear down and decreased with the affected ear up. This effect of grav-

ity on the horizontal component of the spontaneous nystagmus is probably

mediated by the otolith-ocular reflex, which normally produces a horizontal

nystagmus in response to linear accelerations associated with translation of

the head. In the case of spontaneous nystagmus due to a vestibular imbal-

ance, the change in the pull of gravity with head tilt produces a horizontal

slow-phase response that either damps or increases the spontaneous nystag-

mus depending on whether the ear with the hypoactive labyrinth is up or

down, respectively [34].

Valsalva- and Hyperventilation-Induced Nystagmus
Patients with craniocervical junction anomalies, such as the Chiari malfor-

mation, perilymph fistulas, and other abnormalities involving the ossicles, oval

window, and saccule may develop nystagmus with the Valsalva maneuver or by

manipulation of the ossicular chain with changes in middle-ear pressure owing

to noise, tragal compression, application of positive and negative pressure to the

tympanic membrane (Hennebert’s sign), or opening and closing the eustachian

tube [35].

Hyperventilation may induce symptoms in patients with anxiety and pho-

bic disorders but usually does not produce nystagmus. Patients with demyeli-

nating lesions on the vestibular nerve (such as that due to a tumor, e.g. an

acoustic neuroma or cholesteatoma), compression by a small blood vessel, or in
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central structures (multiple sclerosis) may show hyperventilation-induced nys-

tagmus [36].

Laboratory Evaluation: Electro-Oculography and Rotational Testing

Vestibular laboratory testing can aid in diagnosis, can be used to document

an abnormality suspected at bedside evaluation, and can aid in devising a treat-

ment plan. The ability to perform serial vestibular evaluations allows an assess-

ment over time of patients who are undergoing treatment for their dizziness or

who are undergoing treatment with a potentially ototoxic medication. Both

electro-oculography (EOG) and rotational testing can provide information that

is helpful for determining if a vestibular abnormality is present and, if so,

whether it is located in the central or peripheral vestibular system. The choice of

subtests that are preformed may vary according to the clinical suspicions of the

physician ordering the test. When a peripheral vestibular abnormality is sus-

pected caloric testing may be helpful, and when a central vestibular abnormal-

ity is suspected visual-vestibular interaction tests may prove useful.

Positional testing is performed as part of the EOG battery by placing the

patient in the supine and head-hanging positions, head-right and right-lateral

positions, and head-left and left-lateral positions. However, BPPV may be diffi-

cult to record in the vestibular laboratory because EOG is insensitive to tor-

sional eye movements and vertical EOG is plagued by eyeblink and muscle

artifacts and has a low signal/noise ratio. Despite these limitations, patients

with positioning vertigo should have Dix-Hallpike testing, as many patients

with BPPV produce a recordable eye movement whose temporal characteristics

can be objectified. A paroxysmal nystagmus observed during the Dix-Hallpike

maneuver that does not conform to the typical pattern seen with BPPV should

be considered the result of a CNS abnormality until it is proved otherwise.

Examples of such nystagmus include downbeating nystagmus in a head-hang-

ing position and nystagmus that does not fatigue with repeated positioning.

Caloric testing is the mainstay of vestibular laboratory testing. The caloric

response is primarily the result of the convection current caused by the combi-

nation of a thermal gradient across the horizontal SCC and placement of the lat-

eral canal in a vertical plane. Although research from microgravity experiments

has indicated that direct thermal effects generate a portion of the caloric

response, the convection current theory still accounts for most of the caloric

response [37]. Warm irrigation of the ear causes excitation of the lateral SCC

and thus induces slow movement of the eyes away from the side of irrigation

with subsequent beating toward the ear being irrigated. The irrigation of the left

ear with cool water induces right-beating nystagmus. Many studies have shown
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that the maximum slow component velocity attained after each caloric irriga-

tion is the best determinant of the response of a particular ear to a particular

stimulus [38]. A reduced vestibular response typically indicates a peripheral

vestibular injury. It may include damage to the labyrinth itself, the eighth cra-

nial nerve, or the root entry zone of the vestibular nerve. When an ear is unre-

sponsive to warm and cold irrigation, direct irrigation with ice water may be

helpful. The chief advantage of caloric testing is its ability to stimulate each ear

individually.

The types of rotational vestibular testing that are in common clinical use

include earth-vertical axis rotation and visual-vestibular interaction.

Rotational testing makes use of a natural stimulus to the labyrinth (i.e. rota-

tional acceleration). Besides sinusoidal rotations, rotating a subject at a con-

stant velocity for enough time for the perrotatory nystagmus to decay is widely

used. The rotational chair is then stopped abruptly and the induced postrota-

tory nystagmus is measured. The main measures of the response to constant

velocity rotation are gain and time constant. The gain is, by definition, the

ratio of the magnitude of the response to the magnitude of the stimulus (maxi-

mum eye velocity divided by maximum head velocity). The time constant of

the VOR is a measure of how rapidly vestibular nystagmus decays after an

abrupt stop of the rotation chair [39].

Conventional Rotational Testing
The hallmark of unilateral peripheral vestibular loss is a reduced

vestibular response on caloric testing. With acute peripheral vestibular

lesions, a brisk spontaneous nystagmus may make interpretation of caloric

testing difficult, especially if nystagmus in the same direction is seen

regardless of the side or temperature of the irrigation during bithermal test-

ing. In such cases, ice-water irrigation may be helpful. Ice-water irrigation

of the normal ear should stop the nystagmus in the acute phase and reverse

it in compensated states [40]. Acute unilateral peripheral vestibular lesions

are usually associated with a normal ocular motor screening battery and an

absence of gaze-evoked nystagmus. However, with a severe acute unilateral

peripheral loss there may be asymmetrical pursuit and asymmetrical optoki-

netic nystagmus as a result of superposition of an intense spontaneous

vestibular nystagmus with visual following. Also, with an acute unilateral

peripheral vestibular lesion, there may be spontaneous nystagmus during

fixation. Rotational testing shortly after an acute unilateral peripheral loss

usually shows severe asymmetry and drastically reduced time constants

[41].
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Modern Vestibular Testing

Semicircular Canal Function

Routine vestibular testing such as calorics and rotational testing mainly

investigate the function of the lateral SCCs, while the vertical SCCs and

the otoliths are basically ignored. This has changed in recent years. In the last

20 years, there has been a revival of interest in 3-D approaches to the control of eye

movements. This was boosted by the fact that 3-D eye movement analysis has

become practical with the development of the magnetic field search coil tech-

nique. New analytical approaches have made the mathematics of eye rotations

and coordinate transformations more tractable and intuitive. Strabismus,

labyrinthine dysfunction and brain disorders leading to nystagmus and other

eye movement disorders are ubiquitous clinical problems and demand a 3-D

approach for their understanding. This is especially true when dealing with

vestibular problems. The vestibular system is intrinsically 3-D trying to stabi-

lize the retinal image in all 3 rotational degrees of freedom. Under pathological

conditions, we often find spontaneous or elicited eye movements with torsional

components. The key for understanding vestibular-induced eye movements has

been found in the early 60s. Since then, we know that electrical stimulation of

single SCC nerves induces eye movements roughly in the plane of the canal

[42, 43] (fig. 4). If more than one canal is stimulated, the different canals com-

bine at least roughly linearly to drive the eyes. Thus, if multiple canals are stim-

ulated, the slow phases should be in a direction that is a weighted vector sum of

Fig. 4. Electrical stimulation of a single SCC nerve induces eye movements roughly in

the plane of that canal (shown for stimulation of the right posterior canal). (Courtesy of A.

Boehmer, Zürich.)
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the axes of the involved canals. Using this premise, one can stimulate the

vestibular system in numerous ways (low- and high-velocity head movements

in 3-D, 3-D calorics, and diverse methods of inducing positional nystagmus)

and relate the resulting eye movements to the function or dysfunction of single

SCCs [44–46].

Obviously, in humans one cannot stimulate with electrodes the vestibular

nerve and record the resulting eye movements. We therefore tested patients in

whom nature produced a situation where just one SCC is stimulated. These

patients suffered from benign paroxysmal positioning nystagmus. When the

nystagmus induced by positioning the subject in the offending position is mea-

sured in 3-D and the average axis of eye rotation is reconstructed and plotted

into a head-fixed reference system together with the anatomical on-directions

of the SCCs it can be shown that the elicited eye movements are closely aligned

with the direction of the offending canal. With this proof that also in humans

eye movements are produced in the plane of the stimulated SCC, it is possible

to deduct which canals are responsible for the direction of eye movements

found during vestibular stimulation when parts of the vestibular sensors are

defective [44, 47, 48].

Otolith Function

Subjective Visual Vertical
The subjective visual vertical (SVV) is a sensitive measure of otolith and

especially utricular function. The bilateral graviceptive input from the otoliths

dominates our perception of verticality. To test for SVV, the subjects sit with

their heads fixed in the upright position and look at an illuminated line (on

computer display or projected with a laser galvanometer system) in complete

darkness. They then have to adjust 10 times separately for each eye the line

from different starting positions to their SVV. In acute peripheral vestibular

lesions, including the utricles, there is an ipsiversive deviation of the SVV of

about 10–15�. Likewise, most patients with acute unilateral brainstem infarc-

tions exhibit pathological tilts of static SVV from the true vertical [49].

Click-Evoked Myogenic Potentials

Electromyograms can be recorded from surface electrodes over the ster-

nomastoid muscles and averaged in response to brief (0.1-ms) clicks played

through headphones. In normal subjects, clicks 85–100 dB above 45 dB SPL

(perceptual threshold for normal subjects) evoke reproducible changes in the
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averaged electromyogram beginning at a mean latency of 8.2 ms. The earliest

potential changes, a biphasic positive-negative wave, is generated by afferents

from the ipsilateral sacculus. The potential is abolished in patients with lesions

of the inferior vestibular nerve subserving the sacculus but is preserved in sub-

jects with severe sensorineural hearing loss. It is proposed that the response is

generated by activation of vestibular afferents arising from the saccule, and

transmitted via a rapidly conducting oligosynaptic pathway to anterior neck

muscles [50].

Conclusions

With the new VOR test methods described, a more thorough investigation

of vestibular function at the level of single SCC function and the otoliths has

become possible. Modern techniques are now available such as 3-D eye move-

ment analysis for the evaluation of SCC function, measurement of the SVV for

utricular, and click-evoked myogenic potentials for saccular testing. These new

techniques have the potential to significantly improve our diagnostic capabili-

ties in dizzy patients.
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Abstract
One of the major functions of the central nervous system is the generation of movement

in response to sensory stimulation. The visual guidance of saccadic eye movement represents

one form of sensory-to-motor transformation that has contributed significantly to our under-

standing of motor control and sensorimotor processing at large. The neural circuitry control-

ling saccadic eye movements is now understood at a level that is sufficient to link the specific

roles of a number of saccade-related cortical and subcortical areas. In this chapter, we review

the main subcortical areas for controlling saccades, concentrating mostly on the role of the

posterior cerebellar vermis (PV), with the dorsal pontine nuclei and the nucleus reticularis

tegmenti pontis as the major gateway to the PV and the fastigial nucleus as the link between

the PV and the brainstem saccade generator. We argue that the PV is the key structure

enabling saccadic learning and that this contribution is based on the control of saccade dura-

tion by a PV Purkinje cell population signal.

Copyright © 2007 S. Karger AG, Basel

One of the major functions of the central nervous system is the generation

of movement in response to sensory stimulation. Saccadic eye movements rep-

resent an example of the sensory guidance of movements that has contributed

significantly to our understanding of some of the general principles underlying

the sensory guidance of movement. The eyes have a simple and well-defined

repertoire of movements, and the neural circuitry regulating the production of

saccadic eye movements is now understood at a level that is sufficient to

attribute specific roles to a number of saccade-related cortical and subcortical

areas and to characterize their interactions in the generation of saccades.

Different kinds of saccades can be distinguished. Resetting saccades are a

major component of reflectory optokinetic and vestibular gaze-stabilizing

reflexes. They regularly interrupt the smooth stabilizing movements in order to

move the eyes back towards the center of the orbit, whereupon another period of
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slow gaze-stabilizing movements can follow [1]. Rather than contributing to

stabilizing the visual scene, target-directed saccades emphasize particular

objects whose images are foveated in order to improve their scrutiny. The object

serving as target of a saccade may be singled out from a number of others by a

selection process that involves a careful consideration of object features and the

expectations and needs of the observer. Such target-directed saccades are usu-

ally referred to as goal directed [2]. Alternatively, the target for a saccade may

be an object appearing unexpectedly, requiring immediate attention and there-

fore prompting a reflectory orienting saccade. Objects serving as targets of sac-

cades may be defined by visual, auditory or tactile cues. Objects whose location

defines a desired location for the eyes do not have to be present at the time the

saccade is carried out. Rather, fairly precise saccades can be elicited based on

memorized information on the target location (memory-guided saccades).
Antisaccades are a specific example of a spatial dissociation of object location

and saccade goal, resulting from the instruction to invert the vector defining the

object location in order to generate a saccade vector [3–5]. Finally, spontaneous
saccades may be generated in the absence of any guiding sensory cues, defin-

ing goals in the external world, solely determined by endogenous goals.

Irrespective of the circumstances causing a saccade, all saccades are fast

ballistic eye movements, reaching maximum velocities up to 500� per second

and more, and are usually completed within tens of milliseconds. Despite their

speed, saccade trajectories tend to be remarkably stereotyped both within and

across individuals. The duration and peak velocity of saccades increases monot-

onically with the amplitude of the movement in a consistent way, usually

referred to as the ‘main sequence’ [6] (fig. 1).

Saccade latency is defined as the delay between the presentation of the cue

and the onset of the saccade. Latency for saccades varies between 100 and

300 ms, depending on the type of target-directed saccade. Express saccades are

especially fast orienting saccades with latencies of �100 ms [7, 8] that can be

observed if attention is not bound by a fixation point at the time a peripheral

visual target comes up. Like the second type of target-directed eye movements,

smooth-pursuit eye movements [9], also target-directed saccades obey Listing’s

law, minimizing the amount of torsion that accompanies the movements of the

eyes about their horizontal and vertical axes, thereby stabilizing the orientation

of the object image on the retina [10, 11]. The programming and execution of a

saccadic eye movement require different operations which overlap in time,

rather than following in a serial manner. (1) Fixation has to be disengaged, a

process that involves detaching attention from a fixated object and shifting

attention to the new object or the desired spatial location. During fixation, the

saccade machinery is suppressed by tonic inhibition from a cortical-subcortical

network that embraces neurons in the frontal eye fields (FEF and SEF) [12–14],
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in the superior colliculus (SC; fixation region [15, 16]), and the brainstem

(omnipause neurons; OPNs [17]), inhibition that has to be terminated in order

to facilitate the upcoming saccade. (2) The acquisition of the spatial coordinates

of the target location and their transformation into the spatial coordinates of the

saccade endpoint. This step, as well as the reallocation of spatial attention

alluded to before relies to a large extent on posterior parietal circuits, specifi-

cally on saccade representations in the intraparietal cortex such as area lateral

intraparietal sulcus (LIP) [18–20]. (3) The transformation of the saccade vector,

describing the desired change in eye position into a motor command that

unfolds in time and that is responsible for the kinematics features of the

observed saccade. Hence, the motor command, in order to be appropriate, must

be based on a full consideration of the dynamical aspects of the movement. The

elaboration of an appropriate motor command sent to the oculomotor motoneu-

rons (MNs) is the major function of the premotor circuitry in the brainstem,
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and horizontal saccade velocity (b) as a function of time. Saccade ‘main sequence’: peak of

saccade velocity (c) and saccade duration (d) as a function of saccade amplitude.
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interacting closely with the SC and parts of the cerebellum. This review focuses

on the role of the subcortical structures involved in the generation of saccades,

placing special emphasis on the cerebellum and the major precerebellar nuclei.

Readers interested in the cognitive control of saccades and the spatial process-

ing preparing target-directed saccades, largely cortical functions, are referred to

several excellent reviews available on the topic [13, 21].

The Brainstem Saccadic Generator

Oculomotor MNs discharge a burst of action potentials for saccades in

their respective ‘on-direction’ and suppress their discharge during saccades in

the ‘off-direction’. Burst amplitude is correlated with eye velocity and the num-

ber of spikes in the burst scales with saccade amplitude. These transient

changes in the discharge of MNs pass over into a tonic level of activity, whose

amplitude depends on eye position. Both the size of the transient change during

the movement as well at the level of the subsequent tonic activity are deter-

mined by input from premotor neurons located in mesencephalic, pontine and

medullary regions of the brainstem reticular formation [22]. The burst compo-

nent of the MN discharge is generated by short-lead burst neurons (fig. 2).

Burst neurons for horizontal saccades are located in the paramedian pontine

reticular formation (PPRF) next to the abducens nucleus [23], while those for

vertical saccades lie in the rostral interstitial nucleus in the midbrain reticular

formation (MRF) near the oculomotor nucleus [24, 25]. As the functional archi-

tecture of the circuit subserving vertical saccades in the MRF follows the same

principles as the one for horizontal saccades in the PPRF, we will restrict our

description to the latter (for review  on the vertical system, see [26]).

The PPRF projects ipsilaterally to the abducens nucleus [27–30], to the

prepositus hypoglossi nucleus (NPH) [27, 28, 30, 31], to the median vestibular

nucleus (MVN) [32] and to the posterior vermis [33]. The PPRF receives input

from the SC, the posterior vermis via the fastigial nuclei and the FEF. In the

PPRF, two types of burst neurons can be distinguished with respect to their

action: the excitatory burst neurons (EBNs, or short-lead burst neurons) and the

inhibitory burst neurons (IBNs) [34–36] (fig. 2).

The Excitatory and Inhibitory Burst Neurons
The EBNs of the PPRF are responsible for the activation of the agonist

MNs of the abducens nucleus which activate the ipsilateral lateral rectus mus-

cle, and via internuclear neurons in the abducens nucleus neurons (INs) they are

also responsible for the activation of the agonist MNs in the oculomotor nucleus

controlling the contralateral medial rectus muscle [37, 38]. The EBNs are



Catz/Thier 56

completely silent during intersaccadic periods. On the other hand, these neurons

exhibit sharp and vigorous bursts of action potentials during the saccade that

starts around 5–15 ms before the ipsilateral saccade [23, 39]. The number of

action potentials fired during the saccade increases with saccade amplitude as

well as with instantaneous eye velocity [39].

The second type of burst neuron is represented by the IBNs. These neurons

inhibit the MN and IN of the contralateral abducens nucleus [35, 40]. The IBNs

are involved in the process of relaxation of the antagonist muscles. As the EBNs,

the IBNs are silent during the intersaccadic periods and their saccade-related

EBN

IBN

EBN

IBN

SC-BN

OPN

Midline

LLBNs

La

SC-FN

TN

VI
IN

MN
VI

IN
MN

Left Right

Lateral rectus Medial rectus

III

Medial rectus Lateral rectus

Tr

Fig. 2. Brainstem circuitry involved in the execution of leftward saccades, involving a

contraction of the left lateral rectus and the right medial rectus, while the left medial rectus

and the right lateral rectus are relaxed (antagonist muscles). VI � Abducens nucleus; III �
oculomotor nucleus; La � latch neurons; Tr � trigger neurons. Excitatory connections are

indicated by filled lines. The inhibitory connections are indicated by dashed lines.
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burst precedes the saccade onset by around 5–15 ms [41]. The duration of

the burst is proportional to the duration of the horizontal component of the

movement [26].

The Omnipause Neurons 
The PPRF contains another distinct population of neurons, critical for the

timing of saccades, the OPNs. OPNs discharge tonically during fixation at rates

of more than 100 spikes per second and pause for saccades in all directions

[42]. The pause starts a few milliseconds before the onset of the burst of

EBNs/IBNs and ends at saccade offset. As EBNs and IBNs are subject to potent

inhibition from the OPNs, the OPNs contribute to stabilizing fixation. The

pause in OPN firing during the saccade, needed in order to allow the saccade to

develop, is most probably due to changes in several types of signals, impinging

on OPNs. First, it could be due to the cessation of the sustained activity of fix-

ation neurons (SC-FNs) located in the rostral pole of the SC, exciting OPNs

monosynaptically [43]. Second, the inhibition of the OPNs during the saccade

could also be a consequence of the excitation of the long-lead burst neurons

(LLBNs) in the rostral PPRF, influenced by the saccade-related burst neurons

located in the SC, outside the fixation zone (SC-BN). These LLBNs, then,

excite the EBNs, which inhibit the OPNs via inhibitory latch neurons. A third

way to inhibit the OPNs is the excitation of inhibitory neurons located directly

between SC-BN and the OPNs [44]. Fourth, inhibition of the OPNs during sac-

cades could originate from indirect inhibitory projections from the caudal fasti-

gial nucleus (cFN), output nucleus of the oculomotor cerebellum [45].

The Tonic Neurons 
The EBNs discussed before provide a signal related to eye velocity needed

in order to move the eyes against velocity-dependent viscous forces to the tar-

get. However, in order to stabilize the eyes in the new position acquired by the

saccade, a signal related to eye position, counteracting position-dependent elas-

tic forces, trying to move the eyes back towards straight-ahead, is needed. This

signal is provided by tonic neurons (TNs). Horizontal TNs are located in the

PPRF, intermingled with horizontal EBNs, and like EBNs they make excitatory

connections with MNs. Vertical TNs are found in the MRF next to vertical

EBNs. The discharge of TNs is linearly related to eye position. Robinson [54]

suggested that the eye position-related signal of TNs could be the result of a

mathematical integration of the eye velocity-related signal provided by EBNs.

A copy of the eye velocity signal would be sent to a ‘neural integrator’ (NI) in

order to generate a tonic command coding for the eye position. This command

would allow the MNs to offer the constant position-dependent firing rate

needed in order to stabilize the eyes at an eccentric position. Lesion experiments
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suggest that two structures, the MVN, located caudally to the PPRF, and the

NPH, reciprocally connected to the PPRF, MVN, vestibular cerebellum (floccu-

lus) and oculomotor cerebellar vermis (lobuli VI and VII ) are involved in the

integration of the velocity command as they lead to an inability to maintain the

eyes in an eccentric position: after any centrifugal saccades the eyes turn sys-

tematically back to a stable position at straight-ahead [46–48]. It has been pro-

posed that the integration by the NI could be based on local recurrent

excitation, i.e. neurons will excite their neighbors, which in turn will feed them

back with excitation [49, 50]. The NPH, located caudal of the abducens

nucleus, which also contains a high number of TNs coding the position of the

eye, is probably part of this excitatory feedback network [51–53]. The activity

of TNs increases with the ipsilateral deviation of the gaze. The types of neurons

found in the PPRF have distinct roles in an influential model of the control of

saccadic eye movements, put forward by Robinson [54], whose key features

pervade any later models up to the present day. Probably the major feature is the

idea of internal feedback as a way to deal with the unacceptably long latencies

of visual feedback signals (fig. 3).

An ongoing targeting saccade should be stopped once the object image has

reached the fovea. However, the long latency of visual signals, having an order

of magnitude of 50 ms and more, precludes the possibility to use information

from the fovea to stop the saccade at the right point in time. The Robinson

model (fig. 3) assumes short-latency internal or ‘local’ feedback as an alter-

native to visual feedback. According to the local feedback concept, the eyes are

driven by a signal that is the difference between desired eye position and an

estimate of current eye position, the latter provided by the eye position-related

TNs. This ‘motor error’ activates the saccadic burst neurons, the EBNs, that

generate a pulse of activity proportional to the size of the motor error. The EBN

pulse and the TN position step signals are integrated by the ocular MNs and

Pulse generator 
[�EBN]

MN

�dt

Ed
e E‘

.
�

�

E*

Plant

Step 
[�TN]

Fig. 3. The Robinson internal feedback model for saccades. Ed � Eye-desired dis-

placement; E* � actual eye displacement.
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give rise to their characteristic burst-tonic discharge which is responsible for the

movement (discharge burst � ‘pulse’) and the subsequent stabilization of the

eyes in new orbital position (tonic discharge � position ‘step’). During the

movement, the ‘efference copy’ of the movement, represented by the TNs,

grows and consequently, the motor error is gradually reduced to zero, which is

why the movement will ultimately come to a stop.

The role of the OPNs in this model is basically to speed up the transition

from fixation to movement and back again and, moreover, to stabilize the

respective states. This is a direct consequence of the reciprocal inhibitory con-

nections between OPNs and EBNs. The decision to start a saccade will activate

EBNs directly and in addition indirectly by reducing inhibition from OPNs,

FEF LIP

Cerebellum

NRTP

DPNBasal ganglia

SC

Burst generator

Extrastriate 
visual cortex

Ocular MNs

Retina

IO

Fig. 4. Simplified diagram of the major cortical and subcortical areas involved in the

planning, preparation and execution of saccadic eye movements.
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whose activity will be reduced by the decision to start a saccade as well as by

the growing activity of the EBNs. Conversely, during fixation, the inhibition

from OPNs will tend to suppress spurious activation of EBNs and thereby unin-

tended saccades (fig. 4).

The Superior Colliculus

The brainstem burst generators in the PPRF and the MRF receive input

from a number of brain structures such as the SC, the FEFs and the oculomotor

cerebellum. The input from the SC, homologue of the optic tectum in amphib-

ians and fishes, is probably the most important and, moreover, the best under-

stood source of input. The SC is a multilayered structure whose intermediate

layer plays a critical role in the control of visual fixation and saccadic eye

movements, serving as the key structure underlying the spatiotemporal transfor-

mation for saccades. Neurons in the intermediate layer of the SC show conver-

gence of visual, auditory, and somatosensory informations, integrated to guided

saccades but also other types of orientation behavior [55–59]. The role of the

intermediate layer of the SC in the guidance of saccades has first been estab-

lished by electrical microstimulation [60], which evokes saccades into the con-

tralateral hemifield with amplitudes and directions fully determined by the

location of the microelectrode in the SC (fig. 5). Large saccades are elicited by

microstimulation of the caudal SC, whereas small saccades are evoked by

microstimulation of its more rostral part. Moving the stimulation microelec-

trode gradually within the intermediate layer leads to gradual changes in the

metrics of evoked saccades, demonstrating that the intermediate layer of the SC

contains a topographic map of saccade endpoints. The location of the endpoint

of evoked saccades coincides with the location of the circumscribed movement

fields of saccade-related burst neurons, found at the respective location in the

intermediate layer. Moreover, the map of saccade endpoints in the intermediate

layer is congruent with the retinotopic map in the overlying, purely visual

superficial layer of the SC. Three other types of neurons characterize the inter-

mediate layer of the SC. In addition to the burst neurons (SC-BNs), which are

purely saccade-related, lacking any visual responses, the intermediate layer also

houses purely visual as well as mixed visuomotor neurons. One variety of the

latter, the so-called build-up cells play a decisive role in current models of the

role of the SC in the generation of saccades. Unlike the visual and the burst

cells, they are characterized by open response fields that lead to their activation

by any saccade in their preferred direction, independent of amplitude. The ros-

tral pole of the SC, adjoining to the small saccade representation, is special as it

contains neurons (SC-FNs) that are active during fixation, rather than being
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activated by saccades. Conversely, these fixation neurons are silent during sac-

cades. While the fixation zone maintains an excitatory projection to the brain-

stem omnipause region, the burst neurons project to the brainstem burst

generators via LLBNs in the midbrain. The decision to carry out a saccade of a

given amplitude and direction will activate the neurons at the corresponding

location in the SC map, while at the same time inhibiting the SC fixation zone

(fig. 5b). Excitatory drive will be passed on from this location to the EBNs by

way of the LLBNs. At the same time, activity from this initial location in the SC

spreads to buildup neurons in neighboring locations representing smaller

amplitudes which will sustain the excitation of the brainstem burst generator.

The drive of the EBNs will come to an end, once the spread of activity on the

collicular map has reached the fixation zone, on the one hand, stopping EBNs

directly, and on the other hand, activating OPNs. In sum, the spatiotemporal

transformation for saccades is a direct consequence of the functional architec-

ture of the SC and its connections with the brainstem (fig. 5).

The scheme sketched out before is a simplification of more elaborated

models on the role of the SC in the generation of saccades [61, 62]. Although

based on an abundance of anatomical and physiological observation, they still

contain a number of speculative and highly controversial elements. Alternative

views on the role of the SC in saccades that have recently been proposed sug-

gest a direct involvement in the feedback control of saccades [63, 64] or the

elaboration of the ‘error signal’ needed in order to adjust the oculomotor plant
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represents the saccade horizontal component, while the vertical component is represented by

the mediolateral axis (thick lines). b Discharge of a SC-BN and discharge of a SC-FN during

a 15� saccade.
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[65–67]. Bergeron et al. [67] proposed, in extension of the original assumption

of Robinson [60], that the SC encodes the distance to the target rather than sac-

cade amplitude. Distance to target is given by comparing target position on the

retina with current gaze position, yielding the gaze shift needed (gaze position

error) to fovealize the target. The important difference with respect to the origi-

nal Robinson model is that the variable controlled is gaze, the sum of eye and

head position, rather than just eye position and, secondly, that the SC is inside

the feedback loop calculating the motor error.

The Basal Ganglia

The interest in the role of the basal ganglia in the control of saccadic eye

movements emerged after saccade-related neurons had been demonstrated in

various parts of the basal ganglia [68, 69] and, moreover, a direct projection

from the substantia nigra pars reticulata (SNr) to the SC had been established

[70]. This inhibitory projection is in turn under the control of an inhibitory pro-

jection coming from the caudate nucleus (CN). One of the main functions of the

basal ganglia in the control of saccades seems to be the avoidance of unwanted

saccades. This is demonstrated by the emergence of spurious saccades, if the

tonic inhibitory input is blocked experimentally (fig. 6) [71]. For instance, in

order to suppress too early saccades in a memory-guided saccade task the SNr

continuously inhibits the SC-BN in the intermediate layer of the SC [71, 72]. If

the context allows the execution of the saccade, the CN via its negative action

on the SNr will disinhibit the SC-BN [73], allowing the SC-BN to fire and start

a saccade (fig. 6).

The Oculomotor Role of the Pontine Nuclei and the 
Nucleus Reticularis Tegmenti Pontis

Both cortical structures we dispose of, cerebral cortex and cerebellar cor-

tex are involved in the control of saccades. The major pathway linking the two

cortices, including those areas involved in saccades, is the cerebropontocerebel-

lar projection with the pontine nuclei (PN) in the basilar brainstem serving as

intermediate station. In addition to input from saccade-related areas of the cere-

bral cortex such as area LIP and the FEF, the PN also receive visual and eye

movement-related input from the SC. Accordingly, the PN may be regarded as a

central integration unit in a major pathway subserving saccades. In this section,

we will describe the role of the PN in saccades and in addition discuss the role

of a neighboring major precerebellar nucleus, the nucleus reticularis tegmenti



Neural Control of Saccadic Eye Movements 63

CN

SNr

SC

�

a

c

Brainstem burst 
generator

CN

SNr

SC

�

��

b

Brainstem burst 
generator

Bicuculine

10º

100 ms

Fig. 6. a Scheme of the inhibitory projection from the basal ganglia to the SC. b The

injection of the GABA antagonist (bicuculine) into the SC suppresses the inhibition and

thereby induces spurious saccades shown in (c). c Saccadic jerks during fixation of a central

target after injection of bicuculine into the left SC while the monkey waits for the signal to

make a saccade to a memorized spatial location. The vertical line marks the end of the pres-

ence of the fixation target. Upper traces show horizontal and lower traces vertical eye posi-

tion. From Hikosaka and Wurtz [71], with permission.
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pontis (NRTP), a structure lying adjacent to the medial parts of the PN, but still

much less dependent on input from cerebral cortex than the PN.

