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Preface

Eye movements are the window to the brain and mind. They serve as an important 
diagnostic marker, surrogate to modern imaging technology. The study of ocular 
motor behavior can examine the physiology of the human brain. This book, 
Advances in Neuroscience of Eye Movements, is about basic, translational, and clin-
ical science of eye movements and is dedicated to David A. Robinson – a pioneer in 
the field – who invented one of the reliable method for measuring eye movements 
and systematically studied and quantified the electrophysiological properties of eye 
movement-related neurons from the frontal eye fields to the superior colliculus to 
ocular motoneurons. Dr. Robinson was one of the first to interpret behavioral and 
electrophysiological properties of the ocular motor system using mathematical 
models. He was also a translational scientist before that term was coined, success-
fully bringing basic science and computational techniques to account for clinical 
disorders.

Eye movements have been studied for at least two centuries, before the time of 
David Robinson. However, the primary focus of eye movement literature has 
changed over time. Early literature emphasized disease phenomenology and subjec-
tive descriptions of various ocular motor abnormalities. Several decades later, scien-
tists and engineers, such as David Robinson, were enticed by the simplicity and 
elegance of ocular motor physiology. Computational rigor, physiological elegance, 
and clinical utility of the eye movement literature attracted neurologists, otolaryn-
gologists, and ophthalmologists. Application of ocular motor physiology in the 
clinical arena grew exponentially in the last two decades of the twentieth century. 
Many diseases of the human brain that affect eye movement were readily explained 
by computational and physiological concepts of ocular motor control models. The 
neuroscience of eye movement, depth of physiological understanding, and compu-
tational explanation for almost every aspect of these movements had a natural next 
step to extend these concepts and study neural control of other motor behavior and 
dysfunction. Simultaneously, there was an unprecedented growth of portable and 
user-friendly technology to precisely and cost-effectively measure the eye move-
ments. With the development of data acquisition systems, along with the growing 
interest of non-motor scientists, the study of eye movements made yet another leap 
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into human cognition and behavior applications. The interaction and common inter-
est of engineers, physicians, biologists, and psychologists were instrumental in the 
multidisciplinary growth of ocular motor research. This volume, Advances in 
Neuroscience of Eye Movements, reflects the truly multidisciplinary nature of the 
ocular motor field.

Cleveland, OH, USA  Aasef Shaikh
Cleveland, OH, USA  Fatema Ghasia

Preface
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Contributions of David A. Robinson  
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Movements: An Appreciation

David S. Zee, Mark J. Shelhamer, R. John Leigh, and Lance M. Optican

Abstract In this appreciation of the scientific contributions of David A. Robinson 
by his former students, examples are provided of his seminal work in the fields of 
ocular motor and vestibular research. Drawing on a mathematical and engineering 
background, Robinson first invented a reliable method for measuring eye move-
ments and then employed a bottom-up approach, defining the mechanical forces 
acting on the eyeballs, quantifying the neural code by which ocular motoneurons 
program eye movements. He then moved on to elucidate the premotor neural pro-
cessing required to generate eye movements that respond to visual and vestibular 
needs. Each of his many contributions has had a sustained impact within and beyond 
his field – so that the neural control of eye movements has become a microcosm for 
motor control in general. Examples include understanding the mechanical proper-
ties of the orbital tissues, which has influenced treatment of strabismus; identifica-
tion of mathematical integration of sensory signals by networks of neurons to hold 
gaze steady; central interaction of vestibular and visual signals to generate appropri-
ate eye movements during self-rotation; adaptive properties of eye movements to 
optimize their contributions to clear vision; and internal interactions of motor and 
feedback signals to guide rapid eye movements (saccades). Robinson promoted 
translational research by proposing models based on normal biology that made spe-
cific, testable predictions about how abnormal eye movements, such as nystagmus, 
could arise. His pioneering contributions continue to have relevance in neurophysi-
ology, computation neuroscience, neurology, ophthalmology, and otolaryngology.
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1  Introduction

David A. Robinson was a pioneer in the application of engineering analysis to bio-
medical systems. His primary focus was on motor systems. He asked how the brain 
generated the innervation patterns needed to cause muscles to contract appropri-
ately for a movement. He studied vestibular eye movements (due to head motion), 
optokinetic movements (response to large moving fields), smooth pursuit move-
ments (tracking small moving targets), vergence movements (changes in the align-
ment of the eyes between viewing distant and close targets), and saccadic movements 
(voluntary fast, brief eye movements used to change version – the direction of view 
of both eyes together). Robinson made significant contributions to understanding all 
of these movements because he started with a bottom-up approach: first understand 
the mechanical properties of the orbital tissues (globe, extraocular muscles, liga-
ments, etc.) and then determine the innervation needed by this oculomotor plant to 
generate each type of eye movement.

Robinson was a Renaissance man and grasped the potential significance of his 
work to neuroscience and medicine in general; thus, he was a pioneer in bench-to- 
bedside, or translational, research. He cleverly applied quantitative hypotheses 
(models) of normal behavior, based on engineering principles, to interpret abnormal 
behavior in patients. These simple, accessible models provided clinician-scientists 
with new insights into the mechanisms of a variety of clinical phenomena, ranging 
from bedside signs (such as Alexander’s law and the Bielschowsky head-tilt test) to 
effects of cerebellar lesions, and several forms of nystagmus, and strabismus.

Here, we – his students and colleagues, who called him “Dave,” – will each pres-
ent a few, representative examples of Robinson’s major contributions to understand-
ing eye movements in health and disease. We hope that these will also exemplify 
how he changed both clinical and basic research for the better.

2  Lance M. Optican: Robinson’s Contribution to Eye 
Movements

David A. Robinson’s contributions to our understanding of the mechanics, neuro-
physiology, and behavior of eye movements are vast. Here, I will focus on his life-
long effort to understand the mechanics of the oculomotor plant, which formed the 
basis for many of his other contributions.