The Pontine Nuclei 
The dorsolateral PN (DLPN) and neighboring parts of the PN receive

ample input from a number of cerebrocortical and subcortical structures known

to be involved in saccadic eye movements such as the FEF, parietal areas LIP

and MP, or the SC. Hence, the anatomy strongly suggests that the PN might be

involved in information processing for saccades as well, rather than being con-

fined to the slow visually guided eye movements emphasized by the early elec-

trophysiological and lesion work on the PN [74, 75]. Actually, as it turns out,

saccade-related single units can be encountered almost as frequently as single

units activated by smooth pursuit eye movements if the dorsal parts of the PN

are explored without any bias for the one or the other type of oculomotor behav-

ior. In two rhesus monkeys trained to perform smooth pursuit eye movements as

well as visually and memory-guided saccades, out of 281 neurons isolated from

the dorsal PN (DPN), 138 were responsive in oculomotor tasks. Forty-five were

exclusively activated in saccade paradigms, 68 exclusively by smooth pursuit,

and 25 neurons showed responses in both [76]. The various types of oculomotor

neurons could be encountered in the lateral as well as medial parts of the DPN

without any distinctive differences in their relative frequencies, further putting

into perspective the notion of the DLPN as the only oculomotor part of the PN.

Saccade-related neurons in the DPN were found intermingled with those dis-

charging in conjunction with smooth pursuit eye movements. Most saccade-

related neurons had a preferred saccade direction. However, with respect to

other features, they were quite heterogeneous, exhibiting a wide variety of

response patterns when tested in a memory-guided saccade task. Whereas some

discharged only at the time of the eye movement, others displayed additional

visual responses or activity in the ‘memory’ period. Even the features of

saccade-related bursts differed substantially between neurons, as among others

reflected by the wide distribution of burst onset latencies, varying between sub-

stantial lead and lag relative to eye movement onset. The sources of afferents

impinging on the DPN involve probably all cerebrocortical representations of

saccadic eye movements, areas which house neurons with very different types

of saccade-related responses. The heterogeneity of saccade-related responses in

the DPN is therefore most probably a reflection of the diversity of the cerebro-

cortical input. While about 90% of the afferents impinging on the DPN are of

cerebrocortical origin [77], there is additional input from a number of subcorti-

cal sources, including the SC [78]. Hence, in principal saccade-related signals

in the DPN might also reflect saccade-related input from the SC, rather than

information originating from the saccade-related areas of the cerebral cortex.
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While some of the saccade-related neurons encountered in the DPN may indeed

have been driven by input from the SC, it seems unlikely to be true for the

majority of these neurons. This is suggested by the fact that the projection from

the SC is not only small, compared with the one originating from cerebral cor-

tex, but, moreover, largely restricted to the rostral DLPN proper [78]. However,

saccade-related neurons were found in extended parts of the DPN, most proba-

bly also in locations far away from the putative target zones of the SC projection,

and, moreover, without any clear differences in the properties of saccade-related

responses in different parts of the DPN.

Neurons showing combined sensitivities to saccades and to smooth pur-

suit, surprisingly frequent in the DPN, do not seem to have a cerebrocortical

counterpart. This might suggest that they are constructed by convergence of

more specialized oculomotor streams originating from different parts of the

cerebral cortex. The functional role of these ‘combination’ neurons is unclear.

One might speculate that they play a specific role in the generation of catch-up

saccades, executed in an attempt to bring the eye back on target in case of insuf-

ficient smooth pursuit eye movements. However, such a role would probably

require coinciding preferred directions for saccades and smooth pursuit, a coin-

cidence these ‘combination’ neurons typically lack.

Unlike the effects on smooth pursuit eye movements, small experimental

lesions of the monkey DLPN do not affect saccades made to stationary visual

targets. However, saccades made to targets moving away from the starting posi-

tion of the eyes become hypometric for target movement toward the side of the

lesion [74]. Larger lesions of the human basilar pons, sparing the brainstem

tegmentum, may cause hypometria also of saccades made toward stationary tar-

gets without changing saccade velocity and its dependence on saccade ampli-

tude [Bunjes and Thier, unpubl. obs.].

The Nucleus Reticularis Tegmenti Pontis 
The dominating type of saccade-related neurons in the NRTP produces

bursts of spikes before and during a saccadic eye movement directed toward cir-

cumscribed movement fields. Unlike neurons in the nearby PPRF, the discharge

intensity or duration does not reflect the saccade metrics. Some of these

neurons exhibit additional visual sensitivity to spots of light turned on within

the movement field. These neurons are functionally intermediate between the

saccade-only neurons mentioned before and neurons with purely visual

responses found in the same area. The features of these three types of neurons

are reminiscent of the neurons in the SC, from which some of the input of the

NRTP is derived. However, unlike movement fields of saccade neurons in the

SC, those in the NRTP have a 3-D organization, reflecting eye torsion as well as

the vertical and the horizontal excursions of the eye [79]. Moreover, unlike
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microstimulation of the SC, which moves the eyes vertically and horizontally

but not torsionally [80], stimulation of the cNRTP induces torsional deviations

of the eyes. Finally, lesions of the NRTP seem to impair the ability to reset tor-

sional errors. Taken together, these observations strongly support the idea that

the NRTP is a key element in a circuit downstream of the SC stabilizing

Listing’s plane against torsional errors of the saccadic system.

The Oculomotor Cerebellum

Several regions of the cerebellum house Purkinje cells that discharge in

relation to saccadic eye movements. The region first identified and probably

best understood is located in the posterior vermis, comprising vermal lobuli VI

and VII and occasionally also referred to as the oculomotor vermis or Noda’s

vermis, the latter name chosen to honor the late Hiroharu Noda, whose work

has contributed considerably to our current view of this part of the cerebellum.

A contribution of the posterior vermis and neighboring parts of the cerebellum

to saccades was first suggested by experiments in which surgical lesions of this

part of the cerebellum were carried out. For instance, Aschoff and Cohen [81]

observed fewer saccades to the impaired hemifield after unilateral lesions of the

cerebellar vermis, and Ritchie [82] described dysmetric saccades to visual tar-

gets following lesions of the posterior vermis. Dysmetric saccades have also

been reported in the clinical literature as the consequences of cerebellar pathol-

ogy involving the human vermis due to disease [83]. Ron and Robinson [84]

showed that electric stimulation through electrodes placed in the posterior

vermis and neighboring paravermis with currents of up to 1 mA was able to

evoke saccadic eye movements. While this early work suggested a quite

extended saccade representation in the posterior cerebellum, Noda and cowork-

ers, by resorting to electric microstimulation, could show that the saccade

representation was actually much smaller than hitherto assumed [85–88]. When

stimulation currents were kept below 10 �A, saccades could only be evoked

from lobuli VIc and VIIA of the posterior vermis, but not from the adjoining

regions of the vermis and paravermis. Moreover, Noda and Fujikado [89] could

show that the stimulation effects were a consequence of activating Purkinje cell

axons and could rule out that the antidromic activation of vermal afferents,

originating from brainstem centers for saccades, contributed to the evoked sac-

cades. The oculomotor vermis projects to the saccade representation in the cFN,

which in turn projects to the brainstem centers for saccades [88, 90]. The cFN

contains numerous saccade-related neurons. The properties of the saccade-

related bursts depend on the direction of the saccade being controversive or

ipsiversive [91–94]. Furthermore, the unilateral inactivation of the cFN induces
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saccadic dysmetria, ipsiversive hypermetria and controversive hypometria [95].

The induced dysmetria is accompanied by abnormalities in saccade kinematics

[96].

It is therefore very likely that the effects of activating Purkinje cells artifi-

cially by electric stimulation are mediated by this pathway. Electric microstim-

ulation has clearly been very helpful in identifying the saccade-related parts of

the posterior vermis and the pathway originating from there. On the other hand,

its contribution to the characterization of the functional role of cerebellar cortex

in the control of saccades has been limited.

Our own recent work on the posterior vermis [97] suggests that posterior

vermal Purkinje cells provide a signal used to adapt the duration of the pulse

offered by the brainstem pulse generator, a hypothesis which is based on the

analysis of the properties of saccade-related neurons in the posterior vermis.

When tested in the memory-saccade paradigm, in which center-out sac-

cades are made in darkness towards the remembered location of a cue, turned

off a couple of 100 ms before the saccade is carried out, most saccade-related

Purkinje cells exhibit pure saccade bursts. They only rarely show visual responses

or activity in the period of time; the monkey is waiting for the go-signal to start

the saccade. Moreover, these saccade-related responses are usually direction

selective. Saccade duration and amplitude are closely linked. Saccade duration

increases linearly with amplitude for up to 40�, allowing one to change saccade

duration by simply asking monkeys to make saccades of different amplitudes.

When saccades of different amplitudes are carried out in the preferred direction

of a given cell, the amplitude dependency of the saccade-related bursts is highly

idiosyncratic. Whereas some cells may show a monotonous increase in the

number of spikes fired with increasing saccade amplitude, others show pre-

ferred amplitudes or no dependency on amplitude at all within a range of ampli-

tudes up to 40�. In other words, one would most probably fail if one tried to

determine the duration or amplitude of a saccade made by the monkey by mon-

itoring the discharge pattern of individual cells. Unlike individual cells, though,

larger groups of these saccade-related Purkinje cells provide a precise signature

of saccade duration and amplitude. This is suggested by the conspicuous rela-

tionship between saccade duration and the duration of the population burst, the

instantaneous discharge rate of a larger (n � 50) group of saccade-related

Purkinje cells, obtained by considering the timing of each spike fired by each

cell in the sample. Figure 7 shows a plot of the simple spike (SS) population

burst, based on 94 Purkinje cells from the posterior vermis as function of time

around a saccadic eye movement. The population burst is plotted for three dif-

ferent saccade durations (fig. 7a). It starts, independent of saccade duration a

couple of 10 ms before saccade onset and peaks exactly at the time the saccade

starts, again independent of saccade duration. It is the decline of the population
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burst, which depends on saccade duration: it is longer the longer the saccade

lasts. This clear dependency of the time the population burst ends on the time

the saccade ends is not restricted to the three saccade durations presented in fig-

ure 7a but characterizes the full range of saccade durations tested (from less

than 30 ms to almost 80 ms).

This is shown in figure 7b, which depicts a pseudo 3-D plot of the popula-

tion burst as a function of saccade duration. In order to relate the time course
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Fig. 7. Cerebellar Purkinje cells population response. a Population burst profiles for

3 saccade durations of 30, 49 and 65 ms. b Dependence of population burst on saccade

duration. The x-axis plots the time relative to saccade onset at 0 ms, the y-axis saccade

duration, and the z-axis the mean instantaneous discharge rate of the population of 94

Purkinje cells. c Regression plots relating different parameters characterizing the saccade

timing and the burst time to each other. See the text for explanation. a, c Taken from Thier et

al. [97], with permission.
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of the population burst more precisely to the time course of the saccade, we

measured the times of onset (a), peak (b) and offset (c) of the population burst

relative to saccade onset of each saccade duration as well as the population

burst duration (d), given by c – a. We determined population onset and offset

times as the times when the population burst reached 4 times the baseline firing

rate when building up and when declining. Figure 7c plots time t as a function

of a, b, c, and d, respectively. In the case of a, b and d, t corresponds to saccade

duration, in the case of c to the time of saccade termination. The plots are fitted

by linear regressions. Both c and d increased linearly (c: p � 0.00004, d:

p � 0.01) with the time of saccade termination and saccade duration, respec-

tively, whereas neither a nor b depended significantly (p � 0.05) on saccade

duration. The end of the population burst (c) as predicted by the regression, cor-

responds very closely to the end of the saccades, whereas the population burst

duration (d) underestimates saccade duration by 24%. This fact and the signifi-

cantly higher coefficient of correlation for c compared with d indicate that the

population burst reflects the time of saccade termination. Individual cells fire

their bursts at different times relative to the saccade, some reaching their maxi-

mum quite early, even before saccade onset, while others fire much later. None

of the individual Purkinje cells reflect the termination of the saccade as accu-

rately as the population response [97].

Based on the number of Purkinje cells in rhesus monkeys [98] and the

number of deep cerebellar nuclei neurons [99], it can be estimated that on the

order of 20–30 Purkinje cells converge on individual cells in the deep cerebellar

nuclei. This means that a cell in the caudal part of the fastigial nucleus, the tar-

get of the posterior vermis, is probably influenced by a compound signal, not

too different from the population burst as described before. In other words, the

population burst is not a mathematical artifact but most probably a direct func-

tional consequence of the properties of the cerebellonuclear projection. In view

of the GABAergic nature of this projection, the population burst will deliver a

strong hyperpolarizing signal to the recipient nuclear neuron, probably turning

it off while the saccade is carried out. In vitro studies have shown that nuclear

neurons fire strong rebound bursts upon cessation of hyperpolarization, as a

consequence of hyperpolarization-activated mixed cation and calcium channels

[100]. If such rebound bursts were also generated under in vivo conditions, we

would expect to see saccade-related bursts close to the end of a saccade.

Actually, many saccade-related nuclear neurons show such late saccade-related

bursts [92, 94, 101], a signal, which if sent to the brainstem machinery for sac-

cades, might help to stop an ongoing saccade. Scudder et al. [102] have recently

shown that the timing of these late bursts can be changed by adapting saccade

amplitude. For instance, if manipulations are carried out leading to longer-last-

ing, larger amplitude saccades, these bursts occur even later. If we assume that
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the timing of these later bursts fired by nuclear neurons is determined by the

end of the vermal population burst, the conclusion obviously is that the manip-

ulation leading to longer and larger saccades has increased the duration of the

vermal simple spike (SS) population bursts. In other words, changes in the

duration of the population bursts might underlie saccadic plasticity or adapta-

tion, in which the relationship between a given retinal vector, defining the loca-

tion of the target and the saccade vector is changed, if appropriate [103]. While

we do not know yet how the vermal population burst duration is changed by

saccadic adaptation, we do know that the vermis is indispensable for saccadic

adaptation. Lesioning vermal lobule VI and VII leads to an irreversible loss of

short-term saccadic plasticity [104]. Short-term saccadic plasticity is the func-

tion which allows us to generate thousands of precise saccades despite the fact

that the oculomotor periphery changes continuously due to fatigue. We hypoth-

esize that this is possible because of careful adjusting of saccade duration,

realized by tuning the neuronal representation of saccade time offered by the

posterior vermal population signal.

In order to induce any changes of the population burst duration that may

be needed in order to accommodate changes of the oculomotor periphery, the

vermis should receive information on the state of the motor plant. Any inade-

quate consideration of the plant will lead to imprecise saccades, missing the

goal and thereby generating a ‘performance error’. It is commonly assumed

that such error signals underlie the changes observed during saccadic adapta-

tion  [for review, see 103]. It is close at hand to assume that the performance

error leads to adaptation by modulating the duration of the posterior vermal

population burst. Our recent observations on the climbing fiber input to the

saccade-related posterior vermis are in full accordance with this idea [105].

Climbing fibers originate from the inferior olive (IO) and are responsible for

the complex spikes (CS) fired by cerebellar Purkinje cells, which modulate the

efficacy of the second line of input, in the case of saccades, fed by the dorsal

PN and the NRTP. A careful analysis of the changes of CS patterns during sac-

cadic learning shows that they would be appropriate to lead to the changes of

the SS population burst, needed in order to explain the changes in saccade

metrics due to learning. Note that in this scenario, the changes in the CS pro-

file induced by learning do not reflect an error per se but adjustments, which

are prompted by an error. Given the strong input from the SC to the IO, the ori-

gin of the climbing fibers, one may speculate that it is the SC that extracts the

error in the first place.

Irrespective of the details and the remaining open questions, the work on

the posterior vermis is fully compatible with the notion that this part of the cere-

bellum contributes to the fine tuning needed in order to allow the brainstem

saccade generator to work at the precision we observe.
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Abstract
Smooth pursuit eye movements are used to track small moving visual objects and

depend on an intact fovea. Optokinetic nystagmus is the oculomotor response to large mov-

ing visual fields. In addition, the ocular following response is considered, which reflects

short latency, involuntary eye movements to large moving visual fields. This chapter will

consider the general characteristics and the anatomical and physiological basis of these eye

movements. It will conclude with disorders, particularly those seen in clinical investigations.

Copyright © 2007 S. Karger AG, Basel

General Characteristics

Smooth Pursuit Eye Movements
The performance of smooth pursuit eye movements (SPEM) is a voluntary

task and depends on motivation and attention. SPEM are only found in species

with a fovea and are used to maintain a clear image of small moving visual

objects on the retina. The latency for the initiation of SPEM is 100–150 ms [1],

which is generally shorter than for a saccade. During initiation (eye accelera-

tion) SPEM depend mainly on visual signals, and during maintained pursuit on

a ‘velocity memory’ signal [2].

In contrast to saccades, SPEM are usually considered as ‘slow’ eye move-

ments, although velocities above 100�/s can be reached [man: 3; monkey: 4].

Cats, with a coarse area centralis can track larger stimuli only up to 20�/s [5]. In

man, there is a clear age dependence of SPEM [6]. They are already present in

4-week-old infants and reach a gain close to 1 at 3 months [7]. As a rule, maxi-

mal velocity decreases every year by 1�/s starting at the age of 20 [3]. There

seems to be no further decline above the age of 75 [8].
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Under normal circumstances, tracking of small moving visual objects is

done by eye and head movements. Head movements induce the vestibulo-ocular

reflex (VOR), which drives the eyes in the direction opposite to the eye move-

ments. During visual tracking the VOR has to be suppressed, and it is assumed

that the central nervous system actually generates a smooth pursuit signal to

cancel the VOR [9]. Thus, a SPEM deficit is generally accompanied by

impaired VOR suppression.

Usually SPEM are tested with sinusoidal stimuli which only refer to steady

state conditions. They are different from the initial 20–40 ms, when SPEM are

independent from stimulus parameters. To account for the different motor pro-

grams on a neuronal level for SPEM generation, often the step-ramp (Rashbass)

paradigm is used. So far, only few clinical studies addressed the question of

partial dysfunction in SPEM generation [10].

Both SPEM and saccades are voluntary eye movements. Traditionally they

have been considered as two distinct systems. However, it is becoming increas-

ingly evident that both types of eye movements share similar anatomical networks

at the cortical and subcortical level. These networks are presumably used for

selection processes involving attention, perception, memory and expectation [11].

Optokinetic Response
Large moving visual fields (with the head stationary) lead to slow com-

pensatory eye movements. These eye movements are driven by the optokinetic

system. During continuous motion of the visual surround, fast resetting eye

movements occur, which are basically saccades. The combination of slow com-

pensatory and fast resetting eye movements is called optokinetic nystagmus

(OKN), the direction being labeled after the fast phase.

Two components can be distinguished in the generation of the slow com-

pensatory phase [12]. One is called the ‘direct’ component, because it occurs

directly after the onset of the optokinetic stimulus and is considered to reflect

the ocular following response (OFR) [13]. It can best be demonstrated by the

rapid increase in slow-phase eye velocity after the sudden presentation of a

constant optokinetic stimulus. In contrast, the second component is called the

‘indirect’ component, because it leads to a more gradual increase in slow-phase

eye velocity during continuous stimulation. The best demonstration of the ‘indi-

rect’ component alone is optokinetic after-nystagmus (OKAN) – the nystagmus

that continues in the dark after the light has been turned off [12]. The ‘indirect’

or ‘velocity storage’ component can be related to concomitant activity changes

in the vestibular nuclei [14–16].

There is also some evidence that the ‘direct’ component is more involved

in translational optical flow in contrast to rotational optical flow for the ‘indi-

rect’ component [17].



Büttner/Kremmyda 78

In birds and lateral-eyed animals (rat, rabbit) the optokinetic response

consists almost entirely of the ‘indirect’ component. In the monkey, both

components are well developed, and maximal OKN velocities can reach more

than 180�/s [12, 18]. In contrast, in humans the ‘indirect’ component is

often weak (as indicated by OKAN), variable, and sometimes virtually miss-

ing [3, 19].

Maximal OKN velocities in the horizontal plane seldom exceed 120�/s in

humans and can be mainly related to the ‘direct’ component. Clinically, values

above 60�/s are considered normal [3]. There seems to be some age-related

decline in OKN responses for subjects aged �75 years [8]. At constant stimulus

velocities below 60�/s, the gain (eye/stimulus velocity) is about 0.8 [20].

Responses can still be obtained at sinusoidal stimulation above 1 Hz [21]. OKN

is also used to determine residual visual capacities in patients with severe motor

and intellectual disabilities [22].

Vertical OKN has been less intensively investigated. In general, vertical

OKN is slower than horizontal OKN and upward stimulation is more effective

than downward stimulation [23]. At the bedside, normal function can be

assumed as long as up and down OKN can be elicited. In the upright body posi-

tion, vertical OKAN is often missing or only present after upward optokinetic

stimulation [23]. With a rotating visual field, also torsional OKN with a low

gain (�0.2) can be elicited [24, 25].

Ocular Following Response 
The immediate involuntary response to a large moving visual field is

called OFR. OFR in humans can have latencies as short as 60–70 ms, which are

shorter than those for SPEM. The size of the visual stimulus and the involuntary

character are further features to distinguish these eye movements. The OFR is

functionally linked to the translational VOR in contrast to OKN being related to

the rotational VOR [26]. Experiments in humans with moving square waves and

stimuli, in which the fundamental frequency of the square wave pattern was

removed, revealed that the eyes always move in the direction of the strongest

Fourier component, which is in the latter case the third harmonic. Under these

conditions the eyes can move in the opposite direction (due to the third har-

monic) of the movement of the general stimulus pattern [27]. Longer interstim-

ulus intervals can reverse the direction of the OFR [27]. These findings support

the hypothesis that visual motion detection for OFR is sensed by low-level

(energy-based) rather than feature-based (high-level) mechanisms [28]. The

middle temporal visual area (MT) and medial superior temporal visual area

(MST) appear to be early cortical stages involved in motion responses [29] and

in the initiation of OFR [30].
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Anatomy and Physiology

Smooth Pursuit Eye Movements
SPEM are the result of a complex visuo-oculomotor transformation

process, which involves many structures at the cortical as well as the cerebellar

and brainstem level [31, 32] (fig. 1). Frontal as well parietotemporal areas are

involved in smooth pursuit generation. The main areas posterior to the central

sulcus are the occipital cortex, the MT, the MST and the parietal cortex. With

lesions in the occipital cortex SPEM are abolished in the contralateral hemi-

field, when step-ramp stimuli are used [33]. However, with sinusoidal stimuli

SPEM remain intact due to the use of predictive SPEM properties and the spar-

ing of the macular projection.

Area 17 (occipital cortex) projects ipsilaterally to the MT (also called V5).

Neurons here have large receptive fields and encode the speed and the direction

of moving visual stimuli [34]. In the monkey, small lesions in the extrafoveal

part of the MT cause a deficit in SPEM initiation [35]. Based on functional

MRI, the MT in humans is located posterior to the superior temporal sulcus at

the parieto-temporo-occipital junction (Brodmann areas 19, 37 and 39) [36].

Frontal cortex 
FEF, SEF

NRTP

Cerebellum 
Vermis

FOR

Posterior cortex 
MT, MST

PN

MVN, Y group

Floccular region 
VPFL (FL)

Motoneurons

Fig. 1. Major SPEM-related structures and their connections. The cortical structures

(FEF, SEF, MT, MST) project via pontine structures (NRTP, PN) to the cerebellum [vermis,

VPFL (FL)]. From here, activity travels via deep cerebellar nuclei (FOR) and the vestibular

nuclei (MVN, Y group) to the oculomotor neurons in the brainstem. The anatomical pathway

from the FOR to the motoneurons is not well established (dashed line). There is some evidence

that the frontal cortex projects mainly via NRTP to the vermis and the posterior cortex mainly

via PN to the FL
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The MST is adjacent to the MT, from where it receives an input. Also neurons

in the MST have large receptive fields and are well suited for the analysis of

optic flow [37]. In contrast to the MT, MST neurons can still be active without

retinal motion being present [38]. Experimental lesions of the MST produce a

SPEM deficit to the ipsilateral side in both visual hemifields [39]. The MST

appears to be largely involved in SPEM maintenance, whereas the MT is more

involved in SPEM initiation [32]. In man, the homologues of the MT and MST

are also adjacent to each other at the occipitotemporoparietal junction.

Over the last years, it became increasingly clear that also the frontal eye

fields (FEFs) and the supplementary eye field (SEF) in the frontal cortex are

involved in SPEM generation. Both structures, FEF and SEF, have been known

for their involvement in saccade generation. The SPEM-area of the FEF is

anatomically distinct of the saccade area [40]. Lesions in monkeys [41] and

humans [42] cause a severe ipsidirectional deficit particularly in predictive

aspects of SPEM. Interestingly, optokinetic responses can be preserved [43].

Also the SEF appears to be involved in predictive aspects of SPEM [44]. It has

been suggested that SEF is particularly involved in the planning of SPEM [32].

Evidence starts to emerge that also the basal ganglia [45] and the thalamus

are involved in SPEM control. Anatomically, it has been shown that both the

saccade and the SPEM-related division of the FEF project to separate areas in

the caudate nucleus [46]. Also, the saccade and the SPEM-related division of

FEF receive different thalamic inputs [47]. Recent single unit studies indicate

that the thalamus regulates and monitors SPEM by providing a corollary dis-

charge to the cortex [48].

There is some evidence that FEF projects mainly to the nucleus reticularis

tegmenti pontis (NRTP) [49] and MT/MST more strongly to the dorsolateral

pontine nuclei (DLPN) [50] (fig. 1). The DLPN projects only to the cerebellum.

Here afferents terminate in lobulus VI and VII of the vermis (oculomotor ver-

mis; OV) [51] and the paraflocculus [49]. Neuronal activity in DLPN would

preferentially allow a role in maintaining steady-state SPEM [49]. Discrete

chemical lesions in DLPN in monkeys produce mainly an ipsilateral SPEM

deficit [52]. NRTP projects to the OV [51] and to a lesser degree to the

paraflocculus [53]. Neurons here encode primarily eye acceleration, which

would indicate a larger role of NRTP in smooth pursuit initiation [49].

In the cerebellar cortex, the floccular region (FL) and OV are most inten-

sively investigated in relation to SPEM. In monkeys, lesions in both the FL [54]

and OV [55] lead to SPEM deficits. OV lesions in monkeys lead to a smooth

pursuit gain reduction particularly during the first 100 ms (in the open-loop

period). Deficits are also seen in humans after OV lesions [56]. The OV projects

to the caudal part of the fastigial nucleus (fastigial oculomotor region; FOR)

(fig. 1), where lesions also cause a SPEM deficit (to the contralateral side) [57].
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The FL projects directly to the vestibular nuclei, from where SPEM signals

can reach the oculomotor nuclei. It is not quite clear yet, how the SPEM signals

from FOR reach the oculomotor nuclei.

There is some evidence for two parallel pathways from the cortex for

SPEM. The parietotemporal structures (MT, MST) project preferentially to the

pontine nuclei, which in turn send afferents to the FL. In contrast, the FEF

mainly sends signals via NRTP to the OV and FOR (fig. 1). The functional dif-

ferences for these two routes at all levels still have to be determined.

Optokinetic Nystagmus
As outlined above, here only the ‘indirect’ or ‘velocity storage’ component

of OKN will be considered. Although the ‘velocity storage’ component can be

transmitted solely via brainstem pathways, it is important to remember, that

these pathways are under cortical control. Bilateral occipital lesions lead to a

loss of optokinetic responses in both humans [58] and monkeys [59].

Fibers from the retina terminate in the brainstem in the nuclei of the acces-

sory optic tract (AOT) and the nucleus of the optic tract (NOT), only the latter

being part of the pretectal nuclear complex [60]. Both AOT [61] and NOT [50]

receive cortical inputs. Being located in the mesencephalon, they project to

more caudal brainstem areas like the pontine nuclei, NRTP, the inferior olive,

nucleus prepositus hypoglossi and the vestibular nuclei. Neurons in AOT and

NOT have large receptive fields and respond best to large textured stimuli mov-

ing in specific directions [62].

It is well known that vestibular nuclei neurons not only respond to vestibu-

lar stimulation in the dark but also to large moving visual stimuli that cause

OKN [15, 14]. During OKAN, vestibular nuclei activity and slow-phase eye

velocity change in parallel.

The cerebellum does not appear to play a major role in mediating the

‘indirect’ component of OKN [63]. Cerebellectomy in cat does not greatly

affect optokinetic responses. The nodulus and uvula appear to have an

inhibitory effect. In the monkey, ablation maximizes the ‘indirect’ component

[64]. This lack of inhibition is considered as the cause for periodic alternating

nystagmus.

Ocular Following Response
Single unit recordings and chemical lesion studies indicate that the OFR is

mediated by a pathway including the MST, DLPN and the ventral paraflocculus

(VPFL), i.e. pathways involved in SPEM. Detailed analysis of the neural activity

suggests that the MST locally encodes the dynamic properties of the visual

stimulus, whereas the VPFL provides the motor command for OFR [65].
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Disorders

Smooth Pursuit Eye Movements

Cortex 
Both frontal and parietal lesions in patients lead to SPEM deficits [66].

Lesions of the MT region cause a deficit [67] similar to that seen in monkeys

[68]. Moving stimuli within the contralateral visual field defect cannot be ade-

quately tracked independent of the movement direction, whereas saccades to

the defective area remain intact. In contrast, lesions of the neighboring MST

lead to a directional (ipsiversive) deficit independent of the retinal location.

Also lesions of the FEF lead to an ipsiversive SPEM deficit [69]. The MT, MST,

FEF and SEF project via the internal capsula to the pons. Accordingly, an

ipsiversive deficit is also seen after lesions in the internal capsula [70].

Pontine Structures 
Lesions of the pontine nuclei lead to a predominantly ipsiversive SPEM

deficit [71, 72]. However, even bilateral lesions of the pontine nuclei do not

abolish SPEM. This might reflect that also the NRTP is involved in SPEM gen-

eration. Smooth pursuit deficits in ‘progressive supranuclear palsy’ [73] and

spinocerebellar ataxia types 1, 2 and 3 [74] have also been related to lesions of

the pontine structures.

Cerebellum 
In the cerebellar cortex, lesions of the OV and the FL lead to SPEM

deficits. Patients with cerebellar ataxia and bilateral vestibulopathy show a

reduced SPEM gain [75]. A total loss of SPEM is only seen when both struc-

tures are lesioned (total cerebellectomy, monkey). In the OV, SPEM- as well as

saccade-related neurons are found. Lesions always lead to related deficits [76]

(table 1). A bilateral lesion of the OV leads to hypometric saccades and SPEM

with a reduced gain. This is also seen in patients [77, 78]. Effects of unilateral

lesions have not yet been described in patients.

The Purkinje cells of the OV project to the FOR and have an inhibitory

effect. Consequently, a bilateral lesion of the FOR leads to hypermetric saccades.

This should be combined with an increased SPEM gain (gain �1). In this case,

back up instead of catch up saccades should occur during SPEM. However, this

pattern is only rarely seen [79] (fig. 2). Still, a patient with a severe hypermetria

due to a bilateral FOR lesion showed highly normal values with a SPEM gain

close to 1 [80]. Experimental (monkey) unilateral lesions lead to a SPEM gain

reduction and hypometric saccades to the contralateral side and normal SPEM

and hypermetric saccades to the ipsilateral side [57] (table 1).
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Table 1. The effect of cerebellar midline lesions and lateral medullary infarction on

SPEM and saccades 

Smooth pursuit Saccades

unilateral bilateral unilateral bilateral

ipsi- contra- ipsi- contra-

OV ⇓ hypo- hyper- hypo-

(lobulus VI, VII)

FOR normal ⇓ normal hyper- hypo- hyper-

Rostral cerebellum ⇓ ⇓ hypo- hyper-

(cereb. outflow)

Lateral medulla normal ⇓ hyper- hypo-

(Wallenberg)

In general, a reduced SPEM gain is combined with hypometric saccades. This is not the

case for lesions in the rostral cerebellum since not only FOR efferents but also pathways to

and from the FL are affected.

H (NORM)

T
RT

LT

10º

H (MUSC)

*

*

*

*

*

Fig. 2. Effect of transient inactivation by local muscimol injection in the right FOR on

SPEM. T � Target position; H (NORM) � horizontal eye position before muscimol injec-

tion; H (MUSC) � horizontal eye position after muscimol injection; RT � right; LT � left.

During rightward movements, the SPEM gain is �1 and back-up saccades (marked by aster-

isks) occur. During leftward movements, the smaller gain is corrected by catch-up saccades;

from Fuchs et al. [79].
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Efferent pathways from the FOR cross immediately to the other side before

they enter the brainstem. Accordingly, patients with a lesion to the rostral cere-

bellum show saccadic contrapulsion [81], i.e. the reverse pattern of a unilateral

FOR lesion. It is usually found with lesions in the territory of the superior cere-

bellar artery. In this case, saccades to the contralateral side are hypermetric and

hypometric to the ipsilateral side. However, SPEM show a low gain in both

directions [82] occasionally more pronounced to the ipsilateral side [83]. The

reason probably is that lesions of the rostral cerebellum do not only affect the

FOR pathways but also the pathways to and from the FL.

Lesions of the FL lead to a partial SPEM deficit, more pronounced to the

ipsilateral side. In contrast to OV and FOR lesions, the SPEM deficit is usually

combined with gaze-evoked nystagmus due to a gaze holding deficit [84].

Medulla
The most common ischemic lesion of the brainstem is the lateral medulla

infarction (Wallenberg’s syndrome); in patients, it always (100%) leads to ocu-

lomotor deficits [85]. This includes a SPEM deficit to the contralateral side

[86]. As pointed out above for OV and FOR lesions, also this deficit corre-

sponds with hypometric saccades to the contralateral side (table 1). It is postu-

lated that this deficit is caused by interruption of olivocerebellar pathways after

their crossing in the medulla [87, 88] (fig. 3).

Optokinetic Nystagmus

For patients, there are no good methods available to test the ‘indirect’ com-

ponent of OKN in isolation. One possible method would be to test their OKAN.

However, even in normals OKAN can be missing [19]. On the bedside, usually

a handheld optokinetic cylinder is rotated for several seconds in one direction.

This however only activates the ‘direct’ (smooth pursuit-related) component,

since the time is not sufficient to provide a substantial contribution of the ‘indi-

rect’ component [16]. When optokinetic stimuli are used, a side difference of up

to 20�/s for the maximal velocity is still considered normal [89]. Pathological

side differences are more obvious with the use of smaller stimuli [90]. For the

monkey, it could be shown that mesencephalic lesions in the pretectum lead to

a reduction in the ‘indirect’ component to the ipsilateral side. Also the OKAN

in this direction is missing or reduced [91]. There is also some evidence that in

addition pretectal lesions can affect the ‘direct’ component [92]. Clinical

reports on this topic are still missing.
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Disconjugate Eye Movements
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Abstract
To foveate targets in different depths, the movements of the two eyes must be disconju-

gate. Fine measurements of eye rotations about the three principal axes have demonstrated

that disconjugate eye movements may appear not only in the horizontal, but also in the verti-

cal and torsional directions. In the presence of visual targets, disconjugate eye movements

are driven by the vergence system, but they may also appear during vestibular stimulation.

Disconjugate eye movements are highly adaptable by visual disparities, but under normal

condition the effects of adaptation only persist when one eye is covered. Finally, disorders of

the brainstem and cerebellum may lead to abnormal disconjugate eye movements that are

often specific for the topography of the lesion. This chapter reviews the literature on the

phenomenology of disconjugate eye movements over the last 15 years.

Copyright © 2007 S. Karger AG, Basel

The goal of normal disconjugate eye movements is to direct the corre-

sponding retinal points of the two eyes to a visual object that is nearer or farther

than the previous object. Such vergence movements can also be smooth when

the object of interest moves slowly in depth. Both disparity and accommoda-

tion-vergence synkinesis can drive vergence movements. Recently, it has also

been shown that perceived depth alone elicits vergence eye movements [1].

Geometrically, binocular movements are disconjugate, if amplitude and/or

direction are unequal for both eyes. Considering the full kinematics of eye rota-

tions, the term ‘direction’ includes ocular rotation about the line of sight, which

is an important degree of freedom to ensure extrafoveal retinal correspondence.

If one takes into account the rigid geometric specifications for 3-D – i.e. hori-

zontal, vertical, and torsional – binocular rotations, it is not surprising that nor-

mal eye movements are generally disconjugate when subjects view near targets.

As we shall see, even eye movements for foveation of targets at infinity exhibit

some disconjugacy due to neural and mechanical factors. 
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This paper reviews the literature on the phenomenology, including

pathophenomenology, of disconjugate eye movements over the last 15 years. 

Horizontal Vergence Movements

Under natural viewing conditions, horizontal vergence movements are

usually dysmetric, i.e. moving gaze from a near to a far target leads to exces-

sive convergence, and moving gaze from a far to a near target to insufficient

convergence [2]. The degree of this physiological vergence weakness can

be reduced by increased attention [3] and instruction [4], but vergence is

always less precise than version [5]. In subjects with strong monocular pre-

ference, vergence movements are typically associated with small horizontal

saccades [6]. 

Upon symmetric step stimulation with horizontal disparity, convergence is

usually faster than divergence [7]. While the dynamics of convergence move-

ments is independent of target location, divergence movements become faster

the closer the initial target is to the eyes [8]. When visual feedback is eliminated

during vergence, the position trajectories are step-like, not smooth. This open-

loop response consists of a pulse-like or transient component and a step-like or

sustained component [9, 10]. While both components are adaptable, only the

pulse-like component influences the dynamics of the adapted vergence

response [11]. Experiments eliciting vergence movements by velocity steps of

horizontal disparities suggest that the vergence open-loop response may origi-

nate from monocular visual pathways [12]. 

Disparity-driven convergence eye movements frequently show large asym-

metries, which vary from trial to trial and are usually compensated in the later

phase of the convergence movement [13]. While this later phase probably uses

visual feedback, the initial phase seems to be preprogrammed [14]. The occa-

sional appearance of two closely spaced high-velocity vergence movements in

response to disparity supports the notion that the initial vergence component is

evoked by an internal, not visual, feedback mechanism that is switched on and

off, analogous to the saccadic system [15, 16].

Small or large dichoptic displays that are counterphasically oscillated in

the horizontal direction elicit dynamic convergence/divergence [17]. Brief hor-

izontal (or vertical) disparity steps of 2� or less evoke short-latency vergence

movements, which are enhanced when the stimulus is presented shortly after a

saccade [18–20]. Similar vergence movements with short latencies are also

driven by radial flow [21]. When vergence movements with or without accom-

panying saccades are elicited with a gap period before target onset, vergence

latency decreases significantly [22]. 
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Vertical Vergence Movements

A vertical prism placed in front of one eye induces divergent eye move-

ments in the vertical direction. Training with vertical prisms can increase the

vertical fusional amplitude, predominantly by enhancing the motor, not the sen-

sory component [23]. The motor capability to fuse vertical disparities increases

with convergence. This increase is due to the motor component, while the sen-

sory component for far and near viewing is practically the same [24]. Similarly,

skew deviation associated with static counterroll (intorting eye hypertropic)

increases with convergence [25]. 

Vertical fusion is accompanied by conjugate torsion toward the higher eye

[26], a pattern that qualitatively resembles the one seen in patients with dissoci-

ated vertical deviation [27]. Whether the binocular torsion associated with

vertical fusion is mediated by the superior oblique muscles (SO) [26] or is of

central origin [28] remains to be answered. 3-D eye movement trajectories

during vertical fusion suggest that patients with congenital trochlear nerve

palsy use predominantly the vertical recti, while patients with acquired

trochlear nerve palsy show various patterns of vertical and oblique eye muscle

activations [29]. 

Dichoptic counterphasic oscillation of displays in the vertical direction

elicits vertical vergence [30]. These movements show increased gain and

reduced phase lag with larger stimulus diameter, which contrasts horizo-

ntal dichoptic display oscillation, in which display diameter is less important

[31].

Cyclovergence

Spontaneous fluctuation of torsional eye position is generally conjugate,

i.e. cyclovergence is considerably more stable than cycloversion [32]. Opposite

cyclorotation of the images presented to the two eyes evokes static cyclover-

gence, which adds to the eye position-dependent cyclovergence [33]. The latter

results from the outward rotations of Listing’s planes during convergence (see

below). 

Dynamic cyclovergence can be elicited by fusible visual patterns projected

to each eye separately and oscillated out of phase in the frontal plane [34, 35].

The gain of dynamic cyclovergence is highest for low frequencies and low

amplitudes and therefore is appropriate to correct for drifts in binocular stereo-

scopic alignment, which are both slow and small [35]. Occlusion of the central

area does not influence the gain of cyclovergence, although the gain of

cycloversion decreases [36].
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Listing’s Law during Convergence

For the following considerations, eye positions need to be described three-

dimensionally with a horizontal, vertical, and torsional component. Since rota-

tions are noncommutative, the most convenient conventions, such as rotation

vectors or quaternion vectors, express every eye position as a single axis rota-

tion from a reference position. Accordingly, vergence is then defined as the

rotation that transforms the left eye position into the right eye position [37]. 

Rotation or quaternion vectors hold a specific 3-D orientation in the head.

Listing’s law states that, in the absence of dynamic vestibular stimulation, these

3-D vectors all lie in one plane, so-called Listing’s plane. In the absence of con-

vergence, the Listing’s planes of the two eyes are relatively parallel and oriented

approximately frontal. With convergence the planes rotate outward [38–41], i.e.

they ‘swing out like saloon doors’ [42]. In other words, the primary positions of

the two eyes diverge during convergence [43]. Among the cited studies, the angle

of the outward rotation of the Listing’s planes varies considerably and amounts

roughly to about 1/4 (range: 0.16–0.43) of the convergence angle (fig. 1). 

An explanation of why the Listing’s planes rotate outward during conver-

gence has to consider both visual and motor variables [44]. Tweed [45] pro-

posed a most compelling hypothesis that is based on an optimal compromise

between visual and motor variables: The visual variable is the maximal align-

ment of images in the visual plane on the two retinas irrespective of gaze direc-

tion; the motor variable is to keep rotation about the line of sight as close as

possible to the zero vergence primary position. Since the amount of cyclovergence

varies with gaze elevation when the Listing’s planes are rotated outward, stere-

ograms that critically depend on the relative torsional orientation of the two

retinas are only visible at a specific gaze elevation [46]. Hence, ocular motor

control plays an important role in depth vision. 

�

�/4 �/4

Fig. 1. Top view of binocular Listing’s planes during far (left) and near (right) viewing.

Each Listing’s plane rotates temporally by a quarter of the vergence angle (�).
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MR images demonstrate that rectus pulleys in converging eyes are slightly

extorted [47]. The outward rotation of Listing’s plane, however, cannot be

explained by this change of the rectus pulleys and therefore must be due to vari-

ations of oblique muscle innervations. The convergence-induced outward rota-

tion of Listing’s planes does not depend on whether convergence is induced by

a stereogram, a horizontal prism, or an accommodative stimulus [48–50]. The

orientation of Listing’s planes can, however, be modified by phoria adaptation

(see below). 

Vergence movements with the eyes at various elevations lead to different

torsional components that can be explained by the vergence-modulated orienta-

tion of Listing’s plane [41]. Accordingly, during pure vergence movements with

gaze elevated or depressed, the eyes rotate about an axis which is orthogonal to

the gaze direction [51]. This is different from the orientation of rotation axes

during saccades, which tilt in the direction of gaze by only half the gaze angle

[52]. During asymmetric vergence movements, e.g. when foveating a target

moving along the line of sight of one eye, monocular torsion is less stable than

cyclovergence and varies between convergence and divergence [53, 54]. Pitch

head impulses while the eyes are converging on a near target in front of one eye

lead to torsional movement components in both the adducting and the straight

ahead viewing eye [55]. This effect corresponds to a modification of ocular

rotation axes due to the convergence-induced outward rotation of Listing’s

planes.

The Listing’s planes in patients with acquired trochlear nerve palsy are not

symmetric; the plane of the affected eye is rotated outward, as if this eye were

converging [56]. In congenital trochlear nerve palsy, the orientation of Listing’s

plane of the affected eye is normal; thus, congenital trochlear nerve palsy is not

due to changed function of a single extraocular eye muscle [56]. In patients

with acquired or congenital trochlear nerve palsy, Listing’s plane of the affected

eye does not rotate temporally upon convergence. This finding suggests an

important role of the SO in modifying the orientation of Listing’s plane as a

function of vergence [57]. In patients with acute trochlear nerve palsy, Listing’s

law is violated by the affected eye during downward saccades; this eye shows

dynamic extorsion as a result of the missing agonistic action of the SO [58]. In

patients with central abducens nerve palsy, Listing’s law is violated by both

eyes, while in patients with peripheral abducens nerve palsy, Listing’s law is

violated by the paretic eye and in the acute state only [59].

Compared to healthy subjects, patients with intermittent horizontal strabis-

mus exhibit a similar, but more variable relation between vergence angle and

angle between the Listing’s planes [60]. In patients with intermittent exotropia,

vertical gaze-dependent cyclovergence is increased, possibly because additional

convergence is required to cancel the exodeviation between the two eyes [61].
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In a stereoblind patient with strabismus, the Listing’s planes of the two eyes

were normal in shape, i.e. relatively planar, but changed their orientation

depending on which eye was fixating [62]. This effect was most probably due to

accommodation-induced vergence. 

Asymmetric Vergence Movements and Hering’s Law

Hering’s law of equal innervation implies that equal version and vergence

commands are sent to both eyes and that the binocular motor output represents

the sum of the two signals. The analysis of asymmetric vergence movements

(fig. 2) can give some indication whether Hering’s law holds [63, 64] or

whether the two eyes are independently controlled, as advocated by Helmholtz

[65, 66]. As we will see, there are arguments for both theories.

During static convergence on a target in front of one eye, i.e. asymmetric

convergence, only the inferior oblique muscle contracts in this eye, as demon-

strated with MRI; contraction of the same muscle, apart from contractile

changes in the lateral and medial rectus muscles, is also seen in the fellow eye,

which is directed inward [47]. During rapid gaze shifts along the line of sight of

one eye, which calls for asymmetric vergence, the horizontal peak accelerations

of the two eyes are similar, despite different position trajectories [67]. This find-

ing suggests equal saccadic pulses for each eye, according to Hering’s law,

together with an additional vergence signal. After human subjects were trained

to have a vertical vergence component during symmetric horizontal vergence,

the vertical vergence component could also be demonstrated during smooth

pursuit of targets in depth both along the line of sight of one eye [68]. Thus

symmetric smooth pursuit seems to be combined with vergence to produce

Symmetric Asymmetric

Fig. 2. Top view of both eyes during symmetric and asymmetric convergence move-

ments. The visual target moves from far to near (arrow).
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asymmetric slow eye movements, which speaks against monocular control of

these movements.

Some subjects are able to initiate smooth asymmetrical ‘saccade-free’ con-

vergence movements when changing gaze from a far to a near target [69]. Thus,

during binocular viewing, the ocular motor system is able to generate eye

movements that do not adhere to Hering’s law of equal innervation. Similarly,

the initial monocular smooth pursuit response to a target that moves in depth

solely depends on target motion and is independent of the response of the other

eye [70].

The firing rate of abducens motoneurons for a given eye position is higher

with than without convergence, but, paradoxically, lateral rectus force (and sim-

ilarly medial rectus force) is not increased [70a]. This finding still awaits an

explanation. A reanalysis of single neuron recordings during eye movements

that included vergence revealed that neural signals in abducens motoneurons,

abducens interneurons, and medial rectus motoneurons encode the position of

both eyes, not just one eye [71]. On the other hand, premotor neurons in the

paramedian pontine reticular formation encode saccadic velocity signals for

only one eye, not both [72]. These findings speak against a neural implementa-

tion of Hering’s law. 

Saccade-Associated Vergence Movements 

Peak vergence velocity increases when vergence is combined with a sac-

cade, an effect that is more pronounced in divergence than convergence [73].

Vice versa, when saccades occur with vergence movements, the peak velocity

of the saccades is reduced, more prominently so with convergence than diver-

gence [74]. These findings suggest a nonlinear interaction between conjugate

and disconjugate premotor systems; the omnipause neurons probably represent

the crucial neural structure for gating saccade-related horizontal vergence [75].

This would also explain why saccadic oscillations occur, when saccades end

during ongoing vergence [76–78]. Note that even horizontal and vertical sac-

cades between far targets are associated with small transient vergence compo-

nents, but these are probably related to mechanical differences between

adducting and abducting muscles [75, 79]. Horizontal saccades also produce

small torsional transients out of Listing’s plane, which are not equal in ampli-

tude; hence, the eyes cycloverge somewhat shortly after the beginning of each

saccade [80].

Saccades in patients with one deeply amblyopic eye are nonconjugate, i.e.

Hering’s law seems to rely on intact binocular vision [81]. Subjects with ani-

sometropic spectacles show saccades with different amplitudes in both eyes and
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asymmetric postsaccadic drift [82]. When saccades are made between targets at

different distances, a presaccadic vergence movement along the isovergent line

of the initial target appears [83]. This observation speaks for separate version

and vergence channels contributing to fast eye displacements. A similarly

strong coupling between version and vergence is found during incorrect sac-

cades evoked by two targets appearing simultaneously in 3-D space [84].

Conversely, when targets are placed at closer distances from the eyes, no pre-

saccadic convergence and only a small presaccadic divergence is observed, and

postsaccadic vergence is usually asymmetric [85]. The latter finding speaks

against a balanced interaction between the vergence and version systems during

the saccade, and therefore against a Hering-type implementation of such move-

ments. Such saccades are dominated by one eye, so that a least one of the two

eyes is on target in time. 

Binocular vertical displacements between near targets in front of one eye

require different vertical amplitudes of each eye to maintain binocular align-

ment. In downward movements, a major portion of the required disconjugacy

takes place during the saccades, while in upward movements the intrasaccadic

portion amounts to about half [86]. Dynamic dissociations between saccadic

and vergence movements can also be observed during vertical saccades

between targets in the midsagittal plane at different depth [87].

Binocular Adaptation

Phoria Adaptation
Normal binocular fixation of a near target in a tertiary position requires a

vertical vergence component, when eye positions are expressed in a head-fixed

coordinate system. This component appears to be independent of whether sub-

jects are viewing monocularly or binocularly [88]. Eight hours of monocular

occlusion leads to excyclophoria and hyper- or hypophoria [89]. If an eye is

covered and passively rotated away from the position of the fellow eye with a

scleral suction lens during a few minutes, ocular misalignment persists up to

10 min or until binocular viewing is permitted [90]. 

When short-term phoria adaptation is performed with a vertical disparity

at a single location, phoria becomes uniform for all gaze directions. Upon two

vertical disparities at opposite gaze directions and with opposite sign, adapted

phoria shows a gradient along the line between the two stimuli [91, 92]. Phoria

adaptation to opposite vertical disparities is also effective along the depth axis

[93] or to multiple vertical disparities at different near and far locations [94].

Human subjects are also able to adapt vertical phoria to different prism-induced

vertical disparities that vary with head position [95] or with head and gaze
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position [96]. When monkeys are trained to synchronize vergence eye move-

ments in synchrony with vestibularly evoked eye movements upon pitch oscilla-

tions, these oscillations evoked vergence eye movements even in the dark [97, 98]. 

Adaptation to discrete increments of refraction along a horizontal prism is

also possible, but adapted vergence changes only gradually when crossing the

prism edges [99]. After 30–150 s of cyclovergence evoked by incyclo- or excy-

clodisparity, the eyes do not tort back to their previous torsional positions, even

in the presence of a visual stimulus [100]. Most likely, this torsional hysteresis

is the result of fast phoria adaptation. 

Phoria adaptation with a vertical prism over one eye is often impaired in

patients with cerebellar disease. Thus the cerebellum seems to be decisively

involved in phoria adaptation [101].

Adaptation of Listing’s Plane
Three days of vertical disparity with prisms induces, besides vertical pho-

ria, reorientations of Listing’s planes; Listing’s plane of the higher eye is rotated

up and Listing’s plane of the lower eye rotated down [102]. Phoria adaptation to

different cyclodisparities along the vertical axis also modifies the orientation of

Listing’s planes [103]. 

Binocular Saccade Adaptation
Intrasaccadic displacement of a visual target leads to rapid binocular sac-

cade adaptation. If the displacement is only presented to one eye, while the tar-

get is unchanged for the other eye, short-term adjustments are again conjugate,

which suggests that there is no mechanism for fast disconjugate saccade adap-

tation [104]. Dichoptically presented random-dot patterns with local disparities

representing a 3-D object lead to immediate position-dependent saccadic dis-

conjugacies that persist during subsequent monocular viewing [105]. Similar

immediate disconjugacies of saccades can be observed when disparities are

introduced by dichoptical images that differ in size [106].

Subjects with anisometropic spectacles show saccades with different

amplitudes and postsaccadic drifts between both eyes, even during monocular

viewing [82, 107]. Already an image size inequality of 2% leads to disconjugate

horizontal and vertical saccades, which persist after a short training period

when tested in the absence of normal binocular visual targets [108]. Placing an

afocal magnifier in front of one eye leads to disconjugate memory-guided sac-

cades, which outlasts the removing of the magnifier after the training period,

when subjects are viewing monocularly [109, 110]. Dichoptically presented

patterns that are displaced at the end of each vertical saccade induce amplitude

disconjugacy, but only little disconjugate postsaccadic drift [111]. Apparently,

this effect does not require foveal fusion since microstrabismic patients adapt as
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well [112]. When vertical saccades are disconjugately adapted, smooth pursuit

movements remain conjugate and vice versa [113]. Thus, the two classes of eye

movements have separate mechanisms for binocular adaptation. 

In patients with trochlear nerve palsy, saccades become more conjugate

after strabismus surgery, an effect that is more pronounced in patients with con-

genital than in patients with acquired trochlear nerve palsy [114]. In rhesus mon-

keys with one surgically weakened extraocular muscle, the paretic eye shows

postsaccadic drift with the normal eye viewing. Deafferenting the paretic eye

leaves postsaccadic drift unchanged; thus, proprioception from the paretic eye

does not play a role in the adaptation of postsaccadic drift [115]. Proprioceptive

deafferentation alone impairs ocular alignment and saccade conjugacy [116]. 

Disconjugate Eye Movements Evoked by Vestibular Stimulation

Vergence eye movements are elicited by linear motion in the dark with or

without visual targets [117]. The gain of the translational vestibulo-ocular

reflex (VOR) during heave ( � up-down) and sway ( � left-right) whole-body

oscillation increases with increasing convergence [118, 119]. During surge

( � fore-aft) oscillation, the gain of the translational VOR increases with both

increasing gaze eccentricity and increasing convergence, which is qualitatively

accurate for foveal stabilization of both eyes [120–122]. Such vergence respon-

ses are enhanced by the presence of visual stimuli [123]. During visual fixation

upon isovergence targets along the horizontal meridian and concurrent rapid

oscillations in various directions in the horizontal plane, both eyes move in the

geometrically correct direction needed to stabilize the targets on the two foveae;

the gain of the version component (average velocity of both eyes divided target

velocity), however, amounts to only around 0.5, while the gain of the vergence

component (right eye velocity minus left eye velocity) ranges around unity

[124]. This finding might reflect the fact that for visual acuity it is more impor-

tant to stabilize the relative orientation of the lines of sight than binocular posi-

tion. Vergence also modifies the gain of the angular VOR for gaze stabilization.

For example, the gain of the VOR elicited on a horizontal turntable anticipates

the vergence angle by about 50 ms [125].

Ocular counterroll elicited by head or whole-body roll interferes with

stereopsis. This geometric incompatibility increases further with decreasing tar-

get distance. It is therefore advantageous that ocular counterroll decreases

strongly during convergence [126, 127]. In the presence of ocular counterroll,

binocular movements from a far to a near target show unequal torsion; the

required torsion for the undermost eye is larger than for the uppermost eye,

since convergence is associated with extorsion. Such torsional disconjugacy,
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however, cannot be demonstrated for divergent eye movements [128]. Static

head roll also leads to excyclovergent eye positions [129]. This phenomenon

can be explained by a static hysteresis that differs between the eyes contra- and

ipsilateral to head roll [130]. Probably, ocular torsional hysteresis is introduced

at the level of the otolith pathways because the direction-dependent torsional

position lag of the eyes was related to head roll position, not eye position.

Asymmetric binocular torsion evoked by hypo- or hypergravity may be a pre-

dictor for space sickness [131–133].

During position steps of head roll, the eyes show dynamic binocular coun-

terrolling and skewing. While the gain of dynamic binocular torsion is larger in

upright than in supine position, dynamic skewing is unaffected by the addi-

tional otolith input that appears in upright position [134]. Constant rotation

about an off-vertical axis causes horizontal vergence movements [135]. During

oscillatory head roll, the ocular rotation axes of the two eyes are convergent

both in the dark and when fixating upon a far light dot; when subjects fix upon

a near light dot, the convergence of binocular rotation axes exceeds the conver-

gence of binocular positions [136]. The Bielschowsky head-tilt sign in unilat-

eral trochlear nerve palsy, i.e. increased vertical and torsional divergence with

the head tilted towards the affected eye, can be explained by inward tilt of the

rotation axis of the covered eye during head oscillation about the naso-occipital

axis [137]. This ‘convergence’ of ocular rotation axes is the result of decreased

force by the SO of the covered paretic eye or, according to Hering’s law,

increased force parallel to the paretic SO in the covered unaffected eye. The

gain of the VOR in an eye with trochlear nerve palsy is reduced in all directions,

but especially towards intorsion, depression and abduction, in accordance with

the 3-D pulling direction of the SO [138]. In patients with peripheral abducens

nerve palsy, the gain of the horizontal VOR in the affected eye is reduced in

both directions, when tested in the dark. In the light, horizontal gains normalize

in patients with mild or moderate palsy [139]. The gain of the torsional VOR is

reduced in both the healthy and the affected eye [140].

The orientation of ocular rotation axes as a function of eye position depends

on the gain of the torsional VOR; the lower the torsional gain, the more the axes

tilt with eccentric gaze position [141]. As the torsional gain decreases further

with increasing convergence, average 3-D eye positions scatter closely around

the temporally rotated Listing’s plane, which is advantageous for binocular reti-

nal stabilization [142]. Head roll in patients with peripheral abducens nerve

palsy leads to a hyperdeviation of the ipsilateral eye, independent of which eye is

affected. In patients with central abducens palsy, the same eye (healthy or

affected) hyperdeviates when rolling the head to the left or the right side [143].

At low frequencies, the horizontal and vertical VOR can be cancelled by

visually fixing upon head-fixed targets. During head oscillations about the 
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naso-occipital axis visual suppression of the elicited torsional VOR is incom-

plete, but the lines of sight of the two eyes remain on target [144]. If subjects

during head roll fix upon head-fixed eccentric horizontal targets at near distance,

the eyes also show vertical movement components, even if one eye is covered

[145]. These components are required to keep the lines of sight pointed to the

targets. Thus, the vergence system correctly modifies the eye movements that are

not visually cancelled to prevent horizontal and vertical retinal slip in either eye.

Disconjugate Eye Movements and Blinks

Initial eye movements during voluntary blinks are extorsional, downward,

and inward, consistent with an early pulse-like innervation of the inferior rectus

muscle [146]. Thus, during this early phase of blinking, the eyes converge and

excyclodiverge. Blinks modify the kinematics and dynamics saccade-vergence

and slow vergence eye movements [147, 148]. Besides mechanical factors of

the eye plant, the found changes might reflect the blink-induced decrease in

omnipause neuron activity.

Pathological Disconjugate Eye Movements

Normally, vergence eye movements in response to steps of a visual stimuli

become slower with age, which has to be taken into account when evaluating

patients with suspected vergence disorders [149]. 

Binocular positions in patients with cerebellar dysfunction are usually

esophoric or even esotropic. In addition, there is a hypertropia that varies as a

function of horizontal eye position, so-called alternating skew deviation with

the abducting eye higher. The patients show both conjugate and disconjugate

saccadic abnormalities that are also eye position dependent [150]. The mecha-

nism of alternating skew deviation in patients with cerebellar disease could be

due to a lost correction of changed eye muscle pulling directions, which is

required when animals become frontal eyed. If, in addition, one assumes an

imbalance of graviceptive-ocular pathways responding to head pitch, alternat-

ing skew deviation can be explained by this mechanism [151]. 

Dissociated vertical divergence (DVD) includes the following ocular

motor phenomena [152]: Upon occlusion of either eye, a horizontal and

cyclovertical latent nystagmus develops. This is quickly followed by cyclover-

sion/vertical vergence, with the fixing eye intorting and tending to move down-

ward and the covered eye extorting and moving up. Simultaneously, upward

versions occur for the maintenance of fixation. This, in turn, leads to further
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upward movement of the covered eye and, at the same time, to a reduction of the

cyclovertical component of the latent nystagmus. Thus, a possible ‘purpose’ of

this cycloversion and vertical vergence is to damp the cyclovertical nystagmus

that occurs when one eye is covered [153]. Brodsky hypothesized that DVD is a

dorsal light reflex that occurs when binocular vision is impaired in infancy

[154]. Since patients with DVD only transiently perceive a tilt of the subjective

visual vertical when one eye is covered, it was speculated that the cancellation

of SVV tilt in these patients is the main function of DVD [155]. 

Binocular eye movements in patients with convergent-divergent pendular

nystagmus are conjugate in the vertical direction, but phase shifted by 180� in

the horizontal and torsional directions [156]. The lesion is usually localized

within neural structures of the vergence system. If horizontal saccades or

smooth pursuit eye movements are pathologically coupled with convergence,

the abducting eye will appear paretic despite an intact abducens nerve. This so-

called pseudo-abducens palsy is caused by lesions of convergence pathways

near the midbrain-diencephalic junction and is frequently associated with

upgaze palsy and convergence-retraction nystagmus [157]. Paramedian thala-

mic infarctions without involvement of the midbrain may lead to a selective

bilateral pseudo-abducens palsy [158]. Convergence-retraction nystagmus,

however, is due to a mesencephalic lesion [159] and represents a disorder of the

vergence system [160]. Pathologically disconjugate eye movements with the

vergence system intact, is typical of internuclear ophthalmoparesis [161]. Mild

internuclear ophthalmoparesis, in which the adducting eye is only slightly

slower than the abducting eye, is often missed by clinicians, as demonstrated by

infrared oculography [162]. 