Dave brought his expertise and experience as an engineer to biomedical research 
into eye movements in the early 1960s. At that time, it was thought that the location 

D. S. Zee et al.
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of a target to be brought to the fovea of the retina (where it could be seen best) was 
directly translated into an innervational command encoding the desired eye 
 orientation (e.g., a step change for saccades). Eye movements were then the result 
of passing this innervation change to a slightly underdamped second-order system 
(representing the orbital tissues, globe, and muscles, called the oculomotor plant) 
(Westheimer 1954). In his seminal studies, Robinson measured the forces on the 
eyeball during saccades and pursuit (Robinson 1964, 1965). He found that the plant 
was, in fact, heavily overdamped, and the briskness of eye movements could only 
be achieved by crafting innervational signals that would compensate for the rather 
slow dynamics of the plant. For example, a saccade required a high-frequency burst 
of innervation (pulse) to overcome the viscous drag of the eye muscles, a tonic 
increase in firing (step) to hold the eye in its final orientation against the elastic 
restoring forces of the orbit, and a gradual transition between the pulse and step 
(slide) to compensate for long time-constant changes in muscle force. At the time, 
very little was known about how neurons in the oculomotor system behaved, but 
later, neurophysiological experiments found that innervation during saccades fol-
lowed a pulse-slide-step pattern (Fuchs and Luschei 1970; Robinson 1970; 
Goldstein 1983).

This discovery embodies one of the central contributions that Dave made to eye 
movement research, which we might call the outside➔in or downstream➔upstream 
approach. Robinson emphasized that before you could understand what innervation 
the brain needed to generate to make the eyes move, you had to understand how the 
plant would react to those commands. Just as this approach applied to the motor 
neurons innervating the eye muscles, it also applied to the previous stage, the pre-
motor neurons, and so on, deeper and deeper into the brain. Thus, Dave’s approach 
taught us that to understand the brain we had to walk inward from the periphery.

The original plant model was a lumped, linear model, representing all the details 
of the orbit in terms of basic viscoelastic elements. Robinson realized that to make 
a more detailed model of the plant, it was important to measure the properties of the 
orbital tissues, particularly the extraocular muscles (EOMs). This led to a landmark 
study of orbital properties in human patients during strabismus surgery (Robinson 
et al. 1969). The lateral and medial recti were detached from the globe so that the 
length-tension relationship of lateral recti muscles under various levels of innerva-
tion, the passive length-tension relationship, and the passive restoring force on the 
globe could be measured (Fig. 1). This study improved the models of the oculomo-
tor plant by allowing different properties to be ascribed to active and passive tissues 
in the orbit.

The next step in understanding eye movement mechanics was to consider the 
geometry of the orbital tissues. Robinson realized that the orientation of the eye was 
determined by the balance of passive and active forces acting on the globe. However, 
it was not sufficient to know the force exerted by the muscle. Because the eye rotates 
in three dimensions, it is the torque around an axis, and not the force alone, that is 
relevant. Dave determined how the geometry of the globe led to the conversion of 
forces to torques in a seminal paper on strabismus (or squint, i.e., the misalignment 
of the two eyes, Robinson 1975). The eye’s orientation could be determined from 

Contributions of David A. Robinson (1924–2016) to Understanding Eye Movements…
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the mechanical properties of the EOMs and the passive orbital tissues, the muscle’s 
force, length and innervation, and the torque vector. This work created the field of 
computational analysis of strabismus and its surgical correction. Interestingly, Dave 
found that the path of the EOM from the origin to its insertion on the globe was not 
constrained by geometry. For example, if the lateral rectus muscle simply followed 
the shortest path (a great circle) from the insertion to the origin, when the eye turned, 
the muscle would slip over the globe, crossing the cornea. Obviously, something 
must prevent the muscle from taking such absurd positions. This insight from mod-
eling led eventually to the finding that muscles passed through pulleys before insert-
ing on the globe (Demer et al. 1995) (Fig. 2).

Even in his early work, Westheimer (1954) realized that the eye plant was non-
linear and that his lumped, linear second-order model was only an approximation. 
Indeed, others had shown that both length-tension and force-velocity relationships 
were nonlinear. Given Robinson’s model of the mechanics of the orbit, it should 
have been possible to build a more accurate model of the plant. However, even by 

Fig. 1 Composite of static forces on eye position. Partially innervated developed length-tension 
curves for lateral and medial recti are shown above and below (respectively) the dashed lines. Their 
sums for gaze efforts of 0, 15, and 30° nasally (N) and temporally (T) are in solid lines. Curve P is 
the combined force of the passive muscle components and the globe suspensory tissues. 
(Reproduced, with permission, from Robinson et al. 1969)

D. S. Zee et al.
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today, this has not been done. Dave recognized that making a distributed, nonlinear 
model of the plant was prevented by our lack of understanding of the dynamic 
behavior of orbital elements. In a landmark paper, Robinson laid out the  implications 
of nonlinear length-tension and force-velocity curves (which were also dependent 
upon innervation and active state tension) (Fig. 3). Given these dependencies, Dave 
concluded that more facts, rather than more modeling, were needed (Robinson 1981).

That study highlights what made Dave such a superb and influential modeler: his 
recognition of the primacy of the data and his unwillingness to be led astray by theo-
retical concepts or principles that, while elegant, might have no relation to nature’s 
solutions. Thanks to Robinson’s work, and his outside➔in approach, we now have 
a remarkably detailed understanding of how the brain processes visual information 
into the innervations needed to make an eye movement. Dave always emphasized 
that the reason so much could be understood about eye movements was because of 
the simplicity of the system: it had a clear goal (align the fovea with the image of 
the target), it used only cranial nerves to innervate the EOMs (i.e., no spinal cord 
processing was needed), and the globe essentially rotated as a sphere around a fixed 
point in the orbit (i.e., only three degrees of freedom). This knowledge of one sys-
tem can now be extended to clinical disorders (see below) and may be used to guide 
our understanding of other motor control systems.