Ocular bobbing, which rarely appears after infratentorial lesions, but oth-

erwise has no localizing value, may be disconjugate [163]. Disconjugate verti-

cal and torsional ocular movements, resembling seesaw nystagmus, have been

observed in a patient with locked-in syndrome after large infarction of the pons

[164]. Smaller lesions in the ventral pons involving the nucleus reticularis

tegmenti pontis lead to impairment of slow vergence movements to ramp tar-

gets [165]. On the other hand, fast vergence movements to step targets are

affected by lesions of upper pontine nuclei [166].
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Abstract
Lid and electromyographic recordings have contributed significantly to our under-

standing of clinical lid disorders. Tonic lid disorders (e.g. ptosis, blepharospasm, lid retrac-

tion, blepharocolysis) can be distinguished from dynamic lid disorders (lid lag) and from

specific deficits of eye-lid coordination (e.g. lid nystagmus). Electromyographic recordings

allow the identification of specific lid disorders that benefit from effective therapeutic inter-

ventions, e.g., botulinum toxin injections. Rapid lid closure (blink), which exerts substantial

neural influence on oculomotor systems without obscuring vision, can be used for the diag-

nosis of brainstem disease.

Copyright © 2007 S. Karger AG, Basel

Whereas clinicians often use peripheral eyelid disorders for a topologic

diagnosis, supranuclear eyelid disorders have received little attention. Over the

past 15 years, considerable progress has been made in our understanding of the

supranuclear control of eyelid function. Moreover, several lines of evidence

indicate a strong interaction between the neural control of eyelid and eye move-

ments. Therefore, this chapter has three aims. First, the current knowledge of

the anatomic and physiologic basis of eyelid movements will be reviewed, with

particular emphasis on the supranuclear control of eyelid movements and eye-

lid coordination. Subsequently, the recent evidence for substantial interaction

between eyelid and eye movements will be given (e.g. saccades and smooth

pursuit eye movements) and the clinical implications. Finally, a variety of clini-

cal eyelid disorders will be discussed.
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Neural Control of the Eyelid

Although the position of the upper eyelid is actively controlled by several

muscles, eyelid closure (blink) is itself a passive movement of the eyelid. It

occurs when innervation of the levator palpebrae muscle (LPM) ceases [1]. In

addition to the LPM inhibition, connective tissue (canthal tendons, superior

transverse ligament) serves as an elastic force that is stretched during upgaze

and released during downgaze. Voluntary firm closure of the eyelid is supplied

by the orbicularis oculi (OO) muscles, which are innervated by the facial nerve

[2]. The OO muscle is, however, not active during lid movements that accom-

pany vertical eye movements [2, 3]. Eyelid opening is largely controlled by the

strong LPM, which is innervated by the superior branch of the third cranial

(oculomotor) nerve. In contrast, the superior tarsal (Müller) muscle is supplied

by sympathetic efferents and regulates the width of the palpebral fissure. The

LPM contains singly (but not multiply) innervated fibers that enable tonic

activity [4]. Both fast-twitch and slow-twitch fibers of the LPM are rich in

mitochondria and help to resist fatigue. In addition, the frontal muscle helps to

retract the lid in maximal upgaze.

The motoneurons of the LPM lie in the central caudal nucleus (CCN) of

the oculomotor nucleus complex in the midbrain. This uniquely unpaired

nucleus is located midline between the caudal pole of the oculomotor nucleus

and the rostral pole of the trochlear nucleus [5]. Since motoneurons of both

LPMs intermingle within the CCN, any lesion of the CCN affects both eyelids.

Lid-Eye Coordination
Eyelid and vertical eye movements are tightly coupled to avoid visual dis-

turbances on upward gaze and to protect the eye on downward gaze.

Accordingly, the neuronal activity of LP and superior rectus motoneurons [6]

and also the dynamic properties of lid and eye saccades are very similar in their

temporal profile, which is also reflected in electromyographic (EMG) record-

ings. The gain and phase shift of the eye and lid movement are similar during

sinusoidal smooth pursuit. In contrast, during saccades the lid starts about 5 ms

later than the eye but reaches the peak velocity at about the same time as the eye

[7]. Lid movements that accompany saccadic eye movements between the

straight ahead position and the lower visual field are larger than lid movements

that accompany saccadic eye movements between the straight ahead position

and the upper visual field [7]. Lid saccades are not as conjugate as saccades [8].

During fixation periods, lid position is quite unstable; the lids perform idiosyn-

cratic eye movements that can amount to up to 5� [7]. The tight coupling of lid-

eye coordination may be changed by additional factors. The magnitude of

OO-EMG activity is reduced, when a saccade is made to a previously cued
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spatial location. Thus, the modulation of gaze-evoked OO-EMG activity does

not appear to depend on the presence of visual information per se, but results

from an extraretinal signal [9]. Moreover, the tonic lid position and the tonic

activity of the LPM depend on the state of alertness. The lid involuntarily low-

ers with increasing fatigue [10].

Levator motoneurons discharge at a steady rate. This increases linearly

with the elevating lid position. Upward lid saccades are caused by a burst of

activity in the LP motoneurons. Lid velocity increases with amplitude, saturat-

ing at about 450�/s [11]. LPM pause in firing during downward lid saccades,

which are entirely due to the elastic forces.

The eye and lid movement dissociate during a blink, and eye-lid coupling

is discontinued. In contrast to superior rectus motoneurons, LP motoneurons

cease firing [6]. Additional inhibition of the basal tonic LPM activity is

required. This inhibition is presumably received from the nucleus of the poste-

rior commissure (nPC) [12]. Physiologically, the inhibition of LPM precedes

and outlasts the OO activation by about 10 ms [7]. Only during forced voluntary

eye closure does OO activity precede LPM inhibition [13].

Due to the tight coupling of eye-lid coordination, the supranuclear areas

for vertical eye movements are likely to also be involved, e.g. the interstitial

nucleus of Cajal (iC) and the rostral interstitial nucleus of the medial longitu-

dinal fascicle (riMLF). A small region, the M group, has been identified to be

a supranuclear center of eye-lid coordination, at least for saccades. It is caudal

and medial from the riMLF in the cat [14], monkey, and human [15]; from

there, it projects to the superior rectus and the inferior oblique subnuclei. For

this reason, the M group is thought to control the eyelids and eyes bilaterally

[15], thus allowing close synchronicity of both eyelids. The CCN receives

input from the nPC, the riMLF, and the superior colliculus (SC). Accordingly,

disorders of eye-lid coordination in the absence of LPM or superior rectus

paresis are likely to be caused by lesions of the M group or the nPC (see

below).

The nPC is located bilaterally adjacent to the posterior commissure [16].

Experimental and clinical nPC lesions elicit vertical upward gaze palsy and lid

disorders [17]. Lid retraction is the most frequent sign [18–21]. Single vertical

saccade-related neurons have been identified in the nPC [22], but their relation

to lid movements has not yet been investigated. The nPC receives afferents from

the frontal eye field (FEF) and SC, and projects to the neural integrator for ver-

tical and torsional eye movements (iC) [23, 24], the riMLF, SC, and the para-

median pontine reticular formation (PPRF) [16]. It has reciprocal connections

with the M group [25] and lesions involving the nPC [21] or the M group [26]

may impair supranuclear inhibition of the CCN, leading to lid retraction and

discoupling of eye-lid coordination.
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The saccade-related medium-lead burst neurons in the riMLF represent the

neural substrate for vertical saccades [27]. They receive input from the omni-

pause neurons (OPNs) in the pontine reticular formation (nucleus raphe inter-

positus), which control their activity [28], and the SC. The rostral SC in turn

exerts tonic excitation of the OPNs to suppress unwanted saccades, whereas the

caudal SC provides the motor command to the pontine saccade-related burst

neurons. The activity of SC neurons is reduced during blinks [29], but it

remains unknown whether their activity is related to lid movements. Lesion

experiments have not yet described lid disorders or deficits in lid-eye coordina-

tion [30]. The SC underlies the cortical control of the FEF, the parietal fields,

and the subcortical control of the basal ganglia, e.g. the caudate nucleus and the

substantia nigra (pars reticulata). Accordingly, disorders of eyelid movements

are found in (right-sided) cortical lesions involving the FEF [31–34] and

parkinsonian syndromes (see below).

The cortical control of voluntary blinking involving the OO muscles has

recently been identified by retrograde tracing experiments in the monkey [12].

Cortical afferents in OO motoneurons were obtained from multiple motor and

sensory areas, e.g. the motor cortex (M1), FEF, supplementary motor area, cin-

gulate motor area, and lateral prefrontal areas. Functional imaging techniques

have demonstrated activation in the FEF, the supplementary eye field, the dor-

solateral prefrontal cortex, and the posterior parietal eye field during voluntary

blinking [35, 36]. Cortical efferents might use anatomic projections to the pon-

tine and mesencephalic brainstem [37–39], but the precise efferent pathways of

the cortical control of the supranuclear centers of lid and eye-lid coordination in

the brainstem remain largely unknown.

Physiology of the Interaction between Eyelid and Eye Movements

The quantitative recording of eyelid movements with the search coil sys-

tem in a magnetic field [11, 40–42] allows a precise analysis of lid-eye coordi-

nation. Eyelid movements are classified as spontaneous, passive (following eye

saccades), reflectory (elicited by tone, air puff, visual signals), and acquired, for

example when they are learned during classic conditioning procedures [40].

Thus, apart from lid-eye coordination, the eyelid motor system has become an

excellent experimental tool for investigating learned motor behavior in experi-

mental [43, 44] and clinical studies [43, 44]. Reflexive blink responses have a

slightly shorter duration (200 ms) than spontaneous or voluntary blinks [2, 45].

They have a latency of 9–16 ms in the cat [3, 46] and 12 ms in humans [47];

their amplitude is smaller, and they only cover the pupil by a smaller degree

than voluntary blinks. During voluntary blinks, only the pretarsal portion of the
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OO is involved [48]. Several blink-related aspects have to be considered in

experimental studies: (a) voluntary blinks are distinctly different from reflec-

tory blinks [2, 3, 49], (b) blinks interfere to some degree with visual perception,

and (c) blinks elicit small amplitude eye movements. They will be discussed in

more detail.

Visual Consequences of Blinks
While blinks can interrupt vision for a considerable amount of time, one is

unaware of this type of blanking [49–54]. Visual sensitivity is reduced during

blinks [53]. This reduction in sensitivity was found to be closely related to the

duration of pupil occlusion during the blink [53]. Visual suppression during

blinks is incomplete compared to that of saccades [51, 52, 55]. Blinks applied

during saccades did not cause blanking of the target. Recent functional mag-

netic resonance imaging demonstrated a change in blink-related activity in the

visual cortex and in areas of parietal and prefrontal cortex [56, 57]. This indi-

cates active top-down modulation of visual processing during blinking, sug-

gesting a possible mechanism by which blinks go unnoticed.

Blink-Associated Eye Movements
Long-lasting eye closure causes an upward eye drift known as Bell’s

phenomenon [58, 59]; short eye closure with blinks induces distinctly different

eye movements in humans (fig. 1) [2, 42, 45, 47, 59, 60]. During a blink, there

is an early inward, downward, [45, 59, 61] and ex-torsional movement of the

eyes [62]. The amplitude and direction of these eye movements depend on the

initial eye position [45, 59]. During adduction and downward gaze, the ampli-

tudes of the blink-associated eye movement components are minimal. The

horizontal amplitude increases during abduction, and the vertical amplitude

during upward gaze [45]. The horizontal, vertical, and torsional components of

the blink-associated eye movement start before lid movement onset [53, 60,

62], and the movement is completed before blink termination [47, 59]. Blink-

associated eye movements are slower than saccades; they do not obey the saccadic

main sequence [59] and Listing’s law [63]. Blink-associated eye movements are

caused by cocontraction of all eye muscles [1, 13, 62, 64]. Bergamin et al. [62]

showed in humans that during the early phase of eyelid closure of voluntary

blinks the eye moves in a 3-D direction that can best be explained by a pulse-

like activation of the inferior rectus muscle.

Blink-associated eye movements reflect an active process, i.e. they are not

caused by mechanical eye-lid interaction [59], and they are important for the

protection of the cornea [2, 40, 45]. Blink-associated eye movements are not

only found during fixation but are superimposed on all kinds of eye move-

ments, e.g. smooth pursuit, saccades, and vergence eye movements [41, 65–68].
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Effect of Blinks on Eye Movements
Blinks affect eye movements in at least two ways: (1) by superimposing

blink-associated eye movements and (2) by modifying the neuronal premotor

activity in brainstem circuits, which change their dynamic properties. This sec-

ond aspect will be discussed in more detail below.

Blinks and Saccades
Voluntary and reflexive blinks influence horizontal and vertical visually

guided saccades in monkeys and in humans [30, 42, 47, 69]. Blinks reduce hor-

izontal saccade velocity, acceleration, deceleration, and increase saccade dura-

tion, but they do not change saccade amplitude (fig. 2) [42, 47]. The effect of

the blink on the saccade is time dependent. The maximum effect is observed

with blinks elicited about 150 ms before saccade onset [42, 69]. If blinks are

elicited later during the saccade, dynamic overshoots may occur [47]. Blinks

reduce saccade latency [69] when they are elicited shortly after but not before

[67] stimulus onset.

This influence of blinks can be explained by the blink-induced changes of

the neuronal oculomotor circuits in the brainstem [29, 30, 42, 47]. Medium-lead

burst neurons of the PPRF and the riMLF provide the premotor saccadic com-

mand to the extraocular motoneurons [70]. Several lines of evidence indicate

that OPNs in the nucleus raphe interpositus [71] control saccadic burst neurons

[72]. OPNs, which discharge spontaneously, cease firing during saccades [70,
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73–75]. Ibotenic acid injections in the OPN region of the monkey decrease sac-

cadic peak velocity and increase saccade duration without changing saccade

amplitude [76].

Blinks decrease OPN discharge even without eye movements [77–79]; the

discharge during saccades in medium-lead burst neurons of the PPRF [80] and

in saccade-related long-lead burst neurons in the intermediate layer of the SC is

decreased [29]. Accordingly, the inhibitory effect of blinks on the OPNs might

right
25

15

0

�15

�25
left

P
os

iti
on

 (d
eg

re
es

)

up
25

15

0

�15

�25
down

P
os

iti
on

 (d
eg

re
es

)

right
500

300

100

�300

�100

�500
left

V
el

oc
ity

 (d
eg

re
es

/s
)

Li
d

open
0

1close

Li
d

open
0

1close

100 ms

up
500

300

100

�300

�100

�500
down

V
el

oc
ity

 (d
eg

re
es

/s
)

a d

b e

c f

Fig. 2. Eye movement traces for one normal subject are aligned with respect to saccade

begin. Horizontal (a–c) and vertical (d–f) saccades are displayed separately as eye position

(a, d), eye velocity (b, e), and lid position (c, f). Saccade duration is increased and peak

velocity decreased for both horizontal (a, b) and vertical (d, e) saccades in the blink condi-

tion (solid line), in contrast to the control condition (dotted line). The shift of the dotted lines

(f) indicates the accompanying lid movement with vertical eye movements; modified after

Rambold et al. [42], with permission.



The Eyelid and Its Contribution to Eye Movements 117

explain the outlined behavioral effects. Further evidence comes from a saccadic

brainstem model that incorporates rebound inhibition firing of the medium-

lead burst neurons [81].

Blinks and Vergence Eye Movements
Vergence may be divided into two subsystems: a transient and a sustained

vergence system [82, 83]. The transient vergence system is elicited by large

retinal disparity errors, which cannot be fused on the retina; the sustained ver-

gence is largely elicited by similar images, small disparity errors, or velocities

of less than 4�/s [83, 84]. Blinks affect both subsystems of vergence. Following

blink-associated eye movements, the subsequent transient vergence is increased

in duration and decreased in velocity when a voluntary blink is elicited (fig. 3).
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those during the no blink condition (dotted trace). All traces are aligned to vergence onset.

For better illustration, the onset of two phases of the vergence components is indicated by

vertical dotted lines. In phase 1, a convergence-divergence movement is found in the conver-

gence (a) and in the divergence (c) paradigms. Note that vergence duration exceeds blink

duration; modified after Rambold et al. 2002 [42], with permission.
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This effect is also time dependent; the earlier blinks start before the vergence

onset, the more their duration is increased and peak velocity decreased [42].

The blink effect on transient vergence movements may be related to

changes in the brainstem premotor circuit, including the OPNs [68], since

OPNs also control vergence burst neurons [85]. Accordingly, stimulation of the

OPN area slows vergence movements [85]. The peak of vergence velocity

depends on the stimulus direction when a reflexive blink is elicited during sus-

tained vergence [68] (fig. 4). This velocity peak shows oscillations (1.7–3.3 Hz)

similar to vergence oscillations [25, 83]. These oscillations may be caused by

the inhibition of OPNs leading to a disinhibition of the vergence systems.

Blinks and Saccade-Vergence Interaction
To perform saccades in space, conjugate and vergence eye movements

are elicited together [86]. Blinks also exert a distinct influence on combined

conv

open

close

Li
d Li
d

500 ms

100 ms

0

1

E
ve

rg
 

(d
eg

re
es

)

E
ve

rg
 

(d
eg

re
es

) 4º
5º

/s

V
ve

rg
(d

eg
re

es
/s

)

con

div

div

a b

c d

e f

Fig. 4. Eye position traces are shown for vergence position (a, b) and lid position (c, d)

in one healthy subject. The two different vergence directions, convergence (a, c), and diver-

gence (b, d) are shown separately. a–d Thick solid lines indicate the mean of the control con-

dition (without blinks), while the dashed lines show recordings during the blink condition.

The long dashed line indicates the end of the blink. The gray inset (a, b) represents the part

shown below at higher resolution and as vergence velocity in e, f . e, f Thick solid lines indi-

cate the vergence velocity in the control condition (dotted lines � 1 standard deviation), and

thin solid lines vergence velocity in the blink condition. The arrows mark the late peak ver-

gence velocity. All traces are aligned to blink onset and shifted for better comparison; modi-

fied after Rambold et al. [68], with permission.
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saccade-vergence eye movements: both components are decreased in peak

velocity, acceleration, deceleration, and increased in duration [42]. This effect

might be related to the inhibitory effect of blinks on the OPNs [79, 80, 87].

Blinks and Smooth Pursuit Eye Movements
Introducing a blink just before target onset in a step-ramp smooth pursuit

paradigm causes a decrease in pursuit latency of about 10 ms. This effect is on the

average less than the gap effect of 35 ms in a gap paradigm (extinguishing the

visual stimulus before target onset) when using a comparable gap and blink dura-

tion [41]. Saccades are suppressed during the blink but not during the gap [65].

When a reflexive blink is introduced during ongoing smooth pursuit there

are blink-associated eye movements, which are followed by a decrease in pur-

suit velocity (fig. 5). This decrease is independent of the direction and the blink
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amplitude, i.e. regardless of whether it covers or does not cover the pupil.

Immediately before and during the blinks, correcting saccades are suppressed.

These effects are probably not related to blanking the visual target but rather to

changes of the activity of OPNs or to visual suppression [65]. The activity of

50% of the OPNs is decreased during ongoing smooth pursuit [88]. Electrical

stimulation of the OPN area during ongoing smooth pursuit decelerates smooth

pursuit eye movements [88].

Clinical Disorders of the Eyelid and Its Interaction with Saccades

Disorders of Blink Frequency
The spontaneous blink frequency shows a high interindividual variability

(10–30/min; on average, 24 blinks/min) [89]. The mean amplitude and peak

velocity of spontaneous blinks decrease with age. This is also true of voluntary

blinks, but to a less extent [90, 91]. Here, the narrowing of the palpebral fissure

width probably plays a role. Alternatively, the reduction in the blink main

sequence could reflect a reduction in OO motoneuron activity, which compen-

sates for age-related increases in blink reflex excitability. In contrast, blink fre-

quency and blink conjugacy do not change with age [90, 92]. Blink frequency is

strongly modulated by attentional mechanisms under normal and pathological

conditions, e.g., in schizophrenic patients [93]. In contrast to reflexive blinks,

voluntary blinks may crucially depend on internal vs. external commands, e.g.

in parkinsonian syndromes.

Special forms of increased blink frequency are lid nystagmus and eyelid

tremor. Lid nystagmus is usually associated with eye movements, is gaze

dependent, and modulated by vergence eye movements [94, 95]. It reflects a

slow downward drift of the lids with correcting upward jerks of the upper eye-

lid. Due to the tight lid-eye coupling, vertical nystagmus may be associated

with lid nystagmus. While it may be benign [96], it is usually associated with

lateral medullary infarction [97] or cerebellar or midbrain disease, e.g. low-

grade astrocytoma compressing the CCN [98]. Lid nystagmus may outlast ver-

tical nystagmus [99]. Lid nystagmus may also occur without eye nystagmus due

to midbrain lesions [25, 98, 100]. Vestibular stimulation in midbrain-lesioned

monkeys causes an upward lid nystagmus, although upbeating nystagmus was

abolished [101]. Lid nystagmus with a horizontal nystagmus is found in lateral

medullary lesion (Wallenberg’s syndrome), which may be inhibited by conver-

gence [97]. In contrast, eyelid nystagmus may also be elicited by convergence

in medullary and cerebellar lesions (Pick’s sign) [94, 102, 103].

Eyelid tremor is defined as regular eyelid twitches of 7 Hz and is usually

not gaze dependent. In contrast, blepharoclonus consists of repetitive eyelid
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jerks at a slower frequency (2–4 Hz) and may be induced by eye closure [104].

Eyelid tremor may be associated with parkinsonian syndromes [105], but also

paramedian thalamic lesions [106]. It is still not known whether the presumed

disinhibition of LPM and OO muscle activity is related to the thalamus, the

extension of the lesion into the midbrain, or disconnecting cortical areas

involved in voluntary lid control. Pathophysiologically, inappropriate contrac-

tions of LPM and OO with disturbed reciprocal inhibition have been proposed

[19].

In animal experiments, blink rates significantly and positively correlated

with the concentration of dopamine in the caudate nucleus, and the severity of

experimentally induced parkinsonism was inversely correlated with the blink

rate [107]. Accordingly, since spontaneous blink frequency probably reflects

central dopamine activity, it is characteristically decreased in parkinsonian syn-

dromes (17 blinks per minute) [108], although it may vary in the ‘off’ and ‘on’

periods of patients with fluctuating Parkinson’s disease (PD) [109]. Blink rate

decreases as PD advances [110], but also de novo PD patients who have not

been exposed to dopaminergic therapy show decreased blink rates [108]. The

blink rate in patients with levodopa-induced dyskinesias has been shown to be

higher than that in optimally treated PD patients and normal individuals [111].

It is consistently found to be decreased in progressive supranuclear palsy (PSP)

[112], patients with PD [89], and those patients who receive dopaminergic med-

ication [113], whereas it is not changed in Huntington’s disease and dystonia.

The strongest decrease is found in PSP patients (4 blinks per minute) [89]. In

addition, dopaminergic basal ganglia circuits play a role in the inhibition of

LPM during blinks and eye closure [19]. As a major adverse effect, decreased

blink rate in PD leads to ocular surface irritation (blepharitis), the most com-

mon ocular complaint of PD patients [108].

Apart from recording changes in blink rate, the blink reflex has been

established to be a reliable diagnostic tool for assessing the site of brainstem

lesions, in particular lesions in the dopaminergic circuit, which controls eyelid

blink. The blink reflex is known to be hyperexcitable in PD [92, 114–116].

Pathophysiologically, the loss of dopamine in the substantia nigra pars compacta

may lead to increased reflex blink excitability. Descending inhibitory pathways

from the basal ganglia modulate the excitability via tectoreticular projections.

Decreasing the basal ganglia inhibitory output to the SC and electrical stimula-

tion of the SC reduce blink hyperexcitability and blink amplitude [114].

According to the latter model, the substantia nigra pars reticulata inhibits SC

neurons, which excite tonically active neurons of the raphe magnus nucleus. The

latter inhibits spinal trigeminal neurons involved in reflex blink circuits [115].

Thus, changes in reflex blink excitability and blink amplitude may help to detect

early or preclinical signs in PD. Since a reflex blink inhibits subsequent blinks,
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the magnitude of a blink reflects a balance between inhibitory and facilitatory

processes [117].

Disorders of Tonic Eyelid Position
The eyelid position is greatly influenced by cortical and brainstem mecha-

nisms. Thus, ptosis may result from midbrain and cortical lesions. Midbrain

lesions involving the caudal third nerve nucleus (CCN) elicit complete bilateral

ptosis since the LPMs are deficient [118–123]. Nuclear third nerve lesions with

CCN involvement may elicit bilateral ptosis with contralateral superior rectus

paresis [124]. Isolated CCN lesions are rare but may preserve ocular motility

[125, 126]. In contrast to the complete ptosis in lesions of the LPM, sympathetic

lesions elicit a slight upper lid depression, e.g. in Horner’s syndrome, which may

be caused by carotid artery occlusion or dissection (peripheral) or lateral

medullary infarctions (central Horner’s syndrome) [120]. Unilateral ptosis may

result from fascicular or peripheral third nerve palsy [127] or large hemispheric

lesions, probably related to descending corticonuclear pathways of eyelid control

[120]. Weber’s syndrome and Claude’s syndrome reflect unilateral fascicular third

nerve lesion with contralateral hemiataxia or hemiparesis. Cortical bifrontal or

unilateral, predominantly right-hemispheric, lesions may elicit bilateral ptosis

[31, 32, 128, 129]. Controversial data exist as to which side is more strongly

affected: the contralateral [120] or ipsilateral eye [32]. Fourteen of 24 patients

with hemispheric strokes had predominantly ipsilateral ptosis, which is probably

related to an associated facial weakness superimposed on the asymmetry of the

palpebral fissures of bilateral partial ptosis [32]. Otherwise, the common concept

of a single motor nucleus innervating both levators would have to be challenged.

Two additional conditions with involuntary eyelid closure or the inability

to open the eyelids are blepharospasm and blepharocolysis. Pathological invol-

untary eyelid closure may result from a deficient excitation, a prolonged inhibi-

tion of the LPM (blepharocolysis), or involuntary excitation of the OO muscles,

e.g. focal dystonia (blepharospasm).

Blepharospasm is an excessive involuntary focal dystonic unilateral or

bilateral contraction of the OO muscles with LP muscle cocontraction. It is

characterized by frequent and prolonged blinks, clonic bursts, and prolonged

tonic OO contraction [130]. Clinically, the brows are lowered below the supe-

rior orbital rim (Charcot’s sign). Accordingly, EMG recordings of the LPM and

OO muscles simultaneously show impaired timing of the reciprocal inhibition,

which may lead clinically to dystonic blinks [48] and electrophysiologically

facilitate the R2 component of the blink reflex [131]. Cases of unilateral lid

spasm may occur in conjunction with unilateral or hemifacial spasm.

The most common cause of hemifacial spasm is irritation of the seventh

nerve roots by a dilated or tortuous vascular structure. Blepharospasm has also
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been reported to occur with thalamic [132, 133], subthalamic [132, 134], and

brainstem [135, 136] lesions, but it is often associated with PD or PSP [137].

Benign essential blepharospasm may be caused by an overexcitatory drive of

the basal ganglia. As initial treatment, artificial tear drops are recommended,

since ocular surface irritation (due to decreased blink rate) may also contribute

to increased OO tone [108]. Blepharospasm may also be secondary to Bell’s

palsy and may be relieved by passive eyelid lowering [138]. Otherwise, injec-

tions of botulinum toxin to weaken the affected muscles, in particular the pre-

tarsal portion of the upper eyelid, are the appropriate treatment [139–141].

Blepharospasm may be restricted to dystonic contraction of only the pretarsal

portion of the OO without concomitant contraction of the OO (pretarsal LP

inhibition, pretarsal blepharospasm) [142]. In contrast to the typical ble-

pharospasm, the eyes appear to be nearly closed, and there is a concomitant

contraction of the frontal muscles and elevation of the brows. Moreover, the

blink frequency is reduced. Patients usually suffer from PD or PSP. Tactile sen-

sory stimulation (eyelash touching or glabellar tapping) may help to release the

dystonic position.

Blepharocolysis is a similar – possibly identical – condition characterized

by an excessive involuntary closure of the eyelids due to involuntary LPM

inhibition. The inappropriate, synonymous term ‘apraxia of eyelid opening,’

previously widely used, describes the inability of voluntary eyelid opening

[143] and of sustained lid elevation [139] caused by an involuntary LPM inhi-

bition. In contrast to blepharospasm, blepharocolysis is due to an involuntary

overinhibition of the levator palpebrae superioris muscles with no evidence of

ongoing OO activity; it coexists with a coinhibition of these muscles [130], as

confirmed by simultaneous EMG recordings of the LP and OO muscles [139].

EMG recordings help to separate pretarsal blepharospasm from blepharocoly-

sis and to make adequate therapeutic decisions. Since reflectory blinks remain

largely unaffected, it is likely to be a disorder of the supranuclear LP control.

However, the mechanism is only partly understood. Blepharocolysis is asso-

ciated with PD, PSP, motor neuron disease, and putaminal [144] and subthala-

mic lesions [134]. Its prevalence is about 10% in patients with dystonia,

and about 2% in patients with parkinsonian syndromes (PD, 0.7%; PSP,

33.3%) [145].

Finally, under certain circumstances, the activity in the OO may only per-

sist on voluntary eyelid opening but not when the eyes are open. This form of

pretarsal motor persistence [139] does not reveal any lid depression and is

therefore distinctly different from blepharocolysis. It also responds positively to

botulinum toxin.

Although lid retraction also reflects a tonic eyelid disorder, it leads to

impaired eyelid-eye coordination and will be discussed below.
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Disorders of Eyelid-Eye Coordination
Lid-eye coordination is preserved in most pathological eye movements.

For example, in vertical nystagmus the lid usually accompanies the eye move-

ment [146]. Disorders of eyelid-eye coordination occur when lid saccades are

impaired but eye saccades preserved. Involuntary lid movement without accom-

panying vertical eye movement, e.g. in lid nystagmus, is less frequent. Lid nys-

tagmus without vertical nystagmus may be elicited on horizontal gaze, e.g.

reported in a case of midbrain astrocytoma [98]. In midbrain lesions in the

monkey, vestibular stimulation caused an upward lid nystagmus, although the

upbeat nystagmus was abolished [101].

In accordance with the anatomical connections outlined above, lid nystagmus

may imply lesions of the M group, the nPC, or their reciprocal connections.

Lid lag and lid retraction are the most common disorders of impaired eye-

lid-eye coordination [147]. Whereas lid lag is a dynamic sign, which can be

observed on downgaze, lid retraction is a static phenomenon.

Lid retraction is diagnosed when the sclera is seen above the corneal limbus

during steady fixation. It indicates inappropriate LP muscle activity, presumably

related to neurogenic disinhibition of LP [19], but EMG evidence is still missing.

The basal tonic LPM activity is likely to be under the inhibitory control of the nPC

[12]. Deficient inhibition would result in lid retraction on gaze straight ahead or lid

lag with downgaze [147]. A clinicopathological retrospective correlation study

based on animal [18, 148] and human [149] case studies delineated the nPC as the

most likely lesion site for lid retraction [19]. This is consistent with very few eyelid-

and vertical saccade-related burst neurons that have been recorded in nPC [150].

Although lid lag and lid retraction may occur together [151], a feasible

pathomechanism has to account for lesions that cause only either lid lag or lid

retraction. A single case report showing a patient with slow vertical saccades

and lid lag but no lid retraction [152] suggests separate pathways for both clin-

ical signs. This lesion spared the nPC but probably affected the M group. It

remains open whether dynamic and static lid-eye coordination is controlled by

separate pathways. Lid retraction is seen in ischemic midbrain lesions, e.g.

Parinaud’s syndrome, and extrapyramidal syndromes, e.g. PD and PSP [153,

154]. The prevalence of lid retraction/lid lag in PD patients is not exactly

known, but preliminary data indicate up to 37% of patients [147].

In incomplete vertical gaze palsy caused by midbrain lesions, the lid

appears to follow the eye, but it may also cause a lid saccade [19, 155]. In the

case of upward gaze palsy, the lids may retain the ability to elevate during

attempted vertical upgaze, i.e. so-called ‘pseudoretraction’. In turn, the lid may

lower during attempted downgaze in downgaze saccade palsy, leading to

‘pseudoptosis’ [19]. Eye-lid coordination in mesencephalic lesions has not yet

been systematically examined in detail.
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Clinical Application of Lid Movements

Blinks and the Initiation of Eye Movements
Under certain circumstances, blinks might slow eye movements down,

speed them up, or elicit specific eye movements. Patients with posterior fossa

lesions, for example, were found to have saccades of normal velocity, but only

if a blink was simultaneously elicited [156]. In patients with ocular flutter and

opsoclonus, eye movement oscillations are often elicited by blinks [157, 158].

Peli and McCormack [159] reported on a patient with uncorrected

antimetropia (one eye is myopic, the fellow eye hyperopic) who achieved motor

fusion by blinking. Although this patient could have used saccadic vergence and

slow fusional vergence, he usually relied on blink vergence. These observations

might also be explained by the inhibition of OPNs.

Blinks may also be used to initiate saccades in ocular motor apraxia [160].

Ocular motor apraxia is characterized by the loss of voluntary control of sac-

cades but by preserved reflectory saccades of the optokinetic reflex and the

vestibulo-ocular reflex. Most of these clinical observations have been attributed

to the inhibition of OPNs, which facilitates the execution of saccades.

Blinks Unmasking Vestibular Imbalance
Blinks may exhibit blink-related torsional quick-phase-like eye move-

ments in patients with acute or persisting vestibular tone imbalance, e.g. in

vestibular neuritis or a circumscribed brainstem infarction in the vestibular

nuclei [161]. These blinks were followed by slow drifts with a time constant of

1–2 s, suggesting an unmasking of a vestibular tone imbalance. It has therefore

been proposed that blinks might be another useful clinical test for identifying a

persistent vestibular failure once spontaneous nystagmus has resolved.
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Abstract
The oculomotor periphery was formerly regarded as a simple mechanism executing

complex behaviors explicitly specified by innervation. It is now recognized that several fun-

damental aspects of ocular motility are properties of the extraocular muscles (EOMs) and

their associated connective tissue pulleys. The Active Pulley Hypothesis proposes that rectus

and inferior oblique EOMs have connective tissue soft pulleys that are actively controlled by

the action of the EOMs’ orbital layers. Functional imaging and histology have suggested that

the rectus pulley array constitutes an inner mechanism, similar to a gimbal, that is rotated tor-

sionally around the orbital axis by an outer mechanism driven by the oblique EOMs. This

arrangement may mechanically account for several commutative aspects of ocular motor

control, including Listing’s law, yet permits implementation of noncommutative motility as

during the vestibulo-ocular reflex. Recent human behavioral studies, as well neurophysiol-

ogy in monkeys, are consistent with mechanical rather than central neural implementation of

Listing’s law. Pathology of the pulley system is associated with predictable patterns of stra-

bismus that are surgically treatable when the pathologic anatomy is characterized by imag-

ing. This mechanical determination may imply limited possibilities for neural adaptation to

some ocular motor pathologies, but indicates greater potential for surgical treatments.

Copyright © 2007 S. Karger AG, Basel

Ophthalmologists routinely interpret the ocular motility examination to

assess the status of cranial nerves and central ocular motor processing. While

normal motility is easily interpreted, the interpretation of abnormal motility can

be quite complex, since it is founded on an understanding of the anatomy of the

extraocular muscles (EOMs), the orbital connective tissues, and general princi-

ples of motor innervation that ordinarily coordinate binocular movements. Our

understanding of even fundamental gross EOM anatomy has been clarified by

imaging methods developed in the late 20th century. These insights have in turn
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motivated investigations that have altered fundamental understanding of ocular

motility.

Classical Anatomy

There are six striated oculorotary EOMs, configured as antagonist pairs

[1, 2]. The medial (MR) and lateral rectus (LR) EOMs rotate the eye horizon-

tally, with the MR accomplishing adduction and the LR accomplishing abduc-

tion. The superior (SR) and inferior rectus (IR) EOMs form a vertical

antagonist pair, with the SR supraducting and the IR infraducting the globe.

However, the vertical rectus EOMs have additional actions not strictly antago-

nistic. The superior (SO) and inferior oblique (IO) EOMs form an antagonist

pair implementing torsion around the line of sight. The SO intorts, while the

IO extorts. The oblique EOMs have additional actions that are not strictly

antagonistic.

EOM Layers

The oculorotary EOMs, but not the lid-elevating levator palpebrae superi-

oris muscle, are bilaminar [3]. The global layer (GL), containing in humans a

maximum of approximately 10,000–15,000 fibers in the mid-length of the

EOM, is located adjacent to the globe in rectus EOMs and in the central core of

the oblique EOMs [4, 5]. In rectus EOMs and the SO, the GL anteriorly

becomes continuous with the terminal tendon that inserts on the sclera [6].

Each rectus orbital layer (OL) contains 40–60% of all the EOM’s fibers. The

OL terminates well posterior to the sclera, and at least some of its fibers insert

on connective tissue pulleys [6, 7]. The OL is located on the orbital surface of

rectus EOMs, sometimes C shaped, and constitutes the concentric peripheral

layer of the oblique EOMs.

Gross Structure of EOMs

Rectus EOMs originate in the orbital apex from the fibrous annulus of

Zinn. The SO muscle originates from the periorbita of the superonasal orbital

wall. The rectus EOMs course anteriorly through loose lobules of fat and con-

nective tissues that form sheathes as the EOMs penetrate posterior Tenon’s fas-

cia. Despite common clinical terminology to the contrary, there exists no
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‘muscle cone’ of connective tissue forming bridges among the adjacent rectus

EOM bellies in the mid to deep orbit. The SO muscle remains tethered to the

periorbita via connective tissues as it courses anteriorly, thins to become contin-

uous with its long, thin tendon. The concentric OL of the SO terminates poste-

rior on a peripherally located sheath [5]. Both the SO sheath and tendon pass

through the trochlea, a cartilaginous rigid pulley attached to the superonasal

orbital wall. After reflection in the trochlea, the SO tendon passes inferior to the

SR, thins, and flattens as it spreads out to its broad scleral insertion posterolat-

erally on the globe [5]. The IO muscle originates much more anteriorly from the

periorbita of the inferonasal orbital rim adjacent to the anterior lacrimal crest,

continuing laterally to enter its connective tissue pulley inferior to the IR where

the IO penetrates Tenon’s fascia [8].

Notwithstanding the implications of many textbooks, a recent fundamental

insight is that rectus EOMs do not follow straight-line paths from their origins

to their scleral insertions. In eccentric gaze, rectus EOM paths are inflected

sharply at discrete points in the anterior orbit. Even in the 19th century, it was

supposed that inflections in EOM paths might be due to orbital connective tis-

sues acting as pulleys, although the archaic concept of early anatomists was

largely concerned with bowing of rectus EOM paths away from the orbital cen-

ter rather than prevention of muscle sideslip relative to the orbital wall [9, 10].

The modern concept of pulleys was first conceived by Joel M. Miller [11], and

any eponym applied to rectus pulleys should be his. The ‘pulleys of Miller’

change the anterior paths of rectus EOMs, and thus their pulling directions, in

an orderly way during duction. This is shown in the axial magnetic resonance

images (MRI) in figure 1, illustrating that the anterior path of the IR muscle

changes by half the change in the angle of duction. MRI has shown the same

behavior for all the rectus EOMs. The anterior path angle of a rectus EOM

changes by half the amount of duction [12].

Structure of Pulleys

Rectus EOM inflection points constitute the functional pulleys of Miller.

Anterior to these, rectus EOM paths follow the scleral insertions in eccentric

gazes. The pulleys thus act mechanically as rectus EOM origins. The EOM seg-

ment between the scleral insertion and pulley defines the direction of force

applied to the globe. Pulleys consist of discrete rings of dense collagen encir-

cling the EOM, transitioning gradually into less substantial but broader collage-

nous sleeves. Anteriorly, these sleeves thin to form slings convex to the orbital

wall, and more posteriorly the sleeves thin to form slings convex toward the

orbital center. The anterior pulley slings have also been called the ‘intermuscular
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septum’, a time-honored but not functionally specific term that may be eventu-

ally supplanted by more specific terminology. Electron microscopy demon-

strates the fibrils of collagen in the pulleys to have an interlaced configuration

suited to high internal rigidity [13]. There are bands of smooth muscle (SM) in

ON

LR

MR

73º Gaze shift

30º Adduction43º Abduction

36º Inferior rectus
path change
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11º47º

Fig. 1. Axial MRI images of a right orbit taken at the level of the lens, fovea, and optic

nerve (top row), and simultaneously in an inferior plane along the IR muscle path (bottom

row), in abduction (left) and adduction (right). Note the bisegmental IR path, with an inflec-

tion corresponding to the IR pulley. For this 73� horizontal gaze shift, there was a corre-

sponding 36� shift in IR muscle path anterior to the inflection at its pulley. By permission

from Demer [19].
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the pulley suspensions [14, 15], and particularly in a distribution called the

inframedial peribulbar SM between the MR and IR pulleys [16]. The overall

structure of the orbital connective tissues in schematized in figure 2. 

The IR pulley is coupled to the IO pulley in a bond forming part of

Lockwood’s ligament, the connective tissue ‘hammock’ across the inferior orbit

[8, 16]. The IR and IO pulleys are composed of a common collagenous sheath

stiffened by dense elastin. The OL of the IR inserts on its pulley and does not

continue anteriorly. The OL of the IO muscle inserts partly on the conjoined 

IO-IR pulleys, partly on the IO sheath temporally and partly on the inferior

aspect of the LR pulley. Elastin and SM occur in the Lockwood’s ligament

region of posterior Tenon’s fascia supporting the IR-IO pulley. The inframedial

peribulbar SM originates on the nasal aspect of this conjoint pulley, and is

positioned upon contraction to displace the pulley nasally. The SM retractors of
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Fig. 2. Diagram of the orbita. Coronal views are depicted at levels indicated on axial

view. Functional pulleys are at level depicted at lower right. LG � Lacrimal gland; LPS �
levator palpebrae superioris muscle; SOT � superior oblique tendon. By permission from

Demer [31].
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the lower eyelid (‘Muller’s inferior tarsal muscle’) and connective tissues

extending to the inferior tarsal plate are also coupled to the conjoint IR-IO pul-

ley, coordinating lower eyelid position with vertical eye position during vertical

gaze shift. The SM of the pulley system has autonomic innervation, including

three likely pathways: (1) sympathetic with a norepinephrine projection from

the superior cervical ganglion; (2) cholinergic parasympathetic, probably from

the ciliary ganglion, and (3) nitroxidergic, probably from the pterygopalatine

ganglion [15].

Although the rigid SO pulley – the trochlea – has been known since antiq-

uity [17, 18], its immobility is exceptional, and also unique that the SO’s OL

inserts via the SO sheath on the SR pulley’s medial aspect [5]. Net SO pulling

direction probably changes half as much as duction despite an immobile

pulley, because of the uniquely thin, broad SO tendon wrapping over the globe

[19].

Most of these anatomical relationships are evident in gross dissections and

surgical exposures. After surgical transposition of a rectus tendon (for the treat-

ment of, e.g., strabismus due to LR palsy), the path of the transposed EOM

continues to be obliquely toward the original pulley location. The effect of rec-

tus EOM transposition can be improved by suture fixation from a posterior

point on the transposed EOM belly to the sclera adjacent to the palsied EOM

[20], a maneuver shown by MRI to displace the pulley further in the transposed

direction [21].

Functional Anatomy of Pulleys

The insertion of each rectus EOM’s OL on its pulley appears to be the main

driving force translating (linearly moving) that pulley posteriorly during EOM

contraction. There is consensus that, in both humans and monkeys, fibers on the

orbital surface of each rectus EOM insert into the dense encircling tissue [4, 6]

in a distributed manner over an anteroposterior region in which successive bun-

dles of fibers extend up to 1 mm into the surrounding connective tissue1 [7].

1While they may properly be said to have dual insertions, the OL and GL insertions are

not widely displaced. The OLs and GLs of EOMs do not bifurcate widely before inserting as

might have been misunderstood from the diagrammatic implications of some authors who

intended to emphasize the differing neural control and possible proprioception of the two

layers [22]. The concept of dual insertions does not necessarily imply that every fiber in each

layer terminates in that layer’s insertion, since fibers may terminate on one another short of

the insertion in myomyous junctions [23].
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Imaging by MRI suggests that these enveloping tissues move in coordination

with the insertion and underlying sclera, although histological examinations

show the absence of direct connections between these tissues. The connective

tissue sleeves themselves have a substantial anteroposterior extent along which

connective tissue thickness varies [14], and it has not been possible to histolog-

ically identify the precise sites causing EOM path inflections. Consequently,

actual pulley locations have been determined from functional imaging by MRI

in vivo, rather than by histological examination of dead tissues not subjected to

physiological striated and smooth EOM forces.

Since the EOMs must pass through their pulleys, and since pulleys encircle

the EOMs, pulley locations may be inferred from EOM paths even if pulley

connective tissues cannot be imaged directly. Quantitative determinations of

pulley locations and shifts during ocular rotation have been obtained from coro-

nal MRIs in secondary and tertiary gazes associated with EOM path inflection

at the pulleys. Imaging in tertiary (combined horizontal and vertical) gaze posi-

tions is particularly informative, since such images show changes in the antero-

posterior position of the EOM path inflections [12]. These data have confirmed

that all four rectus pulleys move anteroposteriorly in coordination with their

scleral insertions, by the same anteroposterior amounts. Being partially coupled

to the mobile IR pulley, the IO pulley shifts anteriorly in supraduction, and pos-

teriorly in infraduction. Quantitative MRI shows that the IO pulley moves

anteroposteriorly by half as much as the IR insertion [8]. To date, the MRI stud-

ies in living subjects have been consistent with histological examinations of the

same regions in cadavers that were also examined by MRI prior to embedding

and sectioning [16].

Although MRI indicates that rectus pulleys are mobile along the axes of

their respective EOMs, pulleys are located stably and stereotypically in the

planes transverse to the EOM axes. The 95% confidence intervals for the hori-

zontal and vertical coordinates of normal rectus pulleys range over less

than � 0.6 mm [22]. Precise placement of rectus pulleys is important since the

pulleys act as the EOM’s functional mechanical origins. Pulley stability in the

coronal plane implies a high degree of stiffness of the suspensory tissues of

the pulleys. The Active Pulley Hypothesis (APH) supposes that the anteroposte-

rior mobility of the pulleys is accomplished by application of substantial force

by the OL of each EOM (fig. 2). Aging causes cause inferior sagging of hori-

zontal rectus pulley positions, which shift downward by 1–2 mm from young

adulthood to the seventh decade [23]. Vertical rectus pulley positions change

little with aging [23].

The globe itself makes small translations – linear shifts – during ocular

duction, as determined by high-resolution MRI in normal humans [23]. For

example, the globe translates 0.8 mm inferiorly from 22� downward gaze to 22�
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upward gaze, and it also translates slightly nasally in both abduction and adduc-

tion. While small, these translations affect EOM force directions since the

globe center is only 8 mm anterior to the plane of the rectus pulleys.

Pulleys prevent EOM sideslip during globe rotations, but physiologic

transverse shifts of rectus pulleys can also occur. Gaze-related changes in rectus

pulley positions have been determined by tracing EOM paths with coronal MRI

using a coordinate system relative to the center of the orbit [24]. The MR pulley

translates 0.6 mm superiorly from 22� infraduction to 22� supraduction. The LR

pulley translates 1.5 mm inferiorly from infraduction to supraduction. The IR

pulley shifts 1.1 mm medially in supraduction, but moves 1.3 mm temporally in

infraduction. The SR pulley is relatively stable in the mediolateral direction, but

moves inferiorly in supraduction, and superiorly in infraduction. Gaze-related

shifts in rectus pulley positions are uniform among normal people.

Kinematics of Pulleys

Joel M. Miller first suggested that orbitally fixed pulleys would make the

eye’s rotational axis dependent on eye position [11]. Miller’s crucial insight has

proved fundamental to ocular kinematics, the rotational properties of the eye.

Sequential rotations are not mathematically commutative, so that final eye ori-

entation depends on the order of rotations [25]. Each combination of horizontal

and vertical orientations could be associated with infinitely many torsional

positions [26], but the eye is constrained (when the head is upright and immo-

bile) by Listing’s law (LL): ocular torsion in any gaze direction is that which the

eye would have it if it had reached that gaze direction by a single rotation from

primary eye position about an axis lying in Listing’s plane (LP) [27]. LL is sat-

isfied if the ocular rotational velocity axis shifts by half of the shift in ocular

duction [28]. For example, if the eye supraducts 20�, then the vertical velocity

axis about which it rotates for subsequent horizontal movement should tip back

by 10�. This is called the ‘half-angle rule’, or the velocity domain formulation

of LL. Conformity to the half angle rule makes the sequence of ocular rotations

appear commutative to the brain [29]. Commutativity is the critical feature of

the pulley system.

The APH explains how rectus pulley position can implement the half angle

kinematics required by LL [2, 6, 12, 19]. The EOMs rotate the globe about axes

perpendicular to the tendon paths near the insertion. In figure 3a, b, it is seen

from simple small angle trigonometry that a horizontal rectus EOM’s pulling

direction tilts posteriorly by half the angle of supraduction if the pulley is

located as far posterior to globe center as the insertion is anterior to globe cen-

ter. If all rectus EOMs and their pulleys are arranged similarly, this configuration
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mechanically enforces LL since all the rectus forces rotating the globe observe

half angle kinematics.

If only primary and secondary gaze positions were required, rectus pulleys

could be rigidly fixed to the orbit. However, it has been proven mathematically

that perfect agonist-antagonist EOM alignment is possible only if pulley loca-

tions move in the orbit [30]. Tertiary gazes such as adducted supraduction

require the rectus pulleys actively to shift anteroposteriorly in the orbit along
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Fig. 3. Diagram of EOM and pulley behavior for half angle kinematics conforming to

LL. a Lateral view. Rotational velocity axis of the EOM is perpendicular to the segment from

pulley to scleral insertion. The velocity axis for the LR is vertical in primary position. 

b Lateral view. In supraduction to angle alpha, the LR velocity axis tilts posteriorly by angle

alpha/2 if distance D1 from pulley to globe center is equal to distance D2 from globe center to

insertion. c Lateral view. In primary position, terminal segment of the IO muscle lies in the

plane containing the LR and IR pulleys into which the IO’s orbital layer inserts. The IO

velocity axis parallels primary gaze. d Superior view of rectus EOMs and pulleys in primary

position, corresponding to a. e Superior view. In order for adduction to maintain D1 � D2 in

an oculocentric reference, the MR pulley must shift posteriorly in the orbit, and the LR pul-

ley anteriorly. This is proposed to be implemented by the orbital layers of these EOMs, work-

ing against elastic pulley suspensions. f Lateral view similar to c. In supraduction to angle

alpha, the IR pulley shifts anteriorly by distance D3, as required by the relationship shown in

e. The IO pulley shifts anteriorly by D3/2, shifting the IO velocity axis superiorly by alpha/2.

By permission from Demer [19].
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the EOM’s length, maintaining a fixed oculocentric relationship (fig. 3d, e). The

APH proposes that pulley shifts are generated by the contraction of the OLs act-

ing against the elasticity of the pulley suspensions [1, 6, 12, 31]. This behavior

could not be due to attachment of rectus pulleys to the sclera. Not only does ser-

ial section histology show no such attachment, but also the sclera moves freely

relative to pulleys transverse to the EOM axes. Anteroposterior rectus pulley

movements persist even after enucleation [32], when the MR path inflection at

its pulley continues to shift anteroposteriorly with horizontal versions, but the

angle of inflection sharpens to as much as 90� at the pulley [32].

Despite coordinated movements, however, it is supposed that ocular rota-

tion by the OL and pulley translation by the GL require different EOM actions

and neural commands. The mechanical load on the GL is predominantly the

viscosity of the relaxing antagonist EOM, proportional to rotational speed [33].

The load on the OL, however, is due to the pulley suspension elasticity, which is

independent of rotational speed, but proportional to the angle of eccentric gaze.

Laminar electromyography in humans shows high, phasic activity in the GL

during saccades, with only a small maintained change in activity in eccentric

gaze [33]. In the OL, electromyography shows sustained, high activity in eccen-

tric gaze, but no phasic activity during saccades. In cat, the most powerful and

fatigue-resistant LR motor units, comprising 27% of all units, innervate both

the OL and GL [34]. These ‘bilayer’ motor units would command similar tonic

contraction in the two layers, an arrangement convenient to maintain pulley

position relative to the EOM insertion. Other motor units project selectively to

either the OL or GL [34], as might be appropriate for control of differing vis-

cous loads.

While the rectus EOMs by themselves seem capable of implementing LL

[35], some important eye movements do not conform to LL. Violations of LL

occur during the vestibulo-ocular reflex (VOR) [36, 37] and during conver-

gence [38, 39]. These violations may be due to the action of the oblique EOMs.

The IO muscle’s functional anatomy also appears suited to half angle kinemat-

ics. The IO pulley shifts anteroposteriorly by half of vertical ocular duction [8],

shifting the IO’s rotational axis by half of vertical duction (fig. 3d, f) [8]. The

broad, thin SO insertion on the sclera resists sideslip by virtue of its shape. The

SO approximates half angle kinematics because the distance from trochlea to

globe center is approximately equal to the distance from globe center to inser-

tion, the SO rotational axis shifts by half the horizontal duction [19].

Optimal stereopsis requires torsional cyclovergence to align corresponding

retinal meridia [40]. In central gaze, excyclotorsion occurs in convergence that

violates LL [41]. During asymmetrical convergence to a target aligned to one

eye, this extorsion occurs in both eyes, interpretable as temporal tilting of LP

for each eye [38]. A form of Herring’s law of equal innervation probably exists
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for the vergence system, such that both eyes receive symmetric version com-

mands for remote targets, and mirror symmetric vergence commands for near

targets [42].

MRI during convergence to a target aligned to one eye has been performed

using mirrors and has allowed the effect of convergence to be distinguished

from that of adduction [43]. In the aligned orbit, there was a 0.3–0.4 mm

extorsional shift of most rectus pulleys corresponding to about 1.9� [43], simi-

lar to globe extorsion [44]. It appears that during convergence, the rectus pulley

array rotates about the long axis of the orbit in coordination with ocular torsion,

changing the torsional pulling directions of all rectus EOMs but maintaining

half angle dependence on horizontal and vertical duction. This would cause a

parallel, torsional offset in LP.

While it is possible that globe torsion might passively rotate the rectus pul-

ley array, the high stiffness of the rectus pulley suspensions necessary to stabi-

lize them against sideslip would severely limit such passive torsional shifts,

always to less than ocular torsion [43]. An active mechanism has been sug-

gested for the torsional pulley shifts in convergence that equal ocular torsion.

The OL of the IO muscle inserts on the IR pulley and, at least in younger spec-

imens, also on the LR pulley [8]. Contraction of the IO OL would directly

extorsionally shift the LR and IR pulleys. Contractile IO thickening has been

directly demonstrated by MRI during convergence [43]. Inferior LR pulley shift

could be coupled to lateral SR pulley shift via the dense connective tissue band

between them [45]. The OL of the SO muscle inserts on the SO sheath posterior

to the trochlea, with both tendon and sheath reflected at that rigid pulley [5].

Anterior to the trochlea, the SO sheath inserts on the SR pulley’s nasal border.

Relaxation of the SO OL during convergence is consistent with single unit

recordings in the monkey trochlear nucleus [46], and could contribute to extor-

sion of the pulley array. The inframedial peribulbar SM might also contribute to

rectus pulley extorsion in convergence [16].

Controversy Concerning Pulleys

Because of their distributed nature, some doubt the existence of EOM pul-

leys of Miller, with the alternative suppositions being that the penetrations of

the rectus EOMs through Tenon’s fascia are unimportant, or that the connective

tissues serve only to limit the range of ductions [47]. Histological evidence has

previously been presented suggesting the presence of EOM pulleys in rodents

[48]. Ruskell et al. [7] have proposed that OL insertion into connective tissue

sleeves may be a general feature of all mammals. They studied isolated human

and monkey rectus EOMs near their pulleys, reporting tendons leaving the
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orbital surface of the EOMs to insert in sleeves or other surrounding connective

tissues. Ruskell et al. [7] considered their results to confirm and extend the

observation that the OL fibers separate from the GL fibers and insert in the

sheath, and that OL fibers are unlikely to contribute much to duction.

Histological study in rat, including 3-D reconstruction, suggested insertion of

the OL of the IR on a pulley [49], consistent with the APH.

Dimitrova et al. [50] electrically stimulated eye movements from central to

secondary gazes in anesthetized cats and monkeys before and after removal of

the LR pulley. Although this surgery predictably increased the amplitude and

velocity of horizontal eye movements, there was no significant effect on verti-

cal eye movements [50]. Dimitrova et al. [50] interpreted the increase in eye

movement size to transmission of OL force to the tendon, although they also

noted that reduction in elastic load associated with pulley removal would also

increase eye movement. Their experiment was not a test of the APH’s implica-

tions for LL, which would have required investigation of tertiary gazes.

Listing’s Law (LL) Is Mechanical

Long regarded as an organizing principle of ocular motility, LL reduces

ocular rotational freedom from three (horizontal, vertical, and torsional) to only

two degrees (horizontal and vertical) during visually guided eye movements

with the head upright and stationary [28]. The classic formulation of LL states

that, with the head upright and immobile, any eye position can be reached from

primary position by rotation about one axis lying in LP. Conformity with LL

can be demonstrated by expressing ocular rotational axes as ‘quaternions’ that

can be directly plotted to form LP [25].

Unlike 1-D velocity that is the time derivative of position, 3-D eye velocity

is a mathematical function both of eye position and its derivative. The time

derivative of each component of 3-D eye position is called coordinate velocity,

but this differs from 3-D velocity in a way critical to neural control of saccades

[29, 51–53]. Tweed et al. [54] have pointed out that the ocular position axis will

be constrained to a plane if, in the velocity domain, the ocular velocity axis

changes by half the amount of duction. This can be expressed as a tilt angle

ratio of one half. Since in most situations the eye begins in LP, a tilt angle ratio

of one half constrains the eye to remain in LP, and so satisfies LL. However, if

eye position were somehow to begin outside LP at the onset of an eye move-

ment that subsequently conforms to the velocity domain formulation of LL, eye

position would remain in a plane parallel to but displaced from LP.

Violation of LL during the VOR occurs since the VOR compensates for

head rotation about any arbitrary axis [37, 55, 56]. The VOR does not violate
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LL ideally, but has a non-half angle dependency of rotational velocity axis on

eye position. The ideal tilt angle ratio for the VOR would be zero. However,

ocular torsion during the VOR does depend on eye position in the orbit; the

VOR axis shifts by about one quarter of duction relative to the head, and thus a

tilt angle ratio near 0.25 [37, 55, 56]. During well-controlled, whole-body tran-

sient yaw rotation at high acceleration, the VOR exhibits quarter angle behav-

ior beginning at a time indistinguishable for the earliest VOR response [57,

58]. Such kinematics would be consistent with neural drive to a mechanical

implementation of quarter angle VOR kinematics as part of the minimum

latency reflex, and a different mechanical specification of saccadic half angle

behavior.

Neural and mechanical roles in determination of ocular kinematics have

been controversial. Before modern descriptions of the orbita, it seemed obvious

that LL was implemented neurally in premotor circuits as an intrinsic feature of

central ocular motor control [59–63]. The APH then proposed to account for LL

mechanically, but physiologic violations of LL continued to suggest a role for

central neural control [64]. A neural role in LL appeared tenable given the

observation of ocular extorsion and temporal tilting of LP during convergence

[39, 65] associated with torsional repositioning of the rectus EOM pulley array

[43] and alteration in discharge of trochlear motoneurons [46].

Crane et al. [66] studied the transition between the angular VOR’s quarter

angle strategy and saccades’ half-angle behavior. These investigators used the

yaw angular VOR to drive ocular torsion out of LP, and then used a visual target

to evoke a vertical saccade. This is an unusual situation in which the velocity

and position domain formulations of LL are no longer equivalent. To return the

saccade’s position domain rotational axis to LP would require that the saccade’s

velocity axis violate the half angle rule in the process of canceling the initial

non-LP torsion. If instead the saccade’s velocity axis conformed to the half

angle rule, the saccade would begin and end with the non-LP torsion induced by

the VOR. Crane et al. [66] showed that saccades observed half angle kinematics

in the velocity domain, and maintained any non-LL initial torsion. This result

suggests that the half angle velocity relationship is the fundamental principle

underlying LL, as would be expected from coordinated APH behavior of the

rectus pulleys. However, torsion returning the eye to LP has been observed dur-

ing both horizontal and vertical saccades after torsional optokinetic nystagmus

had driven the eye out of LP [67], a difference perhaps related to the entrain-

ment of quick phases during nystagmus, and seemingly impossible to imple-

ment with a purely mechanical system [67]. Reconciliation of these findings

would require differences in neural control of visual saccades vs. vestibular

quick phases, a possibility [66] given the known ability of the vestibular system

to drive saccades [68].



Mechanics of the Orbita 145

The functional anatomy of human EOMs has been examined by MRI dur-

ing ocular counterrolling (OCR), a static torsional VOR mediated by the

otoliths [69]. The coronal plane positions of the rectus EOMs shifted torsionally

in the same direction as OCR. While OCR was not measured, the torsion of the

rectus pulley array was roughly half of OCR reported by other eye movement

studies. The torsional shift of the rectus pulley array half of OCR would change

rectus EOM pulling directions by one quarter of OCR (fig. 4), ideal for quarter

angle VOR kinematics. During OCR, oblique EOMs exhibited changes in cross

section consistent with their possible roles in torsional positioning of rectus

pulleys [69]. This finding, considered in the context of saccade kinematics dur-

ing the VOR [66], suggests that the array of the four rectus pulleys constitute a

kind of ‘inner gimbal’ that conforms to Listing’s half angle kinematics for visu-

ally guided movements such as fixations and saccades, but which is rotated by

the oblique EOMs to implement eye movements such as the slow and quick

phases of the VOR.
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Fig. 4. Diagram of effects of head tilt on rectus pulleys in lateral (top row) and frontal

(bottom row) views. With head upright, the IR, LR, MR, and SR pulleys are arrayed in

frontal view in a cruciate pattern. The MR passes through its pulley, represented as a ring, to

its scleral insertion. The rotational velocity axis imparted by the MR is perpendicular to the

segment from pulley to insertion. The pulley array extorts during contralateral head tilt.

Since during head tilt the MR pulley shifts superiorly by the half the distance the insertion

shifts, the MR’s velocity axis changes by one fourth the ocular torsion. By permission from

Demer and Clark [69].
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Older recordings of trochlear motoneuron discharge suggest that ocular

extorsion during convergence is neurally commanded [46]. If the ocular torsion

specified by LL were similarly neurally commanded, torsional commands

should be reflected in discharge patterns of neurons innervating the oblique and

vertical rectus EOMs. Ghasia and Angelaki [70] recorded activities of

motoneurons and nerve fibers innervating the vertical rectus and oblique EOMs

in monkeys during smooth pursuit conforming to LL. There were no neural

commands for LL torsion in motor units innervating the cyclovertical EOMs

[51]. This evidence for a mechanical basis of LL was also supported by the

experiment of Klier et al. [71] in which electrical stimulation was delivered to

the abducens nerve (CN6) of alert monkeys to evoke saccade-like movements.