Fig. 2 Effect of pulleys on the axis of rotation of the lateral rectus muscle. As the eye elevates 
from 0° to 45°, the axis tips from vertical (black dotted line) to about 22.5° back (green dashed 
line). This allows innervation to the muscle to have the same effect, regardless of the elevation of 
the eye

Contributions of David A. Robinson (1924–2016) to Understanding Eye Movements…
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3  Mark Shelhamer: Robinson’s Contributions 
to the Vestibular System

3.1  Engineering Outlook

David Robinson made significant contributions to the understanding of vestibular 
and vestibuloocular functions. His work in this area was inspired in part by his 
observation, upon first seeing a diagram of the vestibular labyrinth, that it looked 
like a system that was designed by an engineer. In other words, that was a system 
whose structure directly related to its function and therefore one to which he could 
apply his engineering insights. In fact, one cannot fully grasp the basis of his contri-
butions to neurophysiology – including the vestibular system – without  understanding 

Fig. 3 Distributed organization of the mechanical elements of the orbit. The series-elastic element 
(Fd(Ls)) and the force-velocity relationship ( F Lv c

( ) ) are parametrically modulated by active state 
tension (Fa). The length-tension-innervation curves are denoted by Fa(Lc, I∗). Waveforms for the 
innervations I1 and I2 are shown for saccades of different sizes. Time constants τa and τd represent 
activation and deactivation time constants. The stiffnesses k and viscosities r with various sub-
scripts indicate mean or local slopes of functions often used in linear approximations. The curves 
in each box represent the nonlinearity appropriate for the state of innervation and active state ten-
sion. (Reproduced, with permission, from Robinson 1981)

D. S. Zee et al.
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that he came from a solid background in electrical engineering and was a practicing 
engineer in industry before becoming an academic neuroscientist. The magnetic 
search coil system was a direct result of this experience, enabling precision mea-
surement of eye movements with excellent temporal resolution (Robinson 1963). 
Likewise, his development of a method to measure single-unit neural responses in 
awake, behaving monkeys was also a key breakthrough (Robinson 1970), which 
meshed well with his contention that an appreciation of the purpose of a motor sys-
tem is essential if one wants to understand its function. In that sense, the function of 
eye movements in animals that are not awake and free to move their heads is a moot 
point and perhaps not worthy of serious investigation. The third direct consequence 
of his engineering viewpoint is that it provided key insights stemming from a sys-
tems approach: an appreciation of how different physiological systems work 
together to accomplish functional goals, driven by the biological needs of the organ-
ism. Finally, the use of mathematical models was clearly influenced by this engi-
neering background, especially as these models dealt directly with signals (position, 
velocity, etc.) familiar to any engineer of that era.

3.2  Identification of the Neural Integrator

In all his research, he brought an engineering sensibility that helped to organize data 
and guide future work. This is seen perhaps most clearly in the research that led to 
the insight that a central neural integrator had to exist – neural machinery that con-
verts eye-velocity signals to the eye-position signals that are needed to maintain 
eccentric eye positions. This integrator was postulated very clearly in work that 
characterized the responses of abducens motoneurons during several types of eye 
movements (Skavenski and Robinson 1973). (This integrator is different from the 
velocity storage integrator described below. However, it was also noted in this same 
publication that relative phase considerations pointed to the likelihood of this other 
integrator to extend the low-frequency response of the vestibuloocular reflex (VOR).)

The reasoning as described in this seminal 1973 publication is very clear and in 
retrospect holds up well as a demonstration of the value of the systems approach. 
The semicircular canals (SCC) of the vestibular system are angular-acceleration 
sensors, yet there is an eye-position signal on the abducens motoneurons. Therefore, 
two mathematical integrations (in the sense of calculus) must take place, to convert 
acceleration to velocity and velocity to position. The first of these integrations is 
provided by the canals themselves, which act as angular-velocity sensors over the 
physiological range of head movements due to their highly damped dynamics. 
Experimental and theoretical considerations showed that the mechanics of the ocu-
lar orbit itself could not provide the second integration, at least over the frequency 
range of interest. Therefore, a distinct central velocity-to-position integrator had to 
exist, which was later found and studied extensively (Fig. 4).

Also noted in this work was the distributed nature of some of the signals on the 
extraocular muscles: different cells had slightly different combinations of velocity 

Contributions of David A. Robinson (1924–2016) to Understanding Eye Movements…
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and position parameters, suggesting a mixing in this final common path of prelimi-
nary signals that were subject to slightly different processing via internal circuitry. 
This presaged later work in neural networks (see below).

3.3  Symbiosis in Visual-Vestibular Interaction

A perfect example of the modeling aspect of Robinson’s work is a classic paper that 
not only made a significant contribution to the understanding of visual-vestibular 
interaction but also elucidated the philosophy behind the use of models in physiol-
ogy (Robinson 1977b). The model in this case (Fig. 5) represents a beautiful accu-
mulation of the known facts at the time regarding the main properties of optokinetic 
nystagmus (OKN), which is generated by the movement of a visual field, the ves-
tibuloocular reflex (VOR), which is stimulated by head movement and their combi-
nation. The model begins with the observation that the semicircular canals of the 
vestibular system are well-suited to the transduction of transient head movements, 
while the visual system is better suited to transduction of sustained head motion that 
results in homogeneous motion of the visual field. Information on head motion from 
these two systems with complementary dynamics is combined in a model that leads 
to a parsimonious explanation of how the systems work together to maintain com-
pensatory eye velocity (the VOR) during prolonged head movements. Several other 
observations are explained by this model; these emergent properties support the 
validity of the model and suggest further experiments. One of these is the prolonged 

Fig. 4 Early “wiring diagram” indicating the necessity for a central neural integrator to provide 
the second integration that finally converts head angular acceleration sensed by the vestibular 
semicircular canals (SCC), via the vestibular nuclei (VN), to the eye-position signal found on 
abducens ocular motoneurons (OMN; discharge rate, R). A parallel path, here through the medial 
longitudinal fasciculus (mlf), with gain T, provides the accompanying velocity component that is 
needed to drive eye velocity and position correctly. θe/h: eye position with respect to the head. 
(Reproduced, with permission, Skavenski and Robinson 1973)

D. S. Zee et al.
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time constant of vestibular nystagmus compared to that of the cupula and first-order 
vestibular afferents (velocity storage; Raphan et al. 1979). The model also confirms 
an earlier prediction of the presence of an efference copy signal of the oculomotor 
velocity command.