Klier et al. [71] demonstrated that the evoked saccades had half angle kinemat-

ics conforming to LL. The decisive conclusion from these two experiments is

that LL has a mechanical basis, and is not specified by the instantaneous neural

commands. These two results were predicted by the APH [6], while the neural

theory of LL predicted opposite results in both cases [62]. However, the neu-

rons driving the cyclovertical EOMs not only did not command half angle LL

torsion, but also did not command quarter angle kinematics for the VOR [70].

This suggests that quarter angle VOR kinematics are also mechanical, rather

than neural. An early suggestion had been made than quarter angle behavior

could be implemented mechanically by retraction of rectus pulleys [6], but sub-

sequent recognition that this idea would be unrealistic [61] led to abandonment

of the concept of pulley retraction [2, 43]. Furthermore, uncoordinated antero-

posterior shift in pulley location would be inconsistent with the recent experi-

ments of Crane et al. [66] demonstrating transition between quarter angle VOR,

and half angle saccade behavior without measurable latency. The foregoing

results seemingly require that quarter angle VOR behavior arise from mechani-

cal phenomena not previously considered.

Implications for Neural Control

Some tentative conclusions can now be reached concerning neural control

of eye movements generally, and some older data probably should be reinter-

preted. Central neural signals correlated with all types of eye movements

would be expected to reflect effects of torsional reconfiguration of rectus pul-

leys during the VOR. Recordings from burst neurons in monkeys appear com-

patible with the torsional shift of rectus pulleys transverse to the EOM axes in

the direction of OCR induced by head tilt [72]. In monkeys, the displacement

plane for 3-D eye positions during pursuit and saccades shifts opposite to

changes in head orientation relative to gravity [73], and such shifts may be
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dynamic during semicircular canal stimulation [74, 75]. Hess and Angelaki

have suggested that shift in LP is mediated by the otolith input to the 3-D

neural integrator [73], but the finding may be reconciled with the observation

that lesion of the integrator in the rostral interstitial nucleus of the medial lon-

gitudinal fasciculus also abolishes the torsional shift in LP associated with

OCR [76] if the torsional shift of pulleys is mediated by the 3-D neural inte-

grator. If so, it would be predicted that integrator lesion would abolish coun-

terroll of the pulleys during vestibular stimulation, by blocking polysynaptic

vestibular input to the oblique EOMs whose tonic activity presumably main-

tains torsional pulley array orientation.

In monkeys, the preferred directions of saccadic neurons in the superior

colliculus shift in the opposite direction, and by slightly more than half the

amount, of head tilt [77]. Based on simultaneous measurements of OCR and

preferred directions of superior collicular neurons, Frens et al. [77] concluded

that the changes in EOM pulling directions are probably about two thirds of

ocular torsion.

Regardless of the ocular motor subsystem involved, torsional rectus pulley

shifts during the VOR would preserve the advantage of apparent commutativity

of the peripheral ocular motor apparatus for concurrent saccades and pursuit.

This commutativity would be valuable even though higher-level sensorimotor

transformations must account for 3-D geometrical effects of eye and head ori-

entation [64, 77–79], and is incorporated in some modern models of ocular

motor control [29, 52, 76, 78, 80]. Neural processing for the VOR must be gen-

erated in 3-D, based on transduction of head motion in three degrees of free-

dom, and on 3-D eye orientation in the head.

Some low level visuomotor processing may be simpler than previously

believed. In saccade programming, retinal error could be mapped onto corre-

sponding zero-torsion motor error commands within LP as modeled by the ‘dis-

placement-feedback’ model of Crawford and Guitton [81]. This model, with a

downstream mechanism for half angle behavior, can simulate the visuomotor

transformations necessary for accurate and kinematically correct saccades

within a reasonable oculomotor range, but had been rejected by Crawford and

Guitton who supposed that saccades from non-LL torsional starting positions

return to LP [81]. Recent demonstration by Crane et al. [66] that such saccades

maintain their initial non-LL torsion while nevertheless conforming to half

angle kinematics suggests that the ‘displacement-feedback’ model, lacking in a

neural representation of LL, is plausible for control of visual saccades. In the

context of realistic mechanical properties of EOM pulleys, sensorimotor inte-

gration of saccades does not require explicit neural computation of ocular tor-

sion. This simplification solves some complexity, but merely moves other

kinematic problems to a higher level. When head movements are involved,
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neural consideration of torsion is geometrically unavoidable for accurate local-

ization of visual targets [78, 81].

Several aspects of ocular kinematics are thus implemented by an intricate

mechanical arrangement, rather than by complex neural commands to a simpler

mechanical arrangement. This insight alters the interpretation of common

situations, and offers hope of mechanical (i.e., surgical) solutions to clinical

disorders that might earlier have been believed to have neural origins. If the

APH were correct, oblique EOM function would not be critical for LL [35],

although oblique tone might set initial LP orientation. This is supported by the

finding in chronic SO paralysis that LL is observed, albeit with temporal tilting

of LP [82, 83], and that this temporally tilted LP is not changed by vergence as

is normally the case [84]. The orientation of LP varies considerably both among

individuals, and between eyes of the same individuals, making it unlikely that

absolute LP orientation is very important to either vision of ocular motor

control [58]. Although oblique EOMs do not actively participate in generation

of LL, elastic tensions arising from stretching and relaxation or oblique EOMs

would create torques violating LL unless their innervations were adjusted to

compensate [51]. Consequently, recordings of small changes in oblique EOM

innervations during pursuit movements conforming to LL [70, 85] do not

negate a pulley contribution, nor do dynamic violations of LL during saccades

in SO palsy [82].

Implications for Strabismus

Thinking about cyclovertical strabismus has been dominated by the histor-

ical concept of EOM weakness, typified by the terms ‘paresis’ and ‘paralysis’

[86]. This is likely because cranial nerves innervating EOMs are susceptible to

damage by trauma and compression, and because when the concept of EOM

weakness became dominant, neuroscience was too primitive to offer alternative

explanations [86]. Deeply engrained clinical concepts require modification.

Prototypic for cyclovertical strabismus is SO palsy. Theoretical, experi-

mental, and much clinical evidence supports the idea that acute, unilateral SO

palsy produces a small ipsilateral hypertropia that increases with contralateral

gaze, and with head tilt to the ipsilateral shoulder [87, 88]. The basis of this ‘3-

step test’ is traditionally believed related to OCR, so that the eye ipsilateral to

head tilt is normally intorted by the SO and SR EOMs whose vertical actions

cancel [89]. However, ipsilateral to a palsied SO, unopposed SR elevating

action is supposed to create hypertropia. The 3-step test has been the corner-

stone of diagnosis and classification of cyclovertical strabismus for generations

of clinicians [90, 91]. When the 3-step test is positive, strabismologists infer SO
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weakness and attribute the large amount of interindividual alignment variability

to secondary changes [83] such as ‘IO overaction’ and ‘SR contracture’. The 3-

step test’s mechanism is generally misunderstood. Kushner [92] has pointed out

that were traditional teaching true, then IO weakening, the most common

surgery for SO palsy, should increase the head tilt-dependent change in hyper-

tropia; the opposite is observed. Among numerous inconsistencies with com-

mon clinical observations [92], bilateral SO palsy should cause greater head

tilt-dependent change in hypertropia than unilateral SO palsy; however, the

opposite is found [93]. Modeling and simulation of putative effects of head tilt

in SO palsy suggest that SO weakness alone cannot account for typical 3-step

test findings [94, 95].

High-resolution MRI has quantified normal changes in SO cross-section

with vertical gaze, and SO atrophy and loss of gaze-related contractility typical

of SO palsy [96–99]. Neurosurgical SO denervation rapidly produces neuro-

genic atrophy and ablates contractile thickening normally observed in infraduc-

tion. A striking and consistent MRI finding has been the nonspecificity of the

3-step test for structural abnormalities of the SO belly, tendon, and trochlea,

found in only in �50% of patients [100]. Even in patients selected because

MRI demonstrated profound SO atrophy, there was no correlation between clin-

ical motility and IO size or contractility [99]. A possible explanation for some

of this discrepancy might be putative SO tendon laxity, assessed intraopera-

tively by a qualitative and perhaps unreliable judgment made during application

of traction with forceps [101–103]. Multiple conditions can simulate the ‘SO

palsy’ pattern of incomitant hypertropia [104]. Vestibular lesions cause head-tilt

dependent hypertropia, also known as skew deviation [105] that can mimic SO

palsy by the 3-step test [106]. Pulley heterotopy can simulate SO palsy [107],

and is probably not its result, since SO atrophy is not associated with significant

alterations in pulley position in central gaze [108].

Craniosynostosis is a congenital disorder in which skull shape is distorted

by premature fusion of the sutures among cranial bones. While various

eponyms have been attached based on variable expressivity (e.g. Crouzon,

Pfeiffer), these are largely due to known gene mutations affecting bone forma-

tion [109]. Strabismus is prevalent in craniosynostosis, particularly large V and

A patterns [110, 111], yet responds poorly to oblique EOM surgery [112].

Rectus EOM paths may be markedly abnormal in craniosynostosis [107, 113],

imparting abnormal pulling directions. It has been proposed that because the

EOM pulley array is anchored to the bony orbit at discrete points [45], bony

abnormality alters EOM pulling directions by malpositioning pulleys.

Typically, the heterotopic array of rectus pulleys is extorted or intorted, not nec-

essarily symmetrically. Computer simulations suggest rectus pulley malposi-

tioning as in craniosynostosis can produce incomitant strabismus [114, 115].
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Extorsion of the pulley array is associated with V patterns, and intorsion associ-

ated with A patterns [116].

Surgical Treatment of Pulley Pathology

Surgery for pulley disorders has recently emerged for treatment of three

types of pathologies [19].

Pulley Heterotopy
Milder pulley heterotopy not apparently associated with craniosynostosis

may involve the stable malpositioning of one or several rectus pulleys [114,

115]. Initial efforts to treat heterotopy involved transpositions of the scleral

insertions of EOMs whose pulleys were heterotopic [19], later augmented by

fixations of EOM bellies to the underlying sclera �8 mm posteriorly [113].

While MRI has demonstrated that this does shift the involved rectus pulley in

the desired direction [21, 117], because the pulley does not shift as far as the

insertion, the operation introduces undesirable ocular torsion opposite the

direction of transposition. Since normal pulleys are not fixed to sclera, posterior

fixation also compromises normal pulley kinematics and introduces abnormal

globe translation during duction [117]. Newer approaches to pulley heterotopy

involve surgery on connective tissues suspending the pulleys. A technically

convenient approach to treatment of inferior displacement of the LR pulley is to

shorten and stiffen the ligament coupling the LR and SR pulleys. Extreme pul-

ley heterotopy is associated with esotropia and hypotropia in axial high myopia

[118, 119]. In this condition, historically misnamed the ‘heavy eye syndrome,’

the LR pulley shifts inferiorly to approach the IR, and the globe correspond-

ingly shifts superotemporally out of the rectus pulley array. It has been recently

reported that surgical anastomosis of the lateral margin of the IR belly with the

superior margin of the LR belly is highly effective in correcting esotropia asso-

ciated with the ‘heavy eye syndrome,’ since the procedure normalizes EOM

paths relative to the globe in a manner impossible for more conventional stra-

bismus surgery [120].

Pulley Instability
Normal pulleys shift only slightly in the coronal plane even during large

ductions [24]. Large gaze-related shifts or one or more pulleys are associated

with incomitant strabismus [19, 121]. Pulley instability has also been termed

‘gaze-related pulley shift’ [122]. Inferior LR pulley shift in adduction produces

restrictive hypotropia closely resembling Brown syndrome caused by hindrance

of SO travel in the trochlea [123], or ‘X’ pattern exotropia characterized by
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greater deviation in both up and down than in central gaze [121]. Early efforts

to treat pulley instability consisted of posterior fixation of the involved EOM to

the underlying sclera, and were intended to prevent posterior sideslip of the

EOM belly. More recent physiologically driven approaches involve pulley sus-

pensions directly, tightening lax connective tissue bands that presumably per-

mitted the pulley shift.

Pulley Hindrance
The third recognized pathology is pulley hindrance, in which normal pos-

terior shift with EOM contraction is mechanically impeded [124], often induc-

ing abnormal globe translation. Intentionally created hindrance can be

therapeutic, as long known for posterior fixation (also known as ‘retroequator-

ial myopexy’ and ‘fadenoperation’) of an EOM to the underlying sclera. An

operation intended to reduce an EOM’s effect in its field of action, posterior

fixation was originally supposed to work by reduction in the EOM’s arc of con-

tact, reducing its rotational lever arm [125]. Imaging by MRI demonstrates this

mechanism incorrect, but several lines of evidence indicate that posterior fixa-

tion actually works by hindering posterior shift of the contracting EOM’s pulley,

mechanically restricting EOM action [126]. A technically simpler and safer

modification of posterior fixation has recently been introduced by us in which

the MR pulley suspension is placed under tension and the MR pulley sutured to

the EOM belly; this operation is at least as effective as posterior fixation with

scleral suturing in treatment of accommodative esotropia with excessive

accommodative convergence [127].

Central to the initial recognition of pulleys was the stability of rectus EOM

paths after large surgical transpositions of the scleral insertions. Only slight

shifts of pulleys are observed by MRI after transposition [21, 117]. Posterior

suture fixation of the transposed EOMs as described by Foster [20] shifts the

pulley farther into the direction of the transposed insertion. This changes the

pulling direction to mimic more closely that of the paralyzed EOM, increasing

the effectiveness of transposition [117].

Conclusion

The fundamental anatomy of the ocular motor effector apparatus funda-

mentally differs from traditional teaching. The following encapsulates this

author’s broad concept of the orbita, simplified here for heuristic purposes.

Rather than consisting of mechanically simple EOMs rotating the eye under

explicit neural control of every kinematic nuance, the ocular motor system con-

sists of a rather intricate mechanical arrangement comprised of a trampoline-like
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suspension supported by the rectus EOMs and their associated connective tis-

sues, which in turn is circumferentially controlled by the obliques. Rectus

EOMs and their pulleys constitute the inner suspension that implements kine-

matics in 2-D corresponding largely to the 2-D organization of the retina and

subcortical visual system, and so mechanically implements LL without addi-

tional neural specification. The inner suspension has effectively commutative

properties. Analogous to a gimbal arrangement (but importantly different from

a gimbal in some respects), the outer suspension moves the inner under the

drive from the oblique EOMs to generate torsion not conforming to LL, and

noncommutatively influences the inner suspension. The degree to which neural

adaptations can compensate for ocular kinematics that normally are mechani-

cally determined is a crucial question, since the answer will inform us about the

clinical significance of many disorders of ocular motility, and the degree to

which they may be amenable to surgical treatment.

Acknowledgement

This work was supported by US Public Health Service grants EY08313, EY00331, and

DC005224. J. Demer received an award from Research to Prevent Blindness and is Leonard

Apt Professor of Ophthalmology.

References

1 Demer JL: Extraocular muscles; in Jaeger EA, Tasman PR (eds): Duane’s Clinical Ophthalmology.

Philadelphia, Lippincott, 2000, vol 1, chapter 1, pp 1–23.

2 Demer JL: Anatomy of strabismus; in Taylor D, Hoyt C (eds): Pediatric Ophthalmology and

Strabismus, ed 3. London, Elsevier, 2005, pp 849–861. 

3 Porter JD, Baker RS, Ragusa RJ, Brueckner JK: Extraocular muscles: basic and clinical aspects of

structure and function. Surv Ophthalmol 1995;39:451–484.

4 Oh SY, Poukens V, Demer JL: Quantitative analysis of rectus extraocular muscle layers in monkey

and humans. Invest Ophthalmol Vis Sci 2001;42:10–16.

5 Kono R, Poukens V, Demer JL: Superior oblique muscle layers in monkeys and humans. Invest

Ophthalmol Vis Sci 2005;46:2790–2799.

6 Demer JL, Oh SY, Poukens V: Evidence for active control of rectus extraocular muscle pulleys.

Invest Ophthalmol Vis Sci 2000;41:1280–1290.

7 Ruskell GL, Kjellevold Haugen IB, Bruenech JR, van der Werf F: Double insertions of extraocu-

lar rectus muscles in humans and the pulley theory. J Anat 2005;206:295–306.

8 Demer JL, Oh SY, Clark RA, Poukens V: Evidence for a pulley of the inferior oblique muscle.

Invest Ophthalmol Vis Sci 2003;44:3856–3865.

9 Sappey PC: Traite D’Anatomie Descriptive Avec Figures Intercalees Dans Le Texte.Paris, Delahaye

et Lecrosnier, 1888.

10 Sappey PC: The motor muscles of the eyeball [translation from the French]. Strabismus 2001;9:

243–253.

11 Miller JM: Functional anatomy of normal human rectus muscles. Vision Res 1989;29:223–240.

12 Kono R, Clark RA, Demer JL: Active pulleys: magnetic resonance imaging of rectus muscle paths

in tertiary gazes. Invest Ophthalmol Vis Sci 2002;43:2179–2188.



Mechanics of the Orbita 153

13 Porter JD, Poukens V, Baker RS, Demer JL: Cytoarchitectural organization of the medial rectus

muscle pulley in man. Invest Ophthalmol Vis Sci 1995;36:S960.

14 Demer JL, Miller JM, Poukens V, Vinters HV, Glasgow BJ: Evidence for fibromuscular pulleys of

the recti extraocular muscles. Invest Ophthalmol Vis Sci 1995;36:1125–1136.

15 Demer JL, Poukens V, Miller JM, Micevych P: Innervation of extraocular pulley smooth muscle in

monkeys and humans. Invest Ophthalmol Vis Sci 1997;38:1774–1785.

16 Miller JM, Demer JL, Poukens V, Pavlowski DS, Nguyen HN, Rossi EA: Extraocular connective

tissue architecture. J Vis 2003;3:240–251.

17 Fink WH. Surgery of the Vertical Muscles of the Eye. Springfield (IL), Thomas, 1962, pp 37–121. 

18 Helveston EM, Merriam WW, Ellis FD, Shellhamer RH, Gosling CG: The trochlea: a study of the

anatomy and physiology. Ophthalmology 1992;80:124–133.

19 Demer JL: Pivotal role of orbital connective tissues in binocular alignment and strabismus. The

Friedenwald lecture. Invest Ophthalmol Vis Sci 2004;45:729–738.

20 Foster RS: Vertical muscle transposition augmented with lateral fixation. J AAPOS 1997;1:20–30.

21 Clark RA, Rosenbaum AL, Demer JL: Magnetic resonance imaging after surgical transposition

defines the anteroposterior location of the rectus muscle pulleys. J AAPOS 1999;3:9–14.

22 Clark RA, Miller JM, Demer JL: Three-dimensional location of human rectus pulleys by path

inflections in secondary gaze positions. Invest Ophthalmol Vis Sci 2000;41:3787–3797.

23 Clark RA, Demer JL: Effect of aging on human rectus extraocular muscle paths demonstrated by

magnetic resonance imaging. Am J Ophthalmol 2002;134:872–878.

24 Clark RA, Miller JM, Demer JL: Location and stability of rectus muscle pulleys inferred from

muscle paths. Invest Ophthalmol Vis Sci 1997;38:227–240.

25 Haslwanter T: Mathematics of three-dimensional eye rotations. Vision Res 1995;35:1727–1739.

26 van den Berg AV: Kinematics of eye movement control. Proc R Soc Lond 1995;260:191–197.

27 Ruete CGT: Ocular physiology. Strabismus 1999;7:43–60.

28 Tweed D, Vilis T: Geometric relations of eye position and velocity vectors during saccades. Vision

Res 1990;30:111–127.

29 Quaia C, Optican LM: Commutative saccadic generator is sufficient to control a 3-D ocular plant

with pulleys. J Neurophysiol 1998;79:3197–3215.

30 Koene AR, Erklens CJ: Properties of 3D rotations and their relation to eye movement control. Biol

Cybern 2004;90:410–417.

31 Demer JL: The orbital pulley system: a revolution in concepts of orbital anatomy. Ann N Y Acad

Sci 2002;956:17–32.

32 Detorakis ET, Engstrom RE, Straatsma BR, Demer JL: Functional anatomy of the anophthalmic

socket: insights from magnetic resonance imaging. Invest Ophthalmol Vis Sci 2003;44:

4307–4313.

33 Collins CC: The human oculomotor control system; in Lennerstrand G, Bach-y-Rita P (ed): Basic

Mechanisms of Ocular Motility and Their Clinical Implications. New York, Pergamon, 1975, pp

145–180. 

34 Shall MS, Goldberg SJ: Lateral rectus EMG and contractile responses elicited by cat abducens

motoneurons. Muscle Nerve 1995;18:948–955.

35 Porrill J, Warren PA, Dean P: A simple control laws generates Listing’s positions in a detailed

model of the extraocular muscle system. Vision Res 2000;40:3743–3758.

36 Smith MA, Crawford JD: Neural control of rotational kinematics within realistic vestibuloocular

coordinate systems. J Neurophysiol 1998;80:2295–2315.

37 Crane BT, Tian J, Demer JL: Human angular vestibulo-ocular reflex initiation: relationship to

Listing’s law. Ann NY Acad Sci 2005;1039:1–10.

38 Steffen H, Walker MF, Zee DS: Rotation of Listing’s plane with convergence: Independence from

eye position. Invest Ophthalmol Vis Sci 2000;41:715–721.

39 Kapoula Z, Bernotas M, Haslwanter T: Listing’s plane rotation with convergence: role of disparity,

accommodation, and depth perception. Exp Brain Res 1999;126:175–186.

40 Schreiber K, Crawford JD, Fetter M, Tweed D: The motor side of depth vision. Nature

2001;410:819–822.

41 Bruno P, van den Berg AV: Relative orientation of primary positions of the two eyes. Vision Res

1997;37:935–947.



Demer 154

42 van Rijn LJ, van den Berg AV: Binocular eye orientation during fixations: Listing’s law extended

to include eye vergence. Vision Res 1993;33:691–708.

43 Demer JL, Kono R, Wright W: Magnetic resonance imaging of human extraocular muscles in con-

vergence. J Neurophysiol 2003;89:2072–2085.

44 Allen MJ, Carter JH: The torsional component of the near reflex. Am J Optom Arch Am Acad

Optom 1967;44:343–349.

45 Kono R, Poukens V, Demer JL: Quantitative analysis of the structure of the human extraocular

muscle pulley system. Invest Ophthalmol Vis Sci 2002;43:2923–2932.

46 Mays LE, Zhang Y, Thorstad MH, Gamlin PD: Trochlear unit activity during ocular convergence.

J Neurophysiol 1991;65:1484–1491.

47 van den Bedem SPW, Schutte S, van der Helm FCT, Simonsz HJ: Mechanical properties and func-

tional importance of pulley bands or ‘faisseaux tendineux’. Vis Res 2005;45:2710–2714.

48 Khanna S, Porter JD: Evidence for rectus extraocular muscle pulleys in rodents. Invest

Ophthalmol Vis Sci 2001;42:1986–1992.

49 Felder E, Bogdanovich S, Rubinstein NA, Khana TS: Structural details of rat extraocular muscles

andd three-dimensional reconstruction of the rat inferior rectus muscle and muscle-pulley inter-

face. Vision Res 2005;45:1945–1955.

50 Dimitrova DM, Shall MS, Goldberg SJ: Stimulation-evoked eye movements with and without the

lateral rectus muscle pulley. J Neurophysiol 2003;90:3809–3815.

51 Quaia C, Optican LM: Dynamic eye plant models and the control of eye movements. Strabismus

2003;11:17–31.

52 Raphan T: Modeling control of eye orientation in three dimensions. I. Role of muscle pulleys in

determining saccadic trajectory. J Neurophysiol 1998;79:2653–2667.

53 Raphan T: Modeling control of eye orientation in three dimensions; in Fetter M, Haslwanter T,

Misslisch H, Tweed D (eds): Three-dimensional Kinematics of Eye, Head, and Limb Movements.

Amsterdam, Harwood, 1997, pp 359–374. 

54 Tweed D, Cadera W, Vilis T: Computing three-dimensional eye position quaternions and eye

velocity from search coil signals. Vision Res 1990;30:97–110.

55 Misslisch H, Tweed D, Fetter M, Sievering D, Koenig E: Rotational kinematics of the human

vestibuloocular reflex. III. Listing’s law. J Neurophysiol 1994;72:2490–2502.

56 Thurtell MJ, Black RA, Halmagyi GM, Curthoys IA, Aw ST: Vertical eye position-dependence of

the human vestibuloocular reflex during passive and active yaw head rotations. J Neurophysiol

1999;81:2415–2428.

57 Crane BT, Tian JR, Demer JL: Temporal dynamics of ocular position dependence of the initial

human vestibulo-ocular reflex. Invest Ophthalmol Vis Sci 2005 (in revision).

58 Crane BT, Tian JR, Demer JL: Human angular vestibulo-ocular reflex initiation: relationship to

Listing’s law. Ann N Y Acad Sci 2005;1039:26–35.

59 Crawford JD, Vilis T: Symmetry of oculomotor burst neuron coordinates about Listing’s plane.

J Neurophysiol 1992;68:432–448.

60 Tweed D: Visual-motor optimization in binocular control. Vision Res 1997;37:1939–1951.

61 Misslisch H, Tweed D: Neural and mechanical factors in eye control. J Neurophysiol 2001;86:

1877–1883.

62 Angelaki DE, Hess BJ: Control of eye orientation: where does the brain’s role end and the

muscle’s begin? Eur J Neurosci 2004;19:1–10.

63 Angelaki DE: Three-dimensional ocular kinematics during eccentric rotations: evidence for

functional rather than mechanical constraints. J Neurophysiol 2003;89:2685–2696.

64 Klier EM, Crawford JD: Human oculomotor system acounts for 3-D eye orientation in the visual-

motor transformation for saccades. J Neurophysiol 1998;80:2274–2294.

65 Mok D, Ro A, Cadera W, Crawford JD, Vilis T: Rotation of Listing’s plane during vergence. Vision

Res 1992;32:2055–2064.

66 Crane BT, Tian J, Demer JL: Kinematics of vertical saccades during the yaw vestibulo-ocular

reflex in humans. Invest Ophthalmol Vis Sci 2005;46:2800–2809.

67 Lee C, Zee DS, Straumann D: Saccades from torsional offset positions back to Listing’s plane. 

J Neurophysiol 2000;83:3141–3253.



Mechanics of the Orbita 155

68 Tian JR, Crane BT, Demer JL: Vestibular catch-up saccades in labyrinthine deficiency. Exp Brain

Res 2000;131:448–457.

69 Demer JL, Clark RA: Magnetic resonance imaging of human extraocular muscles during static

ocular counter-rolling. J Neurophysiol 2005;94:3292–3302.

70 Ghasia FF, Angelaki DE: Do motoneurons encode the noncommutativity of ocular rotations?

Neuron 2005;47:281–293.

71 Klier EM, Meng H, Angelaki DE: Abducens nerve/nucleus stimulation produces kinematically

correct three-dimensional eye movements. Soc Neurosci Abstr 2005:abstract #475.4.

72 Scherberger H, Cabungcal J-H, Hepp K, Suzuki Y, Straumann D, Henn V: Ocular counterroll

modulates the preferred direction of saccade-related pontine burst neurons in the monkey.

J Neurophysiol 2001;86:935–949.

73 Hess BJM, Angelaki DE: Gravity modulates Listing’s plane orientation during both pursuit and

saccades. J Neurophysiol 2003;90:1340–1345.

74 Hess BJM, Angelaki DE: Kinematic principles of primate rotational vestibulo-ocular reflex II.

Gravity-dependent modulation of primary eye position. J Neurophysiol 1997;78:2203–2216.

75 Hess BJM, Angelaki DE: Kinematic principles of primate rotational vestibulo-ocular reflex. I.

Spatial organization of fast phase velocity axes. J Neurophysiol 1997;78:2193–2202.

76 Crawford JD, Tweed DB, Vilis T: Static ocular counterroll is implemented through the 3-D neural

integrator. J Neurophysiol 2003;90:2777–2784.

77 Frens MA, Suzuki Y, Scherberger H, Hepp K, Henn V: The collicular code of saccade direction

depends on the roll orientation of the head relative to gravity. Exp Brain Res 1998;120:283–290.

78 Crawford JD, Martinez-Trujillo JC, Kleier EM: Neural control of three-dimensional eye and head

movements. Cur Opin Neurosci 2003;13:655–662.

79 Van Opstal AJ, Hepp K, Hess BJ, Straumann D, Henn V: Two- rather than three-dimensional rep-

resentation of saccades in monkey superior colliculus. Science 1991;252:1313–1315.

80 Glasauer S, Dieterich M, Brandt T: Central positional nystagmus simulated by a mathematical

ocular motor model of otolith-dependent modification of Listing’s plane. J Neurophysiol

2001;86:1456–1554.

81 Crawford JD, Guitton D: Visual-motor transformations required for accurate and kinematically

correct saccades. J Neurophysiol 1997;78:1447–1467.

82 Wong AMF, Sharpe JA, Tweed D: Adaptive neural mechanism for Listing’s law revealed in

patients with fourth nerve palsy. Invest Ophthalmol Vis Sci 2002;43:1796–1803.

83 Straumann D, Steffen H, Landau K, et al: Primary position and Listing’s law in acquired and con-

genital trochlear nerve palsy. Invest Ophthalmol Vis Sci 2003;44:4282–4292.

84 Migliaccio AA, Cremer PD, Sw ST, Halmagyi GM: Vergence-mediated changes in Listing’s plane

do not occur in an eye with superior oblique palsy. Invest Ophthalmol Vis Sci 2004;45:3043–3047.

85 Angelaki DE, Dickman DJ: Premotor neurons encode torsional eye velocity during smooth-pur-

suit eye movements. J Neurosci 2003;23:2971–2979.

86 Demer JL: Clarity of words and thoughts about strabismus. Am J Ophthalmol 2001;132:757–759.

87 Bielschowsky A: Lectures on motor anomalies. XI. Etiology, prognosis, and treatment of ocular

paralyses. Am J Ophthalmol 1939;22:723–734.

88 von Noorden GK, Murray E, Wong SY: Superior oblique paralysis. A review of 270 cases. Arch

Ophthalmol 1986;104:1771–1776.

89 Adler FE: Physiologic factors in differential diagnosis of paralysis of superior rectus and superior

oblique muscles. Arch Ophthalmol 1946;36:661–673.

90 Scott WE, Kraft SP: Classification and treatment of superior oblique palsies: II. Bilateral superior

oblique palsies; in Caldwell D (ed): Pediaric Ophthalmology and Strabismus: Transactions of the

New Orleans Academy of Ophthalmology. New York, Raven Press, 1986, pp 265–291. 

91 Scott WE, Parks MM: Differential diagnosis of vertical muscle palsies; in von Noorden GK (ed):

Symposium on Strabismus: Transactions of the New Orleans Academy of Ophthalmology. St.

Louis, Mosby, 1978, pp 118–134. 

92 Kushner BJ: Ocular torsion: rotations around the ‘WHY’ axis. J AAPOS 2004;8:1–12.

93 Kushner BJ: The diagnosis and treatment of bilateral masked superior oblique palsy. Am J

Ophthalmol 1988;105:186–194.