This work not only beautifully laid out the mathematics and the modeling of 
velocity storage but also made the case perfectly clear for why modeling is so 
important. Modeling is a hypothesis made concrete: “To ask if modelling is useful 
in oculomotor physiology is to ask if hypotheses are useful in science. It is an absurd 
question.” This came at a time when many studies in neurophysiology were merely 
cataloging varieties of neural responses with no attempt to explain them with an 
overarching concept or model. This kind of interpretation was perceived by some as 
outside the realm of scientific investigation: teleology was not allowed. 
“Unfortunately, some of the entrenched establishment have even come to believe 
that the whole purpose of science is to collect data and actually oppose all attempts 
to explain them by models.” Again, Robinson’s view was always guided by the 
functional biological needs of the organism. “The purpose of the system being mod-
elled must be clear, it must fit in with the animal’s natural behavior and perform a 
useful function. It must be compatible with other functional subsystems and with 
phylogeny.”

Fig. 5 Diagram representing vestibular-optokinetic symbiosis: the combining of vestibular and 
visual information about head movement to produce correct compensatory eye movements. The 
loop L instantiates, through positive feedback of the eye-velocity command Ė, a central leaky 
integrator or low-pass filter. This is one of the earliest presentations of what came to be known as 
velocity storage: the prolongation of the semicircular canal time constant to improve the low- 
frequency response to sustained head movements. (Reproduced, with permission, from Robinson 
1977a)
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3.4  Other Contributions

This brief summary neglects a number of other contributions to the understanding 
of vestibuloocular function, with an emphasis on function. These include the 
following:

• The very practical observation that the instantaneous gain of the VOR is under 
voluntary control dependent on the mental state and instructions to the subject 
(Barr et al. 1976).

• Early work on adaptation of the VOR to magnifying lenses (Gauthier and 
Robinson 1975), including the observation that VOR gain can be state 
dependent.

• The use of matrices (Robinson 1982) to help interpret the plethora of data that 
were being generated by experiments in which the subjects were moved around 
different axes and eye movements recorded in the three dimensions of horizon-
tal, vertical, and torsional (work that, not coincidentally, was enabled by the 
search coil system for measuring eye movements).

• The finding that the VOR can be turned off at the neural and functional levels 
during the generation of saccadic eye movements (Laurutis and Robinson 1986), 
which resolved an ongoing controversy and again demonstrated the tight integra-
tion of multiple systems to accomplish functional goals.

Another notable example of this type of functional systems thinking is in a model 
of the generation of VOR fast phases (Chun and Robinson 1978). It was found that 
the timing and eye positions of the beginning and end of nystagmus fast phases can 
be adequately described by random processes with appropriate probability distribu-
tions. However, the eye position at the end of each fast phase had a specific con-
straint, which explains the overall pattern of this nystagmus: the eye movements are 
not symmetric about the midline but instead are biased in the direction of the fast 
phases. This is also the direction in which the head is moving during the head rota-
tion that generates vestibular nystagmus, and thus the interpretation of this con-
straint is that it represents an area of space in which something important (or 
harmful) might appear. In other words, it is not the case that the head movement 
drives the eyes as far as they can go in one direction, with this smooth tracking 
movement interrupted by a fast phase only because the eyes have reached the limit 
of their excursion in the head. Rather, the fast phase purposefully moves the eyes so 
that they can look at a location that has some possible relevance, after which the 
slow tracking movement maintains gaze on that location. Again, it is the function of 
the entire system that must be understood, and the mathematical model in this case 
meshes perfectly with that understanding.

D. S. Zee et al.
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3.5  Neural Networks and Farewell to Black Boxes

As noted above, ideas about distributed processing of oculomotor signals were pres-
ent already in work as early as that with Skavenski in 1973. This was made explicit 
in later work on neural networks (Cannon et al. 1983; Arnold and Robinson 1991), 
where Robinson came to think of his earlier modeling as of lesser significance, 
because the newer network approaches showed that there are no black boxes (as in 
the early “black-box” models) but rather that signals are represented in a distributed 
manner in the brain. There is no single eye-velocity signal that is converted to a 
single eye-position signal, as might be performed by a discrete well-defined integra-
tor (Anastasio and Robinson 1989); the presence of various amounts of position and 
velocity dependence in different brainstem neurons made this clear.

The contributions of this work in neural networks came not only from the neuro-
physiology but also the bridging of fields by which he could again explain the need 
for the math to physiologists and the nature of the physiology (including teleology) 
to engineers: “It is argued that trying to explain how any real neural network works 
on a cell-by-cell, reductionist basis is futile and we may have to be content with try-
ing to understand the brain at higher levels of organization” (Robinson 1992). This 
line nicely summarizes Robinson’s views on neuroscience. Part of his genius was in 
asking the right question. One aspect of this is limiting the scope of the problem 
under study, so that it could be understood with straightforward input-output 
approaches, investigated with the available technology (some of which he invented), 
and analyzed with the systems theory with which he was so intimately familiar. 
With the move into neural networks and more complex functional questions (selec-
tion of which visual target to track, cognitive influences on oculomotor behavior, 
etc.), he was led to admit that there are limits to the reductionist approach, such that 
understanding “higher levels of organization” will be necessary for further progress. 
Work on these “higher levels,” however, must still be based on the foundations pro-
vided by the reductionist approach that he championed.

3.6  Translational Influences

It would be hard to identify a specific contribution in the vestibular area that has had 
a distinct translational impact on clinical care. Nevertheless, the work in this area 
has helped provide the foundation for some of the current clinical approaches and 
helped solidify their scientific and neurophysiological foundations. This work has 
influenced how the clinical-research community thinks about the VOR and vestibu-
lar contributions to eye movements. The flexibility of the VOR, modifiable as 
needed to serve the functional needs of the organism as part of a larger multisensory 
system, is a prevalent theme. This is reflected in current approaches to vestibular 
rehabilitation that work to modify not only VOR gain, per se, but also the combined 
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gaze-control system including preprogrammed saccades. The systems view and the 
needs of the organism are again paramount.