Demer 156

94 Robinson DA: Bielschowsky head-tilt test – II. Quantitative mechanics of the Bielschowsky head-

tilt test. Vision Res 1985;25:1983–1988.

95 Simonsz HJ, Crone RA, van der Meer J, Merckel-Timmer CF, van Mourik-Noordenbos AM:

Bielschowsky head-tilt test I – ocular counterrolling and Bielschowsky head-tilt test in 23 cases of

superior oblique palsy. Vision Res 1985;25:1977–1982.

96 Demer JL, Miller JM: Magnetic resonance imaging of the functional anatomy of the superior

oblique muscle. Invest Ophthalmol Vis Sci 1995;36:906–913.

97 Chan TK, Demer JL: Clinical features of congenital absence of the superior oblique muscle as

demonstrated by orbital imaging. J AAPOS 1999;3:143–150.

98 Velez FG, Clark RA, Demer JL: Facial asymmetry in superior oblique palsy and pulley heterotopy.

J AAPOS 2000;4:233–239.

99 Kono R, Demer JL: Magnetic resonance imaging of the functional anatomy of the inferior oblique

muscle in superior oblique palsy. Ophthalmology 2003;110:1219–1229.

100 Demer JL, Miller MJ, Koo EY, Rosenbaum AL, Bateman JB: True versus masquerading superior

oblique palsies: muscle mechanisms revealed by magnetic resonance imaging; in Lennerstrand G

(ed): Update on Strabismus and Pediatric Ophthalmology. Boca Raton (FL), CRC Press, 1995, pp

303–306. 

101 Plager DA: Traction testing in superior oblique palsy. J Pediatr Ophthalmol Strabismus 1990;27:

136–140.

102 Plager DA: Tendon laxity in superior oblique palsy. Ophthalmology 1992;99:1032–1038.

103 Plager DA, Helveston EM, Fahad B: Superior oblique muscle atrophy/hypodevelopment in supe-

rior oblque palsy. Abstr of 22nd Annual AAPOS Mtg. 1996:papers 10.

104 Kushner BJ: Errors in the three-step test in the diagnosis of vertical strabismus. Ophthalmology

1987;96:127–132.

105 Brodsky ME: Three dimensions of skew deviation. Br J Ophthalmol 2003;87:1440–1441.

106 Donahue SP, Lavin PJ, Hamed LM: Tonic ocular tilt reaction simulating a superior oblique palsy:

diagnostic confusion with the 3-step test. Arch Ophthalmol 1999;117:347–352.

107 Clark RA, Miller JM, Rosenbaum AL, Demer JL: Heterotopic muscle pulleys or oblique muscle

dysfunction? J AAPOS 1998;2:17–25.

108 Clark RA, Miller JM, Demer JL: Displacement of the medial rectus pulley in superior oblique

palsy. Invest Ophthalmol Vis Sci 1998;39:207–212.

109 Lajeunie E, Catala M, Renier D. Craniosynostosis: from a clinical description to an understanding

of bone formation of the skull. Childs Nerv Syst 1999;15:276–280.

110 Limon de Brown E, Monasterio FO, Feldman MS: Strabismus in plagiocephaly. J Pediatr

Ophthalmol Strabismus 1998;25:180–190.

111 Khan SH, Nischal KK, Dean F, Hayward RD, Walker J: Visual outcomes and amblyogenic risk

factors in craniosynostotic syndromes: a review of 141 cases. Br J Ophthalmol 2003;87:

999–1003.

112 Coats DK, Paysse EA, Stager DR: Surgical management of V-pattern strabismus and oblique dys-

function in craniofacial dysostosis. J AAPOS 2000;4:338–342.

113 Velez FG, Thacker N, Britt MT, Rosenbaum AL: Cause of V pattern strabismus in craniosynosto-

sis: a case report. Br J Ophthalmol 2004;88:1598–1599.

114 Clark RA, Demer JL, Miller JM, Rosenbaum AL: Heterotopic rectus extraocular muscle pulleys

simulate oblique muscle dysfunction. Abstracts of the American Association for Pediatric

Ophthalmology and Strabismus. 1997, p 39.

115 Demer JL, Clark RA, Miller JM: Heterotopy of extraocular muscle pulleys causes incomitant stra-

bismus; in Lennerstrand G (ed). Advances in Strabismology. Buren (Netherlands), Aeolus Press,

1999, pp 91–94. 

116 Demer JL: A 12 year, prospective study of extraocular muscle imaging in complex strabismus.

J AAPOS 2003;6:337–347.

117 Clark RA, Demer JL: Rectus extraocular muscle pulley displacement after surgical transposition

and posterior fixation for treatment of paralytic strabismus. Am J Ophthalmol 2002;133:119–128.

118 Krzizok TH, Schroeder BU: Measurement of recti eye muscle paths by magnetic resonance imag-

ing in highly myopic and normal subjects. Invest Ophthalmol Vis Sci 1999;40:2554–2560.



Mechanics of the Orbita 157

119 Demer JL, Miller JM: Orbital imaging in strabismus surgery; in Rosenbaum AL, Santiago AP

(eds): Clinical Strabismus Management: Principles and Techniques. Philadelphia, WB Saunders,

1999, pp 84–98. 

120 Wong IBY, Leo SW, Khoo BK: Surgical correction of myopia strabismus fixus. Abstracts of 31th

Annual Meeting of the American Association for Pediatric Ophthalmology and Strabismus. 2005,

p 50.

121 Oh SY, Clark RA, Velez F, Rosenbaum AL, Demer JL: Incomitant strabismus associated with

instability of rectus pulleys. Invest Ophthalmol Vis Sci 2002;43:2169–2178.

122 Demer JL, Kono R, Wright W, Oh SY, Clark RA: Gaze-related orbital pulley shift: A novel cause

of incomitant strabismus; in de Faber JT (ed): Progress in Strabismology. Lisse, Swets and

Zeitlinger, 2002, pp 207–210. 

123 Bhola R, Rosenbaum AL, Ortube MC, Demer JL: High resolution magnetic resonance imaging

demonstrates varied anatomic abnormalities in Brown’s syndrome. J AAPOS 2004 (in revision).

124 Piruzian A, Goldberg RA, Demer JL: Inferior rectus pulley hindrance: orbital imaging mechanism

of restrictive hypertropia following lower lid surgery. J AAPOS 2004;8:338–344.

125 Scott AB: The faden operation: mechanical effects. Am Orthoptic J 1977;27:44–47.

126 Clark RA, Isenberg SJ, Rosenbaum SJ, Demer JL: Posterior fixation sutures: a revised mechanical

explanation for the fadenoperation based on rectus extraocular muscle pulleys. Am J Ophthalmol

1999;128:702–714.

127 Clark RA, Ariyasu R, Demer JL: Medial rectus pulley posterior fixation is as effective as scleral

posterior fixation for acquired esotropia with a high AC/A ratio. Am J Ophthalmol 2004;137:

1026–1033.

Joseph L. Demer, MD, PhD

Jules Stein Eye Institute, Departments of Ophthalmology and Neurology, David Geffen Medical

School at the University of California

100 Stein Plaza, UCLA

Los Angeles, CA 90095-7002 (USA)

Tel. �1 310 825 5931, Fax �1 310 206 7826, E-Mail jld@ucla.edu





Straube A, Büttner U (eds): Neuro-Ophthalmology. 

Dev Ophthalmol. Basel, Karger, 2007, vol 40, pp 158–174

Current Models of the Ocular 
Motor System

Stefan Glasauer

Center for Sensorimotor Research, Department of Neurology, 

Ludwig-Maximilian University Munich, Munich, Germany

Abstract
This chapter gives a brief overview of current models of the ocular motor system.

Beginning with models of the final ocular pathway consisting of eye plant and the neural

velocity-to-position integrator for gaze holding, models of the motor part of the saccadic sys-

tem, models of the vestibulo-ocular reflexes (VORs), and of the smooth pursuit system are

reviewed. As an example, a simple model of the 3-D VOR is developed which shows why the

eyes rotate around head-fixed axes during rapid VOR responses such as head impulses, but

follow a compromise between head-fixed axes and Listing’s law for slow VOR responses.

Copyright © 2007 S. Karger AG, Basel

The ocular motor system is one of the best examined motor systems. Not

only are there numerous studies on behavioral data, but also the neurophysi-

ology and anatomy of the ocular motor system is well documented. This knowl-

edge makes the ocular motor system a perfect candidate for modeling. Models

of the ocular motor system span the range from models at the systems level to

detailed neural networks using firing rate neurons. Spiking neuron models are,

at present, rare. The main reason is that the ocular motor system is composed of

a wealth of neuronal structures which makes a detailed implementation using

spiking neuron models computationally difficult. Moreover, the impressive

explanatory power of models at the systems level has not yet raised the need for

more detailed modeling at the level of single neurons except for restricted sub-

sets of the ocular motor circuitry.

The present chapter attempts to give an overview of the most recent mod-

els related to the ocular motor system, without trying to compile a complete

bibliography or referring to the whole seminal work by D.A. Robinson, starting
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in the 1960s, which still is the basis for models of the ocular motor system. The

focus is on the motor system, therefore, models of visual cortical mechanisms

such as computation of motion from retinal sensory inputs will only briefly be

touched upon. However, one should not forget that the question of how retinal

input represented on retinotopic maps is neurally transformed by the brain to

finally result in a motor command for an eye movement is an important aspect

which should not be neglected. In the following, the various models will be pre-

sented in the reverse order, that is, the chapter begins with models focused on

the biomechanics of the eye. Subsequently, models of the neural velocity-to-

position integrator, which is common to all types of eye movements, are con-

sidered. Finally, models of the various types of eye movements and their neural

control are presented.

Eye Plant

The term ‘eye plant’ covers the kinematic and dynamic behavior of the eye.

Thus, models of the eye plant (for review, see also [1]) focus on the relationship

between a motor command generated in the ocular motor nuclei of the brain-

stem and the resulting eye movement. Evidently, this transformation from

motor command to eye movement is determined by the biomechanics of the eye

globe, the extraocular eye muscles, the muscle pulleys (connective tissue pul-

leys that serve as the functional mechanical origin of the muscles), and the

orbital tissues [see Demer, this vol, pp 132–157]. Most models focusing on the

eye plant explicitly deal with the 3-D geometry and kinematics of the eye, and

with specific properties of the plant such as the force-length relationship of the

muscles or the placement of the pulleys. In contrast, models dealing with the

neural control implemented in brainstem structures and above very often treat

the eye plant as a lumped element. Two types of eye plant models can be distin-

guished: static models, concerned with the anatomy of the eye plant, and

dynamic models, also considering the temporal properties involved (e.g. time

constants of the eye plant).

Static models, derived from Robinson’s work [2, 3] have resulted in soft-

ware packages, i.e. Orbit [4], SEE�� [5], designed to help the ophthalmolo-

gist, for example, in strabismus surgery. Other authors have designed static

models to evaluate the role of the eye plant in Listing’s law [6–9]. For a review

on Listing’s law, see Wong [10]. This question is closely related to the problem

of noncommutativity of 3-D rotations. From these theoretical studies, espe-

cially after the existence of muscle pulleys was established [see Demer, this vol,

pp 132–157], it was concluded that, given specific pulley configurations,

Listing’s law (i.e. if eye orientation is expressed as rotation vectors or quaternions,
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torsion depends linearly on gaze direction) may be implemented by the eye

plant. In other words, a 2-D innervation of the six extraocular eye muscles

would be sufficient to achieve the torsional eye orientations required by

Listing’s law (see also below) in tertiary positions (off the horizontal and verti-

cal meridians). This view has recently been supported by recordings from the

motoneurons during smooth pursuit [11]. This does not mean that the eye plant

constricts eye movements to obey Listing’s law, but it simplifies its implemen-

tation to a great extent.

Dynamics have been implemented mostly in simplified, lumped eye plant

models [12–16], since detailed experimental studies of the 3-D dynamics have

been missing. Recently, the dynamics of the eye plant have been re-evaluated

[17], suggesting that in contrast to previous assumptions of a dominant time

constant of 200 ms, the dynamics have to be described by a wide range of time

constants ranging from about 10 ms to 10 s. A possibly more severe shortcom-

ing of the lumped eye plant models is that they do not account for the fact that

muscle force is a function of innervation and length. According to a more real-

istic model of 3-D dynamics [1], this leads to passive eye position-dependent

torque that has to be compensated for by additional innervation. Thus, while

models using simplified eye plant approximations are useful and valid in many

cases, a more adequate implementation of the eye plant will be necessary to

fully understand the neural mechanisms controlling eye movements.

The Neural Velocity-to-Position Integrator

Together with the ocular motor nuclei in the brainstem, the neural velocity-

to-position integrator [for review, see 18] forms the final neural structure com-

mon to all types of eye movements. The neural commands for eye movements,

which are also sent to the ocular motor nuclei, consist of phasic signals coding

eye velocity (e.g. the saccadic burst command). However, if this were the only

signal sent to the muscles, the eye would not remain in an eccentric position, but

drift back to the equilibrium position determined by the eye plant. Therefore, an

additional signal is necessary to generate the tonic muscle force to hold the eye.

This signal comes from the neural velocity-to-position integrators located in the

brainstem (nucleus prepositus hypoglossi and medial vestibular nucleus) for

horizontal eye movements and the midbrain (interstitial nucleus of Cajal) for

vertical eye movements. Additionally, the cerebellar flocculus plays an impor-

tant role in neural integration in mammals, as shown by lesion experiments in

different species such as rats, cats, and nonhuman primates [19]. As for the eye

plant, many models consider the neural integrator as lumped element, which is

described by a so-called leaky integrator with a time constant of more than 2 s
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for primates, which determines the residual centripetal drift. This lumped

description is useful and valid for models interested in other aspects of the ocu-

lar motor system. However, it does not allude as to how the integrator is imple-

mented neurally, or which additional properties it may need.

Specifically when considering 3-D eye movements, it has been shown that

simply using three leaky integrators (as an extension to 1-D models) may not

suffice depending on the coding of velocity information to be integrated,

because 3-D rotations do not commute. This poses a problem especially for the

vestibulo-ocular reflex (VOR): the semicircular canal afferent signal codes

angular velocity, but the integral of angular velocity does not yield orientation

[15]. This problem can, however, be circumvented if the signal to be integrated

is first converted to the derivative of eye orientation (which is not angular

velocity). Thus, in such case, a commutative integrator composed of three par-

allel 1-D integrators can be used [13, 15, 16], and will produce a correct tonic

signal to hold the eye eccentrically, given that the eye plant has the property of

converting this neural command to actual eye orientation. Such a configuration

will also maintain the eye orientation in Listing’s plane if the command is 2-D.

Notably, as mentioned above, eye movements violating Listing’s law (e.g. during

the VOR, or during active eye-head gaze shifts) are still possible, but necessar-

ily require a full 3-D neural command. Additionally, Listing’s law is modified

by vergence and head tilt. Such a modification requires changes in the central

nervous commands, either by altering the pulley configuration or the com-

mands sent to the extraocular muscles. Therefore, an extension to the neural

integrator scheme has been proposed which incorporates additional input from

the otoliths to achieve accurate fixations during head tilt [20, 21].

The neural implementation of the integration is the topic of a considerable

number of studies. It has been suggested that a network of reciprocal inhibition

forms a positive feedback loop which effectively prolongs the short time con-

stants of single neurons to the desired long time constant of the integrating net-

work [18, 22, 23]. Other related models proposed that the positive feedback

loop forming the integrator is excitatory and contains an internal model of the

eye plant dynamics [24, 25]. One of the problems of the original reciprocal

feedback hypothesis was that fine tuning of the synaptic strength is implausible

given that membrane time constants of about 5 ms have to be extended to the

20 s of the network [26]. A possible solution [27] is that the intrinsic time con-

stant of processing is determined by synaptic time constants with values around

100 ms (corresponding to NMDA receptors). Alternative models suggest that

single cell properties determine integration [28, 29].

While the models above mostly assume that the known integrator brain-

stem regions exclusively perform the integration, it has been shown by several

studies that, in mammals, lesions of the cerebellar floccular lobe or the parts of
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the inferior olive projecting to it decrease the integrator time constant to less

than 2 s. This means that the brainstem integrator alone only needs to achieve

weak integration, the remainder is done by the cerebellum. Models of how the

cerebellum may contribute to the integrator function are relatively sparse, but

suggest that recurrent feedback loops are responsible for this function [19,

30–33].

Saccadic Eye Movements

Saccades rapidly redirect gaze, for example in response to a visual stimulus

[see Thier, this vol, pp 52–75]. The function of the saccadic burst generator in

the brainstem (horizontal: paramedian pontine reticular formation; vertical: ros-

tral interstitial nucleus of the medial longitudinal fasciculus) and its input struc-

tures are the focus of numerous modeling studies. While the first models by

Robinson focused on how the burst generator and the neural integrator cooperate

to achieve an inverse dynamic model of the eye plant to produce rapid and accu-

rate saccades without postsaccadic drift, later studies concentrated, for example,

on how saccadic accuracy is achieved by local feedback loops (e.g. [34]). Such

feedback loops have been proposed since, during an ongoing saccade, visual

feedback for fine endpoint corrections is not available due to the long latency of

visual processing. Subsequently, these 1-D models have been extended to three

dimensions [35, 16, 20] to explain how the 2-D visual input, the retinal error, is

converted to an accurate 3-D motor command, which obeys Listing’s law [10].

Neural network models of the saccadic burst generator, inspired by

Robinson’s work, have shown how the various cell types in the brainstem, such

as omnipause neurons and burst neurons, may interact to generate the saccadic

burst command [36–39].

Another problem tackled by modelers is how the transformation necessary

to generate a temporal, vector-coded command (the saccadic burst) from a spa-

tial representation of retinal error coded in a retinotopic map (e.g. the superior

colliculus) is achieved [40]. Since the exact mechanism of this spatiotemporal

transformation is unknown to date, these models provide important testable

hypotheses [37]. Detailed modeling of map-like structures such as the superior

colliculus necessitates the use of neural network models to represent the spatial

distribution of neural activity. For the superior colliculus, this has been done in

various ways, e.g. as 1-D simplification [41], to complex networks which repre-

sent the collicular map, propose feedback mechanism [42], and also implement

the above-mentioned visuomotor transformation [43]. Even more complex

models of the superior colliculus and saccade generation, such as the ones by

Grossberg et al. [44], incorporate aspects such as multimodality, model cortical
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regions such as the frontal eye fields (FEFs), and have been proposed to formu-

lated hypotheses about how the brain may allow for reactive vs. planned sac-

cades, how target selection may work, and how the behavioral differences in

common saccade paradigms, such as gap, overlap, or delayed saccades may be

explained [45].

Another important region implicated in saccade generation, the oculomo-

tor vermis and the fastigial nucleus of the cerebellum, are the focus of only a

few models so far. Their focus is either mainly on the functional role of the

cerebellum [46, 47], or on explaining the possible interaction of superior col-

liculus and cerebellum for saccade generation [32, 48–50]. One of the tests for

the realism of these models is simulation of the profound effects of cerebellar

lesions on saccade execution, thereby providing and testing hypotheses on cere-

bellar function for on-line motor control of rapid movements. The most recent

of these models [50] proposes that the role of the cerebellum goes beyond con-

trolling eye movement in that the cerebellum is considered to control gaze, that

is, the combined action of eye and head in achieving accurate gaze shifts. While

lesion studies have demonstrated the importance of these cerebellar structures

for adaptive modification of saccadic amplitude, even less modeling studies

have touched upon this issue [51–53]. However, since recent experimental stud-

ies [54] on saccade adaptation challenge the prevailing theories of the adaptive

function of the cerebellum and inferior olive [55, 56], an increasing interest in

modeling of these structures can be expected.

Perceptual aspects of the saccadic system, which are further upstream from

motor processing, are also a topic of current models. To name one example,

Niemeier et al. [57] explained the saccadic suppression of displacement by

Bayesian integration of sensory and motor information, thus suggesting that an

apparent flaw in trans-saccadic processing of visual information is, in fact, an

optimal solution.

For readers with deeper interest in computational modeling of the saccadic

system from cortical structures to brainstem, a recent review article [58] pro-

viding a comprehensive overview is recommended.

Vestibulo-Ocular Reflexes

The VOR is the phylogenetically oldest eye movement system and serves

to stabilize the eye in space, and thus the visual image on the retina [see Fetter,

this vol, pp 35–51]. There are two distinct VOR systems, the angular VOR dri-

ven by the semicircular canals stabilizing the retinal image during head rota-

tion, and the translational VOR which gets input from the otolith systems and

compensates for translations. Additionally, the so-called static VOR, which is
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also driven by the otoliths, compensates for head tilt with respect to gravity and

results in static ocular counterroll and a compensatory tilt of Listing’s plane.

The static VOR plays a minor role in primates due to its weak gain (only about

5� of counterroll for a 90� head tilt in roll), but is of interest for the clinicians,

since peripheral and central vestibular imbalance causes ocular counterroll. It

has thus been of interest not only to model the static VOR, but also to formalize

hypotheses about possible lesion sites causing pathological counterroll [59, 60].

Another study of interest for clinicians is concerned with the angular VOR after

unilateral or bilateral vestibular lesions [61].

Practically all ocular motor models are based on a firing rate description of

the underlying neural structure. However, there is one exception, a model of the

horizontal angular VOR in the guinea pig which uses realistic spiking neurons

[62]. The model consists of separate brainstem circuits for generation of slow

and quick phases, and thus allows simulation of nystagmus. Due to the bilateral

layout of the network, a simulation of unilateral peripheral vestibular lesions

was also possible.

While the three-neuron arc of the angular VOR and its indirect pathway via

the neural integrator, first modeled by Robinson, has been an excellent example

of an inverse internal model, modeling it regained interest only after consider-

ing the 3-D properties of the VOR [12, 15] (see also the modeling example

below). In parallel to these attempts, models of canal-otolith interaction consid-

ered how the VOR response is influenced by gravity [63, 64], e.g. why there are

differences in pitch VOR if performed in upright vs. supine positions. This

question is closely related to the more general question of how the brain

resolves the ambiguity of otolith signals which do not differentiate between lin-

ear acceleration and gravity, a problem for which various solutions based on

canal-otolith senory fusion have been offered so far [63–67]. While these mod-

els focused on the necessary underlying computations of the proposed interac-

tion of semicircular canal and otolith information for VOR responses, others

investigated how these signals could interact at the brainstem level [68–70].

Some of these models also included visual-vestibular interaction [64, 67],

which played a major role in early models of the angular VOR [71–73], since

the dynamics of the semicircular canals are insufficient to generate the ongoing

nystagmus observed in light in response to continuous whole-body rotation.

This response, called optokinetic nystagmus [see Büttner, this vol, pp 76–89],

and its intimate link to the VOR via the so-called velocity-storage mechanism

have been treated by various models [64, 74, 75].

Of ongoing interest is another feature of the VOR, its adaptability [76]. The

gain of the VOR in darkness can be adapted by changing the visual input during

training, for example, rotating a visual scene with the subject will decrease the

VOR gain. Since adaptability depends on the cerebellum [77], several models
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have been proposed which explain gain adaptation by assuming synaptic plas-

ticity at the level of the cerebellar flocculus [78]. Other models suggest on the

basis of experimental evidence that plasticity also occurs at the level of the

vestibular nuclei [75, 79, 80]. Recent papers suggest that VOR adaptation may,

in fact, be ‘plant adaptation’, since the experimental modification is applied to

the visual rather than the vestibular input [30, 33]. Consequently, in those mod-

els the adaptation takes place in a floccular feedback loop carrying an efference

copy of the motor command rather than changing the weights of the vestibular

input.

A Modeling Example: A 3-D Model of the Angular VOR

As an example of how a model is formulated in mathematical terms, I shall

now develop a model of the 3-D rotational VOR. 3-D eye position can be

expressed by rotation vectors [6]. The rotation vector expresses the rotation of

the eye with respect to a reference direction, e.g. straight ahead. The direction

of the rotation vector corresponds to the rotation axis, and its length is approxi-

mately proportional to half the angle of the rotation. Since the VOR is driven by

the afferent signal from the semicircular canals, which is proportional to angu-

lar head velocity, we need a relation between rotational position and angular

velocity. This relation is given by a differential equation which expresses the

temporal derivative of a rotation vector r· � dr/dt by angular velocity � and the

rotation vector r [81]:

r� � (� � (� � r) � r � � � r)/2 (1)

From this differential equation, angular position is obtained by integration.

The model developed below is based on work by Tweed [15], who origi-

nally used quaternions to describe rotations. Note that, for our purpose, both

methods are equivalent. According to the linear plant hypothesis (see above),

the extraocular motor neurons code a weighted combination of eye position, the

output of the neural integrator, and its temporal derivative (rather than angular

velocity). The brain has thus to convert the angular velocity vector supplied by

the semicircular canal system to the temporal derivative of eye position. This

conversion can be performed by equation 1. Tweed [15] suggested a simplified

version of quaternion multiplication, which, expressed in rotation vectors, leads

to the following formulation:

r� � (� � � � r)/2 � R � � :� ½ [1 rx �ry; �rz 1 0; ry 0 1] � � (2)

with r being an eye position in Listing’s plane, i.e. rx � 0. The latter pre-

requisite is fulfilled for real VOR eye movements, since frequent vestibular
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quick phases keep the eye close to Listing’s plane [82, 83]. Equation 2 also

shows that using this relation there is no longer a difference between Tweed’s 

3-component quaternions [15] and the rotation vector computation. Even

though this formula is sufficient for most purposes, it does not capture a main

feature of the VOR, the quarter-angle rule [84]. Therefore, instead of equation

2, the following relationship is proposed

rj
� � [½ 0 0; 0 1 0; 0 0 1] � R � � (3)

which sets the gain of the torsional component of the derivative of eye

position to 0.5. R is the eye position-dependent matrix defined in equation 2.

Note that this is not equivalent to setting the gain of the torsional

angular velocity to 0.5. This equation already reproduces both the low gain of

the torsional VOR and the quarter-angle rule (on close inspection, this is

exactly what is proposed by Tweed [15] in the simulation source code in his

appendix A).

However, it was shown that the rapid VOR, for example in response to

head impulses, does not follow the quarter-angle rule but remains head fixed

[85]. This finding, which is not explained by Tweed’s model, can easily be

accounted for by the combination of a direct pathway carrying an accurate

derivative of eye position (equation 2) and the integrator pathway following

equation 3. This results in the following motor command m:

m � 	 � R � r� � r j (4)

with r being computed according to equation 3, and 	 being the dominant

time constant of the eye plant (200 ms). The so-called linear plant can be

expressed by

e· � (m – e)/	 (5)

with e being true eye position (in contrast to r, which signifies an internal

estimate of eye position). Equations 2–5 thus constitute a simple dynamical

model, which captures the main features of the 3-D VOR: low torsional VOR

gain, quarter-angle rule for low frequencies, and head-fixed rotation axes for

high frequencies.

The model necessarily requires feedback connections from the neural inte-

grators to vestibular nuclei to achieve the conversion from angular velocity to

the derivative of eye position (fig. 1). Indeed, feedback connections to the

vestibular nuclei have been shown anatomically from both the nucleus preposi-

tus hypoglossi and the interstitial nucleus of Cajal. For a numerical simulation

of the model comparing responses to slow and fast head movements, see figure 2.

This modeling example not only demonstrates the importance of taking into

account that eye movements are 3-D, but also that models based on eye velocity

as model output are often not sufficient.
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Fig. 1. Block diagram of the model of the VOR described in the main text. The sym-

bols correspond to the variables used in the mathematical description (equations 1–5); the

boxes contain the differential equations or other mathematical relations translating input to

output.
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Fig. 2. Simulation of VOR responses to purely horizontal head rotations (amplitude 5�)
with a model of the 3-D VOR (see text). a Rapid VOR, duration 50 ms. b Slow VOR, duration

2 s. Solid lines: horizontal angular eye velocity plotted over torsional angular eye velocity.

Note the difference in velocity scales. Black: gaze straight ahead; dark grey: gaze 30° down;

light grey: gaze 30° up. Dashed lines: quarter-angle rule prediction for relation between tor-

sional and horizontal eye velocity at the respective gaze elevation. The model thus simulates

how rapid VOR responses can be purely head fixed, while slow VOR follows the quarter-

angle rule, as demonstrated experimentally [85].



Glasauer 168

Smooth Pursuit Eye Movements

The smooth pursuit system [for overview, see Büttner, this vol, pp 76–89]

has received considerable interest by modelers. In contrast to saccadic eye

movements, it has to be modeled as a closed-loop system, since the pursuit eye

movement changes the visual input by attempting to stabilize the target on the

retina. Even though it shares some pathways and properties with the saccadic

system (for review, see [86]), most of its structure can be regarded as imple-

menting a separate stream of processing [review: 87]. Most importantly,

smooth pursuit relies on an intact cerebellum (flocculus, paraflocculus, and

dorsal vermis), while saccades are possible even without it. One group of mod-

els assumes that the eye movement response is based on a combination of eye

acceleration, eye velocity, and sometimes eye position signals, which are com-

bined to drive the pursuit controller (e.g. [88]). Alternatively, a positive feed-

back loop within the visual cortex is proposed (fig. 3) which has a similar

effect as using combined retinal velocity and acceleration signals [90].

Another group building on the earliest modeling attempts [91, 92] assumes an

internal reconstruction of target velocity from retinal slip and an efference
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Motor 
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Fig. 3. Two basic hypotheses for the processing of retinal slip information for smooth

pursuit [after 89]. a The pursuit command is generated in a simple feedback loop. b An inter-

nal model of motor pathways and afferent pathways driven by an efference copy of the pur-

suit command generates a signal suited to reconstruct target motion. This signal is used to

generate the pursuit command.
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copy of eye velocity, which then drives pursuit (e.g. [93]). The latter approach

has some advantages, especially regarding the problem of the long latency of

visual processing, which makes the use of a simple high-gain feedback loop

problematic. It is also supported by recent experimental evidence: it has been

shown that the cortical middle superior temporal area (MST) contains neurons

which code target motion in space (for review, see [87]), and that thalamic neu-

rons carry smooth pursuit signals which are suited to convey an efference copy

to the cortex [94].

While figure 2 shows the basic information processing of the two hypothe-

ses, the various boxes in this processing scheme may contain mathematical

descriptions of the underlying processing from simple gain elements, delays or

linear differential equations, as in [91], to more complex systems of nonlinear

differential equations which are used to model neural networks. It is worth to

note that all dynamic computational models, whether on a systems level or

describing in detail the dynamics of ion channels of single neurons, rely on the

same basic building blocks, coupled differential equations.

All pathways for pursuit pass through the cerebellum; therefore, most

models have concentrated on the role of the cerebellar pathways, especially

those passing through the floccular lobe. The role of the cortical structures (pur-

suit region of the FEFs and MST), their downstream pathways (dorsolateral

pontine nuclei and nucleus reticularis tegmenti pontis), and their specific con-

tribution has received less attention so far. Neurophysiology suggests that the

FEF pathway is more related to signals on eye acceleration, i.e. changes in pur-

suit velocity, while MST is thought to convey signals related to ongoing pursuit

[95]. FEF has also been implicated in pursuit gain control [96]: rapid variations

in target velocity have a greater effect if pursuit velocity is high. Similarly, pur-

suit onset is slower than pursuit offset. While earlier models assumed a switch

in pursuit pathways [97], one pathway for pursuit onset, and one for offset, a

continuous gain control is now discussed [98, 99].