4  R. John Leigh: Robinson’s Contribution to Clinical 
Medicine

David A. Robinson was a pioneer in translational research before that term came 
into vogue. He was unusual in being a basic scientist who did not hesitate to apply 
his knowledge of computational neurobiology to the investigation and interpretation 
of clinical disorders of eye movements. He was unafraid of “getting his hands dirty” 
with clinical problems, being curious and confident that a mathematical approach 
could provide insights, if applied intelligently. When he first entered biomedicine, 
he realized that he needed more than his electrical engineering background could 
provide and took medical school classes in physiology and anatomy, including 
human dissection. He relished solving clinical mysteries, a good example being 
periodic alternating nystagmus (PAN) (Leigh et  al. 1981; Garbutt et  al. 2004). 
Individuals affected by this rare clinical disorder show continuous, spontaneous 
nystagmus that reverses direction approximately every 2 minutes (the period of 
oscillations tends to be consistent for each individual but varies between individu-
als, typically being 3–4 minutes).

At the time that Robinson and his clinical colleagues encountered an individual 
with PAN, his interests lay in developing models to account for normal interactions 
between vestibular and optokinetic systems. As mentioned in the prior section, 
Raphan et al. (1979) had shown that, when monkeys were rotated in darkness, ves-
tibular nucleus neurons encoded a temporally enhanced (partially integrated) signal 
compared with primary afferents from the semicircular canals of the vestibular lab-
yrinth. They coined the term “velocity storage” to describe this central persevera-
tion of the raw vestibular signal. Henn, Young, Waespe, and their colleagues in 
Zurich demonstrated that, when monkeys were rotated in an illuminated environ-
ment, neurons in the vestibular nuclei (VN) encoded both inputs from the semicir-
cular canals of the vestibular labyrinth and visual (optokinetic) inputs (Henn et al. 
1974; Waespe and Henn 1977). Independently, Young and Oman (1969) and 
Malcolm and Melvill Jones (1970) had characterized an adaptive mechanism that 
nulled and even reversed the direction of nystagmus induced by unnaturally sus-
tained rotations.

Prompted by Kornhuber’s observation that PAN had similarities to the reversal 
phase of vestibular nystagmus that occurs during sustained rotations (Kornhuber 
1959), Robinson developed a model for the vestibuloocular reflex (Fig.  6) that 
incorporated both velocity storage and an adaptation mechanism (Leigh et al. 1981). 
He reasoned that, if velocity storage became unstable (causing unnaturally pro-
longed vestibular responses), then the adaptation mechanism would act to null and 
then reverse the direction of the nystagmus. Assigning parameter values to the 
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velocity storage and adaptation integrators based on experimental work, he found 
that the model could generate PAN with a period like that observed in affected indi-
viduals. Applying a small-signal, linear approximation approach, Robinson went on 
to derive equations specifying parameter values for the system to become unstable 

Fig. 6 Copy of the first page of Robinson’s notes in which he applied a small-signal linear approx-
imation to model periodic alternating nystagmus. In the top diagram, head velocity ( H ) is trans-
duced by the vestibular semicircular canals into a signal Hc , which is passed on, after a sign 
change in the vestibular nucleus (summing junction), to become an eye-velocity command ( E ); 
this is a simplified version of the vestibuloocular pathway. The signal E  is also passed to the 
velocity storage integrator, which perseverates both the vestibular and optokinetic inputs (not 
shown) with a time constant To and gain k to generate a signal Eok . A central adaptation, or repair, 
operator (with time constant Tr) monitors the slow-phase eye-velocity command, E , and acts to 
eliminate persistent nystagmus by sending a signal back ( Er ) to the vestibular nucleus, to cancel 
the source of vestibular imbalance. Robinson postulated that if the value of the gain k of the veloc-
ity storage mechanism, which was normally <1.0, increased, the system would become unstable. 
Then the adaptation operator would act to cancel the increasing signal, causing it to run away in 
the opposite direction – causing oscillations. At the bottom, Robinson schematizes these oscilla-
tions either as the vector sum of outputs from the velocity storage ( Eok ) and adaptation ( Er ) 
integrators or as the timed sum of two corresponding sine waves
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and for the system to oscillate with a period observed in any affected individual. He 
also proposed that a critically applied vestibular (rotational) stimulus could tempo-
rarily stop PAN. Such a stimulus would synchronously set both the velocity storage 
and adaptation integrators to zero. An important prediction of the model was that the 
interaction between unstable velocity storage and vestibular adaptation would only 
account for PAN if no visual (optokinetic) input reached the vestibular system.

In testing the model by studying an individual affected with PAN (a 39-year-old 
woman who had previously undergone surgical removal of a midline, cerebellar 
abscess), the first question was whether she could use visual information to influ-
ence eye movements. Experimental testing showed her smooth pursuit and optoki-
netic movements to be severely impaired. Then, based on measurements of the 
patient’s PAN period and the responses to vestibular stimuli, Robinson calculated 
the size and timing of an impulsive (velocity-step) rotational stimulus that could 
temporarily stop her PAN. The affected individual’s PAN had persisted for 5 years 
(preventing her from working as a schoolteacher). When the critical rotation was 
applied, it abolished all nystagmus for 20 minutes. Subsequently, the model was 
successfully tested in two other individuals affected with PAN (Leigh et al. 1981).

Discoveries about PAN rapidly followed from other investigators. Waespe et al. 
(1985) showed that lesions of the nodulus in macaque caused PAN when the ani-
mals were deprived of visual information – an animal model (later shown to be 
consistent with human lesions; Jeong et  al. 2007). Halmagyi et  al. (1980) found 
from empirical testing that the GABAB agonist, baclofen, suppressed PAN – a clini-
cal treatment (also effective in the animal model of PAN). More insights into the 
pharmacology of the cerebellar disorder in PAN and of velocity storage followed 
(Cohen et al. 1987). Thus, although rare, PAN has become one of the best under-
stood forms of acquired nystagmus. Robinson’s contributions were to grasp the 
relationship between a mysterious form of abnormal ocular oscillations and current 
concepts of vestibular physiology and then to develop a model that could be tested 
quantitatively in a specific way. Could more modern approaches to modeling PAN, 
such as using a neural network or a Bayesian approach, be developed? This seems 
probable, but any such model would have to live up to Robinson’s intuitively appeal-
ing model that makes precise predictions.