Gain control may also be related to another relevant feature of smooth pur-

suit, its predictive nature. Despite the visual latency, pursuit tracking of simple

motions, such as ramp-like or sinusoidal target movement, can reach unity gain

with zero latency. Thus, some form of predictive control must take place.

Current models propose memory-based mechanisms [100] or adaptive control

implementing a predictive model of target dynamics [101] to explain the exper-

imental findings. It is also not clear whether the predictive aspects of pursuit

control are implemented in cortical areas [101], or in the cerebellum [102], or

in both.

Since pursuit movements are almost always accompanied by saccadic eye

movements, a recent model proposes how switching between both modes can

be achieved together with predictive aspects of saccades and pursuit [103].
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Combined Eye-Head Movements

Combined eye-head movements occur when the head is passively per-

turbed and the eyes compensate by the VOR. However, under natural circum-

stances saccadic gaze shifts and smooth pursuit consist of a combination of eye

and head movements, especially when the target eccentricity is too large to be

reached with the eye alone. Active combined eye-head movements raise several

questions [104], for example whether the VOR is active during the gaze shift, or

whether the local feedback loops in the saccadic system operate on gaze (eye

plus head) or eye-in-head signals. While it is usually accepted that the VOR is

shut off during the gaze shift, models on combined eye-head gaze shifts reached

different conclusions concerning the feedback loops: while most models

assume that gaze is the controlled variable [105–107], others propose that eye

and head movements are controlled separately with the head controller influ-

encing the saccadic burst generator for the eye [108]. The 3-D behavior of eye

and head during gaze shifts has successfully been explained by an elegant

model [109] which shows how the eye may anticipate the final head position.

Finally, a recent neural network model showed how superior colliculus and

cerebellum may interact for combined eye-head gaze shifts [50].

Conclusions

Basically for all aspects of eye movement control, computational models do

exist. The vast majority of these models are based on a systems level approach or

use neural networks with firing rate neurons. While most models concentrate on

specific aspects of eye movements, there are some attempts to provide models

putting together several of the ocular motor subsystems. To be useful, future mod-

els need to pursue such a holistic approach to eye movements, and at the same

time try to link the systems level approach to the underlying neural mechanisms.
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Therapeutic Considerations for Eye
Movement Disorders

A. Straube

Department of Neurology, University of Munich, Munich, Germany

Abstract
Advances made in understanding the pathophysiology of eye movement disorders have

only recently with the publication of the first well-planned studies been translated into better

treatment strategies. The following chapter summarizes the pharmacological treatment options

for a variety of oculomotor syndromes. Cortisone is useful, for example, for acute vestibular

neuritis to improve the restitution of the labyrinthine function. For the widespread benign

paroxysmal positioning nystagmus, a series of liberatory movements that free the semicircular

canal from the causative otoconia is now a well-established therapy. Treatment for the central

vestibular syndrome of up- and downbeat nystagmus consists of drugs like the potassium canal

blocker 4-aminopyridine, which influence the cerebellar circuits involved in the disorder’s

pathophysiology. Acquired pendular nystagmus, one of the oculomotor syndromes often cau-

sed by multiple sclerosis, results in the severe impairment of reduced visual acuity. Memantine,

a weak NMDA antagonist, has now been proven effective here. Finally, anticonvulsants like

carbamazepine are the drugs of choice for disorders involving a nerve-blood vessel contact that

induces symptoms of vestibular paroxysmia or superior oblique myokymia.

Copyright © 2007 S. Karger AG, Basel

The common goal of voluntary as well as most reflexive eye movements is

to stabilize images on the retina (especially the central fovea, the area of the

highest resolution) in order to prevent retinal slip. Abnormal involuntary eye

movements may cause excessive motion of images on the retina, leading to

blurred vision and to the illusion that the perceived world is moving (oscillop-

sia). Clinical examination of such pathological eye movements often allows the

topological diagnosis of the lesion causing the abnormalities. Despite our exten-

sive knowledge of the anatomy and physiology of eye movements, very little is

known about pharmacological aspects of the ocular motor system. Thus, our

treatment options for abnormal eye movements remain fairly limited. Most drug

treatments are based on case reports. Only recently have a few controlled trials
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been published (overview in [1–5]). Several drugs can themselves cause nystag-

mus, for example, anticonvulsants, sedatives, and antihistaminergic drugs

induce gaze-evoked nystagmus; nicotinergic substances induce a nystagmus that

can disclose an underlying vestibular tone imbalance; and intoxication due to

lithium or phenytoin can lead to downbeat nystagmus as well as opsoclonus.

This chapter summarizes the most recent publications on pharmacological

treatment options for the different eye movement syndromes and also gives a

short overview of the clinical aspects and pathophysiology of these syndromes.

Eye movement syndromes are generally differentiated into those character-

ized by a pathological jerk nystagmus, pendular nystagmus, atypical nystagmus,

or saccadic oscillations. All interfere with the normal foveal fixation of a target.

Table 1. Practical treatment of oculomotor signs/syndromes

Ocular sign/disorder Substance Dosage Contraindications

Vestibular neuritis Acute: dimenhydrinate 50–100 mg General 

Prednisolone 1 mg/kg body weight contraindications for 

per day for 5 days, cortisone and 

or starting with 100 mg dimenhydrinate

Menière’s disease Acute: dimenhydrinate 50–100 mg General 

Prophylaxis: betahistine 8/16–32 mg/day contraindications for 

Gentamicin Locally in the middle ear dimenhydrinate and 

betahistine

Ototoxic (hearing loss)

Vestibular paroxysmia Carbamazepine 2 � 200–600 mg slow- Drowsiness, ataxia

release formulation Vertigo, dry mouth

Gabapentin 3–4 � 300–600 mg Enzyme induction

Superior oblique Carbamazepine 2 � 200–600 mg slow- Drowsiness, ataxia

myokymia release formulation Vertigo, dry mouth

Gabapentin 3–4 � 300–600 mg Enzyme induction

Downbeat nystagmus Clonazepam 2 � 0.5–1 mg daily Sedation

Baclofen 3 � 5–10 mg daily Ataxia, weakness

4-aminopyridine 3 � 10 mg Seizures

Upbeat nystagmus Baclofen 3 � 5–10 mg Sedation; weakness

4-aminopyridine Seizures

Periodic alternating Baclofen 3 � 5–10 mg Sedation

nystagmus Ataxia, weakness

Acquired pendular Memantine 3–4 � 10 mg Somnolence, confusion, 

nystagmus Gabapentin 3–4 � 300–600 mg dry mouth, edema



Treatment of Oculomotor Disorders 177

Peripheral and Central Vestibular Disorders

Pathophysiology

The vestibulo-ocular reflex (VOR) is one of the most basic reflexes. It can

even be observed in fish. After a short latency, the VOR generates eye rotations

in the same plane as the head rotation that elicits them [6]. To do this, the ocu-

lomotor system uses information provided by the three pairs of orthogonally

oriented semicircular canals. The right and left sides work together in a tradeoff

manner (i.e. when one labyrinth increases the neuronal activity, the other

decreases it) [6]. Disorders of the vestibular periphery cause nystagmus in a

direction that is determined by the pattern of labyrinthine semicircular canals

involved [6]. The complete, unilateral loss of one labyrinth causes a mixed hor-

izontal-torsional nystagmus that is suppressed by visual fixation. Another con-

sequence of peripheral vestibular lesions is a change in the size (gain) of the

overall dynamic VOR response, i.e. the gain of the VOR for head movements

toward the affected ear becomes smaller, and the subject has to refixate the

object after the head movement by a saccade. The head-impulse test uses this

feature clinically. As a result, patients may complain of oscillopsia during rapid

head movements.

Central vestibular disorders are caused by lesions of pathways or areas

involved in the adjustment of the VOR (e.g. the cerebellar connections to the

vestibular nuclei) [2, 6]. These lesions result in upbeat, downbeat, torsional nys-

tagmus or central positional vertigo.

Vestibular Neuritis

Clinical Aspects

The presenting sign of vestibular neuritis is an acute onset of severe rota-

tory vertigo that lasts for hours to days [7]. Hearing loss is normally not a sign

of vestibular neuritis [7]. The horizontal contraversive beating spontaneous nys-

tagmus has a torsional component and causes postural instability with a ten-

dency to fall to the ipsiversive side.

Etiology

Recent findings support the view that an inflammation of parts of the

vestibular nerve is the cause of vestibular neuritis and acute labyrinthitis. Most

studies have shown the presence of latent herpes simplex virus type 1 in human

vestibular ganglia [8, 9]. The imaging of 2 patients with vestibular neuritis using

3-tesla MRI and high-dose contrast medium revealed isolated enhancement of
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the vestibular nerve only on the affected side [10], a sign of a disturbed blood-

brain barrier due to the inflammation.

Treatment

Treatment options consist primarily of vestibular sedatives (e.g. dimenhy-

drinate, 50–100 mg) [11] in the first 3 days administered in combination with

steroids. Kitahara et al. [12] examined 36 patients who were treated for up to 2

years after onset either with or without steroids. Although the treatment onset

was rather late, the group on steroids showed a tendency for more improve-

ment. A more detailed study published in 2004 [13] reported on a total of 141

patients who were randomized within 3 days after onset of symptoms to one of

four treatment options – placebo, methylprednisolone (starting with 100 mg

daily), valacyclovir , or a combination of valacyclovir and methylprednisolone.

The main finding of this study was that the groups receiving methyl-

prednisolone had a better final outcome (caloric testing showed about 60%

recovery of peripheral vestibular function) after 12 months than the placebo/

valacyclovir groups (36–39%). The combination of valacyclovir and

methylprednisolone provided no additional benefit. It has also been reported

that patients should be mobilized early to accelerate the recovery of vestibu-

lospinal function [14].

Menière’s Disease

Clinical Aspects

Menière’s disease is characterized by spontaneous attacks of vertigo, fluc-

tuating sensorineural hearing loss, aural fullness, and tinnitus that lasts for

hours to a few days [11, 15]. Key symptoms of such an attack are a horizontal

rotatory nystagmus, postural instability, and nausea/vomiting. The symptoms

only rarely include the opposite ear. Only 5 of 101 patients in a 2-year follow-

up developed symptoms in the contralateral ear [16]. In addition to a typical

history, the finding of a unilateral hearing deficit on the audiogram and a

reduced reaction to caloric vestibular testing also support the diagnosis [15].

Etiology

The cause of Menière’s disease is still not known. It has been shown

histopathologically that endolymphatic hydrops and concomitant distortion of

the membranous labyrinth can cause Menière’s disease [15]. Other candidates

include immunological causes and inflammation. An increased prevalence of

migraine has also been described in patients with Menière’s disease [17]. The

pathophysiological link between both diseases may be allergic mechanisms [17].
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Treatment

In the daily practice it is useful to administer vestibular sedatives such as

dimenhydrinate during acute self-limiting attacks [11, 15, 18]. One popular

prophylactic treatment regimen tries to reduce the endolymph by low-salt diet

or diuretics; another option is to administer betahistine (8–16 mg/day). Higher

dosages (up to 3 � 48 mg) seem to be more effective than lower ones [15],

although the efficacy of betahistine has not been proven [18]. No randomized

studies on these treatment options have yet been conducted. A retrospective sur-

vey of the outcome of 22 patients revealed that intratympanic steroid perfusion

was only of short-term benefit [19]. A systematic review of published uncon-

trolled studies found that gentamicin reduced vestibular function in the treated

ear and achieved overall vertigo control (complete or substantial control) in

89% of the patients (range 73–100%); hearing worsened in 26% (0–90%) [20].

A meta-analysis examined the application of gentamicin, which poses the low-

est risk of hearing loss [21]. The titration technique with daily or weekly doses

until onset of vestibular symptoms, change in vertigo, or hearing loss showed

the best rate of vertigo control. Complete ablation of the vestibular function is

not typically required for such control [21], as this is also not achieved for a

long time with gentamicin instillation [22].

Superior Canal Dehiscence Syndrome

Clinical Aspects

Patients with a so-called superior canal dehiscence syndrome [23, 24]

complain of vertigo and oscillopsia, which are induced by intense sound stim-

uli, a Valsalva maneuver, or in some cases even the heart beat, when nystagmus

beats synchronously with the pulse in the plane of the involved vestibular canal

[25]. The accompanying jerk nystagmus has vertical and torsional components

[23, 24].

Etiology

The superior canal dehiscence syndrome is a special form of inner-ear peri-

lymph fistula [23]. High-resolution computed tomography has shown that the

cause is a missing bone coverage between the superior canal and the middle cranial

fossa. This results in increased pressure on the superior canal when the intracranial

pressure increases. In some patients, the dehiscence may be bilateral [23].

Treatment

Surgical plugging of the canal or resurfacing of the dehiscence can prevent

the pressure-induced oscillopsia [23]. Aftereffects are not long lasting.
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Vestibular Paroxysmia 

Clinical Aspects

If patients complain of short, repeated, paroxysmal attacks of vertigo last-

ing for seconds to minutes, which can sometimes be provoked by particular

head positions, a vestibular paroxysmia is suspected. Spontaneous nystagmus is

observed during the attack [26]. Other possible symptoms include unilateral

tinnitus, hyperacusis, or facial contractions. Clinical examination in the attack-

free intervals may in some patients reveal slight signs of permanent vestibular

deficit, hypoacusis, or facial paresis on the affected side [26, 27].

Etiology

High-resolution MR imaging may show the compression of the 8th nerve

by an artery (most often AICA) or more rarely by a vein in the region of the root

entry zone of the vestibular nerve. However, such a result does not prove the

diagnosis of paroxysmia, since such contacts can also be found in healthy sub-

jects. The proposed mechanism is similar to that of nerve-blood vessel contact

in trigeminal neuralgia.

Treatment

As in other neurovascular compression syndromes, an anticonvulsant (carba-

mazepine, slow-release formulation, 2 � 200 to 2 � 800 mg p.o. daily; phenytoin

1 � 250 to 1 � 400 mg p.o. daily; lamotrigine 100–400 mg p.o. daily) should be

given initially [26, 27]. All drugs should be first administered in the lowest recom-

mended dose and only gradually increased in order to prevent side effects. In gen-

eral, a positive response to antiepileptic drugs can be achieved with low dosages

and after a few days. If the symptoms do not resolve, a surgical approach may be

considered [28]. There are no satisfactory follow-up studies on any of these treat-

ment options, and the diagnostic criteria have not yet been fully established.

Downbeat Nystagmus

Clinical Aspects

Downbeat nystagmus is a central nystagmus that occurs during fixation and

increases on downward gaze, especially on lateral gaze [6, 29, 30]. The head

position relative to the earth’s vertical may play a role in some patients [31].

Convergence may suppress or enhance the nystagmus or even change its nystag-

mus toward an upbeat nystagmus in certain patients. Most patients also have

vestibulocerebellar ataxia. Lesions that cause downbeat nystagmus occur in the

vestibular cerebellum bilaterally and rarely in the underlying medulla [6].



Treatment of Oculomotor Disorders 181

Etiology

The main pathophysiological mechanism of downbeat nystagmus is a cen-

tral imbalance of the vertical VOR [28] in combination with an abnormality of

the vertical-torsional gaze-holding mechanism – the ‘neural integrator for eye

movements’ [32]. The neural integrator is a network consisting of the medial

vestibular complex and its connection to the cerebellum. The most common

cause of downbeat nystagmus is cerebellar degeneration (hereditary, sporadic, or

paraneoplastic). Recently, a report was published on a patient with glutamic-acid

decarboxylase antibodies and a downbeat nystagmus in addition to signs of a

stiff person syndrome [33]. Other important causes are Arnold-Chiari malforma-

tion and drug intoxication (especially anticonvulsants and lithium). In everyday

practice, cerebellar atrophy, Arnold-Chiari malformation, various cerebellar

lesions (multiple sclerosis, vascular, tumors), and idiopathic causes account for

approximately one fourth each of cases of downbeat nystagmus [30, 34].

Treatment

Since a loss of inhibitory cerebellar influence on the vestibular nuclei is one

of the main pathophysiological mechanisms of downbeat nystagmus, it seems

expedient to investigate substances that may help re-establish such cerebellar

influence on the brainstem. The vestibulocerebellar efferences to the vestibular

nuclei are gabaergic; thus, most drugs investigated were GABA-A agonists. The

GABA-A agonist clonazepam (2 � 1 mg daily) was recently reported to have a

positive effect on so-called idiopathic downbeat nystagmus (e.g. no pathological

findings on MRI) [35]. This supports older observations that clonazepam (0.5 mg

p.o. three times daily) and the GABA-B agonist baclofen (10 mg p.o. three times

daily) [36, 37] reduce the velocity in downbeat nystagmus. Gabapentin (an alpha-

2-delta calcium channel antagonist) [38] might also have weak positive effects

and reduces in some patients downbeat nystagmus. A placebo-controlled, double-

blind study with a crossover design investigated the effect of the potassium chan-

nel blocker 3,4-diaminopyridine in 17 patients with downbeat nystagmus [39].

Potassium channel blockers can increase the spontaneous firing rate of the cere-

bellar Purkinje cells and therefore the inhibitory effect on the vestibular nuclei.

On average, the potassium channel blocker reduced the slow-phase velocity of the

nystagmus by more than 50% [39]. The same group reported a similar effect of 4-

aminopyridine (10 mg orally) in a single patient [40]. This substance penetrates

the blood-brain barrier better than 3,4-diaminopyridine and may therefore be

more effective. The potassium channel blockers also seem to have a specific

influence on the gravity-dependent component of the vertical velocity bias of

downbeat nystagmus [41]. This might explain why patients who do not show such

a vertical velocity bias and have more offset in the null position (e.g. the position

at which the nystagmus velocity is minimal) do not seem to benefit in the same
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way from the treatment. The patients in whom the influence of the gravity-depen-

dent component is more pronounced also seem to benefit more from a supine

head position [41]. In isolated patients with a craniocervical anomaly, a surgical

decompression involving the removal of part of the occipital bone in the region of

the foramen magnum was beneficial [42, 43].

As a practical rule, treatment should be started by trying clonazepam. If

this option does not improve the nystagmus satisfactorily, 4-aminopyridine

(10 mg three times daily) should be tried.

Upbeat Nystagmus

Clinical Aspects

Upbeat nystagmus occurs when the eyes are close to the central position

and usually increases during upgaze [44]. The nystagmus usually disrupts verti-

cal smooth pursuit. In some patients, the upbeat nystagmus changes to down-

beat nystagmus during convergence. An upbeat nystagmus has in general a

better prognosis than a downbeat nystagmus and is often only a temporary

problem [11].

Etiology

A central vestibular imbalance is involved in upbeat nystagmus as in

downbeat nystagmus. The most frequently seen lesions are medullary lesions

[44]. Probable causes of upbeat nystagmus are lesions in the ascending path-

ways from the anterior canals (and/or the otoliths) at the pontomesencephalic or

pontomedullary junction, near the perihypoglossal nuclei [44, 45]. The main

causes are multiple sclerosis, tumors of the brainstem, Wernicke’s encephalopa-

thy, intoxication (e.g. nicotine), and seldom cerebellar degeneration.

Treatment

Treatment with baclofen (5–10 mg p.o. three times daily) caused an

improvement in several patients [37]. Probably 4-aminopyridine will also

improve the upbeat nystagmus in some patients [46].

Seesaw Nystagmus

Clinical Aspects

Seesaw nystagmus is a rare pendular or jerk oscillation around the line of gaze.

A half-cycle consists of elevation and intorsion of one eye with synchronous
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depression and extorsion of the other eye [6, 47]. During the next half-cycle,

there is a reversal of the vertical and torsional movements. The frequency is

lower in the pendular (2–4 Hz) than in the jerk variety.

Etiology

Jerk hemi-seesaw nystagmus has been attributed to unilateral mesodien-

cephalic lesions [48], which affect the interstitial nucleus of Cajal and its

vestibular afferents from the vertical semicircular canals [49]. The pendular

form is associated with lesions that affect the optic chiasm; it can be congenital.

Loss of crossed visual input seems to be the crucial element in the pathophysi-

ology of pendular seesaw nystagmus [50].

Therapeutic Recommendations

Alcohol was reported to have a beneficial effect (1.2 g/kg body weight) in

2 patients [51, 52], as does clonazepam [1]. More recently, Averbuch-Heller

reported on 3 patients with a seesaw component to their pendular nystagmus,

who improved with gabapentin [53].

Periodic Alternating Nystagmus

Clinical Aspects

Periodic alternating nystagmus is a spontaneous horizontal beating nystag-

mus which periodically changes direction after 100–240 s [6]. Consequently,

the patients complain of increasing/decreasing oscillopsia. When the nystag-

mus amplitude gradually decreases, the nystagmus reverses its direction, and

then the amplitude increases again. Periodic alternating nystagmus also disrupts

visual fixation. During the nystagmus, patients often complain of increasing/

decreasing oscillopsia [11].

Etiology

Animal and human experiments show that the disinhibition of the GABA-

ergic velocity-storage mechanism, which is mediated by the vestibular nuclei,

is responsible for the nystagmus [54, 55]. Patients with periodic alternating

nystagmus commonly have vestibulocerebellar lesions or, very rarely, intoxi-

cations [56, 57]. The underlying etiologies are craniocervical anomalies,

multiple sclerosis, cerebellar degenerations or tumors, anticonvulsant therapy,

and bilateral visual loss. Recently, autoantibodies directed against glutamic

acid decarboxylase were described in a patient with progressive cerebellar

ataxia and periodic alternating nystagmus, suggesting an autoimmune mecha-

nism [58].
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Therapeutic Recommendations

In general, periodic alternating nystagmus does not improve sponta-

neously. Several case reports describe a positive effect of baclofen, a GABA-B

agonist, in a dose of 5–10 mg p.o. three times daily [1, 57, 59, 60].

Other Supranuclear Oculomotor Disorders

Acquired Pendular Nystagmus

Clinical Aspects
Acquired pendular nystagmus is a visually distressing form of nystagmus,

in which oscillopsia and impaired vision are common. Acquired pendular nys-

tagmus is a quasi-sinusoidal oscillation that may have a predominantly horizon-

tal, vertical, or mixed trajectory (i.e. circular, elliptical, or diagonal); it can be

either predominantly monocular or predominantly binocular [6, 61, 62]. The

frequency of this type of nystagmus is 2–7 Hz [63]. It is often associated with

head titubation (a kind of head tremor with small amplitude and not synchro-

nized with the nystagmus), trunk and limb ataxia, or visual impairment. The

amplitude is small and can often be only seen with an ophthalmoscope.

Etiology
Acquired pendular nystagmus occurs with several myelin disorders (e.g. mul-

tiple sclerosis, toluene abuse, Pelizaeus-Merzbacher disease). It is also a component

of the syndrome of oculopalatal tremor (myoclonus) and is observed in Whipple’s

disease [6, 62]. Common etiologies in adults are multiple sclerosis and brainstem

stroke [62, 64]. On the basis of observations that the nystagmus is often dissociated

and that eye movements other than optokinetic nystagmus and voluntary saccades

are also disturbed, it has been suggested that a lesion in the brainstem near the ocu-

lomotor nuclei is the cause [61]. Alternative candidates such as an inhibition of the

inferior olive due to lesions of the ‘Mollaret triangle’ or an instability of the gaze-

holding network (neural integrator) have also been proposed [64].

Treatment
The first reported treatment option was anticholinergic treatment with tri-

hexyphenidyl (20–40 mg p.o. daily) [65, 66]; however, Leigh et al. [67] reported

in a double-blind study that only 1 of 6 patients improved during this oral treat-

ment. Starck et al. [68] reported that nystagmus improved with memantine, a glu-

tamate antagonist, in all 9 tested patients (15–60 mg p.o. daily). Gabapentin, an

alpha-2-delta calcium channel antagonist, substantially improved the nystagmus

(and visual acuity) in 10 of 15 patients (3 � 300–400 mg daily) [53]. Gabapentin
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was superior to vigabatrin in a small series of patients [69]; others have also

reported an improvement due to gabapentin [70, 71]. Cannabis, which acts as a

retrograde presynaptic inhibitory transmitter and in this way is similar to

gabapentin, which also acts presynaptically, was recently reported to be equally

effective [72, 73]. A bilateral retrobulbar botulinum toxin injection was success-

fully used in some patients to induce a complete external ophthalmoplegia,

thereby diminishing the acquired pendular nystagmus [74, 75]; however, it proved

unsatisfactory in other patients [76].

Opsoclonus and Ocular Flutter

Clinical Aspects
Opsoclonus consists of repetitive bursts of conjugate saccadic oscillations,

which have horizontal, vertical, and torsional components. During each burst of

these high-frequency oscillations, the movement is continuous, without any

intersaccadic interval. These oscillations are often triggered by eye closure, con-

vergence, pursuit, and saccades; amplitudes range up to 2–15� [6]. The same pat-

tern is restricted in ocular flutter to the horizontal plane. The ocular symptoms

are often accompanied by cerebellar signs, such as gait and limb myoclonus (the

‘dancing feet, dancing eyes syndrome’). Most of the patients complain of very

disturbing oscillopsias during these saccadic oscillations [6, 77].

Etiology
A functional disturbance of active saccadic suppression by the pontine

omnipause neurons is the most probable pathophysiological mechanism. Since

histological abnormalities of these neurons have not been shown [78], a func-

tional lesion of the glutaminergic cerebellar projections from the fastigial

nuclei to the omnipause cells is the likely cause of their disinhibition.

Opsoclonus can be observed in benign cerebellar encephalitis (postviral, e.g.

Coxsackie B37; postvaccinal) or as a paraneoplastic symptom (infants, neuro-

blastoma; adults, carcinoma of the lung, breast, ovary, or uterus) [77].

Treatment
In addition to therapy for any underlying process such as tumor or

encephalitis, treatment with immunoglobulins or prednisolone may occasion-

ally be effective [79]. Four of 5 patients with square-wave oscillations, probably

a related fixation disturbance, showed an improvement on therapy with valproic

acid [80]. In single cases, an improvement has been observed during treatment

with propranolol (40–80 mg p.o. three times daily), nitrazepam (15–30 mg p.o.

daily), and clonazepam (0.5–2.0 mg p.o. three times daily) [1, 77, 81].
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Infranuclear Oculomotor Disorders

Superior Oblique Myokymia

Clinical Aspects 
Superior oblique myokymia is characterized by paroxysmal monocular

high-frequency oscillations [6, 82, 83]. These oscillations are mainly torsional

in the primary gaze position and in abduction, but when the eyes are in adduc-

tion the oscillations have a vertical component [83]. The patients usually com-

plain of oscillopsia during these paroxysmal attacks.

Etiology
The pathophysiology of this condition is not totally clear, but vascular com-

pression of the 4th nerve [84, 85] may be responsible. The same mechanism is

suspected in vestibular paroxysmia. Alternative causes may include spontaneous

discharges in the 4th nerve nucleus or of the superior oblique muscle.

Treatment
Like trigeminal neuralgia (another putative neurovascular compression

disorder), superior oblique myokymia frequently remits spontaneously for peri-

ods of a few months to years. If it does not, a number of drugs have been

reported to be beneficial, including the anticonvulsants carbamazepine [82] and

gabapentin [86, 87]. In chronic cases that did not improve with anticonvulsants,

tenotomy of the superior oblique muscle has been performed, but usually it

necessitates inferior oblique surgery as well. Surgical decompression of the 4th

nerve has also been reported to help, but this treatment should be reserved for

the most vexing cases, as it may result in superior oblique palsy [88, 89] and

bears a risk of suboccipital craniotomy. Treatment should always be started with

one of the anticonvulsants.

Benign Paroxysmal Positional Vertigo

Clinical Aspects
One of the most frequent types of vertigo as well as oculomotor syndromes

is benign paroxysmal positional vertigo (BPPV) [11, 90]. BPPV occurs when

particles in one of the semicircular canals move freely when the head is turned

in the plane of the affected canal. Theoretically, all three canals can be affected,

but in practice the posterior vertical canal (p-BPPV) is affected most often [11,

90]. The positioning of the head towards the affected canal plane induces a rota-

tory nystagmus that beats to the undermost ear with a crescendo-decrescendo
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time course. Horizontal BPPV (h-BPPV) is characterized by a nonfatiguable

bilateral horizontal beating nystagmus that occurs while the patient lies supine

and turns his/her head to the side of the affected canal [11, 91].

h-BPPV was reported to occur in about 12% of a series of 300 patients [91].

BPPV of the anterior vertical canal probably occurs much more seldom

than that of the posterior or horizontal canal. The associated nystagmus charac-

teristically has less of a torsional component than in p-BPPV [92].

Etiology
BPPV is caused by the displacement of calcium-rich particles from the

utricle into one of the canals [11, 90]. These particles change the function of the

canal, which normally only detects angular acceleration. If the head is posi-

tioned in the plane of the affected canal, the particles move within the semicir-

cular canal according to the gravitational force, causing an endolymph flow that

is followed by a displacement of the cupula of the canal. Predisposing condi-

tions are older age, head trauma, labyrinthitis, Menière’s disease, migraine, or

longer periods of immobilization.

A differential diagnosis of positional vertigo is migrainous vertigo; it may

mimic BPPV. Several groups recently reported an association of migraine and

vertigo. A study published this year classified 10 patients of 362 consecutive

patients who had positional vertigo as well as migrainous. Diagnostic factors

that distinguish the migrainous form from idiopathic positional vertigo are

short duration of the attacks, frequent recurrences, early manifestation in life,

other migrainous symptoms like photo-/phonophobia and headache during the

vertigo episodes, and atypical nystagmus [93]. Central positional vertigo due to

lesions of the vestibular cerebellum can mimic peripheral positional vertigo

sometimes, but normally the nystagmus is less pronounced and does not show

habituation [94].

Treatment
Treatment consists of so-called liberatory maneuvers. The rationale is to

redirect the particles out of the affected canal. There are two repositioning treat-

ments for p-BPPV: Epley’s and Semont’s maneuvers. Both require active move-

ments by the patients; this may be difficult for older patients. Another possibly

effective therapeutic procedure is the so-called prolonged forced position. It

requires the patient to maintain a position in which the affected ear remains

uppermost for several hours. This is thought to allow the floating particles to

slip out of the canal into labyrinthine recesses, where they no longer have any

impact on the cupula [95].

The question as to which liberatory maneuver is superior for benign

positional paroxysmal vertigo of the posterior canal was recently addressed in
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several published studies and meta-analyses. Updating the Cochrane database,

Hilton and Pinder [96] reanalyzed randomized trials of adult patients with 

p-BPPV to determine the extent of improvement of the vertigo after the Epley

maneuver, no treatment, or other repositioning maneuvers. Using only 3 of 15

trials for the final analysis, the authors concluded that there is some evidence

that the Epley maneuver is a safe and effective treatment option, but the avail-

able data were insufficient to compare the Epley maneuver with other reposi-

tioning maneuvers [96]. Another study on the best liberatory maneuver

compared the self-applied Semont maneuver with the self-applied Epley proce-

dure. Patients who performed the Epley maneuver had a significantly higher

success rate than the group using the Semont maneuver (95 vs. 58%). Thus, the

Epley procedure, as a home-based self-applied liberatory maneuver, seems to

be the better choice [97].

For h-BPPV, the maneuver involves a 360� horizontal head and body (‘bar-

becue’) rotation (e.g. rotation about the longitudinal body axis in a supine

position) [91].

A small group of patients who were followed for 60 months had a recur-

rence rate of 26% for posterior canal and 50% for horizontal canal BPPV [98].

Patients with trauma or labyrinthitis had lower initial success rates of the repo-

sitioning maneuver, whereas patients with endolymphatic hydrops were pre-

dicted to have higher recurrence rates [99, 100].
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