On a more general level, David Robinson taught clinicians that they must formu-
late their ideas into clear, preferably quantitative, hypotheses that can be tested 
experimentally. And he taught basic scientists not to be afraid of applying current 
concepts of basic science to understanding clinical disorders. In promoting transla-
tional research, he was aware of Francis Bacon’s observation that corroborative 
evidence, emanating from different approaches, often converges on the truth. Such 
research often requires the development of collaborations, trust, and friendships 
between investigators from diverse backgrounds – one of the most important attri-
butes of the research community.
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5  David S. Zee: Concluding Remarks

The breadth of Dave Robinson’s contributions to clinical medicine and basic neuro-
science is nicely exemplified in the discussions above. Importantly, one can see that 
his impact in so many fields, neurology, ophthalmology, otolaryngology, neuropsy-
chology, biomedical engineering, and neurophysiology, is still obvious and continu-
ing to influence new areas of scientific and clinical inquiry (Shadmehr 2017; Shaikh 
et  al. 2016). Dave believed fervently in the scientific method and quantitative 
hypothesis testing. He abhorred “hand waving” to explain behavior. He believed 
that science was for the good of humanity and that scientific advances should be 
openly shared, without attention to patents or personal profit. Dave believed deeply 
in evolution and Mother Nature’s “design.” He emphasized that to understand eye 
movements, one must begin with the phylogenetically oldest forms – the slow and 
quick phases of vestibular responses – because their anatomical substrate was the 
scaffolding upon which all subsequent subtypes of eye movements developed. 
Indeed, so much of our current understanding of how fast and slow eye movements 
are generated grew out of Dave’s studies of the vestibuloocular reflex.

As noted above, Dave attacked problems in a striking “bottom-up” approach. For 
example, to understand eye movements, you need to measure and quantify them. So 
he developed the magnetic field search coil technique, an “obvious” choice, as he 
put it, based on his experience in industry with motors and magnetic fields. This, of 
course, is a classic example of cross-fertilization between different fields. Dave also 
knew that to understand what type of problem the brain was trying to solve when 
generating eye movements, one must know the mechanical properties of the object 
(globe) to be moved. So he began measuring the properties of the muscles and 
orbital tissues. Next, he knew that to confirm what he had inferred from his studies 
of ocular muscles about the control signals to generate eye movements, he had to 
measure neural activity during eye movements. So he first developed and studied 
the properties of a microelectrode with which he could listen to the brain and relate 
the number of spikes to ongoing behavior. He and Albert Fuchs then developed 
ways of measuring eye movements in monkeys and immobilizing their heads (using 
the human orthopedic “crown” technique). One of the most exciting public presen-
tations, which was so stimulating to many neuroscientists especially early in their 
careers, was the movie Dave made in which he showed a two-dimensional recording 
of monkey’s eye movements on an oscilloscope and at the same time one could hear, 
from the implanted microelectrode, how the neural discharge of a single oculomotor 
neuron would change as the animal moved its eyes around the orbit using different 
types of eye movements (see Leigh and Zee 2015, for a video clip). The famous 
“pulse-step” change of innervation emerged from these studies of the mechanical 
properties of eye muscles and the corresponding neural activity in ocular 
motoneurons.

Dave next moved up the neural tree to the areas in the brainstem where the pulse- 
step might be generated. This is where I came into the picture with the study of a 
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patient whose saccades were slow. Because we showed that her saccades could be 
modified in flight, their ballistic nature, which then was the current understanding, 
came into question, and the internal feedback, “bang-bang,” control model for gen-
eration of saccades emerged. This model survives, with only minor modifications, 
to this day. But, as Dave said, anybody can make a model, but making a physiologi-
cal and anatomically realistic model was another issue. So the next step was to find 
neurons that behaved as if they were in a network in which internal feedback was 
being used to guide a saccade in flight, and he and his colleagues did just that.

Dave often asked how does the brain manage to keep such neural networks 
working properly in the long-term as we develop or age or are faced with the acci-
dents of nature that cause disease and trauma. Hence, Dave’s interest in neural 
plasticity and the “repair shop” occupied so much of his scientific career. This 
issue, of course, directly relates to problems that neurologists face when trying to 
diagnose patients with a more chronic lesion that has been modified by the brain’s 
attempt to repair it.

My desire to work in Dave’s laboratory came when I was a neurology resident 
and had an epiphany while listening to Dave’s inspiring lecture on how models and 
mathematics could explain a “simple” neuro-ophthalmological syndrome called 
internuclear ophthalmoplegia in which the fibers carrying signals from the abducens 
nucleus to the oculomotor nuclei are interrupted. I approached Dave after his talk 
and said I wanted to work with him. He said fine and “I have been waiting for a 
neurologist to come and work with me for many years.” As John Leigh has empha-
sized here, Dave realized early on that much could be learned about how the normal 
brain functions by studying patients who had been afflicted due to unfortunate acci-
dents of nature, from disease and trauma. I joined Dave’s lab as a third-year neurol-
ogy resident, and he sat down with me almost daily, one on one, trying to teach me 
some control systems. Out of these sessions grew his “control systems for neurolo-
gists” course through which so many fellows in his lab and our clinical fellows 
learned so much.

Dave was rigorous, uncompromisingly analytical, and could make you feel 
worthless at times with his famous red pen which scorched so many of our early 
(and late) drafts of papers and grants. But he gave of his time generously, helping so 
many of us with our careers and never asking to be a coauthor or coinvestigator. 
Dave truly was an intellectual giant in neuroscience, and his discoveries are a driv-
ing force for so many clinical and basic neuroscientists. One might even say that 
Dave also provided an intellectual “pulse-step,” pushing us forward and not allow-
ing us to fall back, so that we all might succeed in our careers. We are deeply thank-
ful to him in so many ways.
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Multisensory Integration: Mathematical 
Solution of Inherent Sensory Ambiguities
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Abstract The brain integrates information from multiple sensory modalities to 
generate appropriate motor output and create perceptual experiences of the environ-
ment. Multisensory integration is evident at the single-neuron level in the cerebral 
cortex as well as the subcortical areas or brainstem nuclei. In the last two decades, 
the cerebellum has received increasing interest as an essential structure for multi-
sensory integration. Studies have shown that the cerebellum integrates vestibular 
signals with signals from other sensory modalities to generate predictions of our 
inertial motion, orientation, postural control, and gaze stabilization. Here, we review 
recent literature on the cerebellar role in the integration of vestibular, visual, and 
proprioceptive signals for spatial navigation. First, we present evidence that the 
cerebellum contributes to solving the ambiguity found in vestibular afferent infor-
mation. Theoretical and behavioral evidence indicates that this vestibular sensory 
ambiguity is resolved by the central nervous system using a combination of otolith 
signal and rotational cues from the semicircular canals. Second, in the light of recent 
findings, we describe the role of the cerebellum in integrating vestibular and visual 
information. Third, we describe how the cerebellum may integrate vestibular and 
proprioceptive cues.
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1  Multisensory Integration Necessary for the Computation 
of Inertial Motion and Spatial Orientation

1.1  A Vestibular Sensory Ambiguity

The vestibular system represents an excellent example of multimodal integration 
used by the central nervous system to resolve peripheral sensory ambiguity. The 
well-known “vestibular sensory ambiguity problem” arises from the fact that the 
otolith afferents cannot distinguish tilt of the body with respect to gravity from the 
translation in earth horizontal plane because both signals, at the periphery, carry net 
linear gravito-inertial acceleration information (Fernandez and Goldberg 1976a, b; 
Angelaki et  al. 2004). Figure  1a illustrates an example of an ambiguous otolith 
afferent response during inertial acceleration (translation) and gravitational accel-
eration (tilt). Otolith afferent response is identical during tilt and translation. Hence, 
if our brain would rely only on information provided by otolith afferents, the actual 
movement would not be correctly perceived, resulting in problems of spatial navi-
gation. Therefore, the central nervous system must use extra-otolith cues to estimate 
translation and tilt. Behavioral studies suggest that the central nervous system 
resolves this sensory ambiguity by combining otolith signals with signals that arise 
from the semicircular canal and visual cues (Angelaki et al. 1999; Merfeld et al. 
1999, 2005a, b; Green and Angelaki 2003; Zupan and Merfeld 2003; MacNeilage 
et al. 2007).

To understand how our brain solves tilt/translation ambiguity, Angelaki and 
colleagues used a unique combination of tilt and translation stimuli in a subtractive 
(tilt − translation) or additive (tilt + translation) fashion such that the net linear 
acceleration experienced by the head is either null or double (Fig. 1a, bottom stimu-
lus traces). Importantly, the tilt-translation stimuli isolate the signal from the semi-
circular canals (Angelaki et al. 2004; Shaikh et al. 2005; Yakusheva et al. 2007). As 
expected, otolith afferents did not respond during “tilt − translation” and doubled 
their response amplitude during “tilt + translation” because they faithfully encode 
net linear acceleration (Fig. 1a). Therefore, our brain faces a challenging task, to 
transform the ambiguous vestibular information provided by the otolith afferents 
into the appropriate signal to estimate gravity and inertial motions correctly.

1.2  NU Purkinje Cell Responses Reflect the Solution 
to the Tilt/Translation Ambiguity Problem: A Neural 
Solution to the Vestibular System Ambiguity

According to the multisensory integration hypothesis, to correctly estimate spatial 
orientation and translational acceleration, the brain must use gravito-inertial accel-
eration information from the otolith (α) and angular velocity (ω) signals from the 
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Fig. 1 Experimental protocol (top cartoons) and responses from (a) an otolith afferent, (b) simple 
spike responses of an NU Purkinje cell in labyrinthine-intact animals, and (c) simple spike 
responses of an NU Purkinje cell in canal-plugged animals. Responses were recorded during 
0.5 Hz “translation,” “tilt,” and a combination of these stimuli, “tilt − translation” (stimuli out of 
phase resulted in zero net acceleration) and “tilt + translation” (stimuli in phase resulted in double 
net acceleration). All stimuli delivered in complete darkness. Note that the translational and tilt 
stimuli were matched in both amplitude and direction to elicit an identical linear acceleration in the 
horizontal plane (bottom traces). Straight black and curved gray arrows denote translation and tilt 
axes of stimulation, respectively. (Replotted from Angelaki et al. 2010 with permission)

semicircular canals (Angelaki et al. 1999; Merfeld and Zupan 2002; Zupan et al. 
2002; Green and Angelaki 2004; Green et al. 2005).

Several brain areas such as vestibular nuclei (VN) in the brainstem and rostral 
fastigial nuclei (rFN) in the cerebellum have been used to search for the neural solu-
tion to the peripheral vestibular ambiguity (Angelaki et al. 2004; Green et al. 2005; 
Shaikh et al. 2005). Recent studies have indicated that the cerebellar nodulus and 
uvula (NU) may be a place where gravity and inertial motion signals are computed 
(Yakusheva et al. 2007, 2008; Angelaki and Yakusheva 2009; Angelaki et al. 2010; 
Laurens et al. 2013a, b). Anatomical studies support the idea that the posterior cer-
ebellar vermis uses multisensory integration to resolve the peripheral vestibular sen-
sory ambiguity problem. These areas of the cerebellar cortex receive ipsilateral 
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projections from more than 70% of vestibular otolith and semicircular canal  primary 
afferents (Carpenter et  al. 1972; Marini et  al. 1975; Korte and Mugnaini 1979; 
Kevetter and Perachio 1986; Gerrits et al. 1989; Barmack et al. 1993; Newlands 
et al. 2002; Maklad and Fritzsch 2003; Kevetter et al. 2004). Furthermore, the cer-
ebellar NU receive vestibular information as secondary afferent mossy fibers from 
the vestibular nuclei and via climbing fibers from the contralateral inferior olive 
(Brodal 1976; Bigare and Voogd 1977; Freedman et  al. 1977; Groenewegen and 
Voogd 1977; Brodal and Brodal 1985; Bernard 1987; Kanda et al. 1989; Sato et al. 
1989; Thunnissen et al. 1989; Epema et al. 1990; Akaogi et al. 1994a, b; Barmack 
1996; Ono et al. 2000; Barmack 2003; Ruigrok 2003). Lesions of the cerebellar NU 
result in balance problems, spatial disorientation, and deficits in the spatiotemporal 
properties of the vestibuloocular reflex (Angelaki and Hess 1995a, b; Wearne 
et al. 1998).

Recently, a population of Purkinje cells in the cerebellar NU has been identified 
as a translation-selective neurons that exclusively encode inertial motion (transla-
tional acceleration) and ignore changes relative to gravity (gravitational accelera-
tion) (Yakusheva et  al. 2007, 2008, 2010; Laurens et  al. 2013a). These 
translation-selective Purkinje cells carry a spatially and temporally transformed 
position signal from the semicircular canals, a signal that is unmasked during tilt 
− translation (Fig. 1b, third column). In support, after surgical inactivation (plug-
ging) of all six semicircular canals, Purkinje cells failed to modulate during tilt − 
translation stimulus, and their responses resemble that of the otolith afferent 
(Fig. 1c). Clearly, in the absence of information from the semicircular canals, the 
tilt/translation ambiguity problem cannot be solved, and Purkinje cells no longer 
distinguish tilt from translation (Yakusheva et al. 2007).

The following multisensory computational model depicted in Fig.  2 explains 
how net linear acceleration information from the otolith (α) and angular velocity 
signal (ω) from the semicircular canals are transformed and combined in the cere-
bellum (Yakusheva et  al. 2007; Angelaki et  al. 2010). How does the spatial and 
temporal transformation of semicircular canal signal happen? Because the semicir-
cular canal afferents encode angular velocity in 3D space, the first step of canal 
signal transformation is a spatial transformation that extracts the earth-horizontal 
component of head rotation (ωEH). This component represents tilt rotation, i.e., 
changes of the head orientation with respect to gravity. The second step is a tempo-
ral transformation of canal-driven signals such as to represent tilt position. 
Semicircular canal afferents carry angular velocity signal. Therefore, this signal 
must be integrated (∫ωEH) to obtain an angular position (tilt). Angular position, 
when combined with otolith information, cancels the gravitational component of 
the net linear acceleration, and the translation could be computed (Fig. 2) (Green 
and Angelaki 2004; Green et al. 2005; Yakusheva et al. 2007). In support of this 
multisensory model, cerebellar NU Purkinje cells modulate during tilt rotation, but 
not during yaw rotation, suggesting that they carry only the earth-horizontal (ωEH) 
component, but not the earth-vertical component (ωEV) of angular velocity 
(Yakusheva et al. 2007, 2008). The signal transformation mentioned above explains 
why, although anatomically NU receives inputs from horizontal and vertical semi-
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Fig. 2 Schematic illustration of our working hypothesis regarding the relationship between the 
processing of the semicircular canal and otolith signals within the NU. Semicircular canal afferents 
carry head-referenced angular velocity (ω), but the NU encodes only the earth-horizontal compo-
nent (ωEH). This signal is temporally integrated (ʃωEH) and used to cancel the gravitational compo-
nent (g) of net linear acceleration (α), the signal carried by otolith afferents. The resulting output 
is the inertial component (t). (Replotted with permission from Angelaki et  al. 2010 with 
permission)
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Fig. 3 Spatiotemporal matching of canal-driven and otolith-driven signals. (a) Response phase 
during the 0.5 Hz “tilt − translation” stimulus (canal-driven component) is plotted as a function of 
the respective phase during “translation” (otolith-driven component) (n = 72; data along the best- 
responding stimulus direction). Phase has been expressed relative to tilt velocity. (b) Distribution 
of the difference in preferred directions between the 0.5 Hz “tilt − translation” and “translation” 
stimulus conditions. (Replotted with permission from Yakusheva et al. 2007)

circular canals, NU Purkinje cells do not respond to yaw rotation but do respond to 
roll and tilt rotations (Kevetter and Perachio 1986; Fushiki and Barmack 1997; 
Kevetter et al. 2004; Yakusheva et al. 2007, 2008).

Importantly, a canal-driven signal should match otolith-driven signal not only 
temporally but also spatially (Fig. 3). Thus, the preferred direction of otolith-driven 
signal is transformed to align with the orientation of semicircular canals. Indeed, it 
has been suggested that cerebellar NU Purkinje cells carry during translation a 
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combination of acceleration and velocity rather than linear acceleration signal 
(Yakusheva et al. 2007, 2008, 2010). The questions remaining are as follows: where 
does the transformation of the vestibular signal take place? Does the cerebellar NU 
receive already transformed vestibular afferent information from the vestibular or 
deep cerebellar nuclei? Does the transformation happen within the cerebellar cir-
cuitry of NU? In support of latter, a recent study in the ventral paraflocculus dem-
onstrated that GABAergic inhibition within cerebellar cortex circuitry regulates 
input-output gain and spatial tuning of the Purkinje cells (Blazquez and Yakusheva 
2015). More studies are needed to address these questions.

1.3  Gravity Signal Computed by the Cerebellar Nodulus/Uvula 
Purkinje Cell

Gravity and inertial motion signals are necessary for motor coordination, postural 
control, spatial orientation, and navigation (Horstmann and Dietz 1990; Merfeld 
et al. 1999; Senot et al. 2005; Zago and Lacquaniti 2005; Green and Angelaki 2007; 
Laurens et al. 2011). Studies in humans indicate that patients with cerebellar ataxia 
cannot properly estimate the direction of the gravity vector while exposed to visu-
ally rotating scenes (Dakin and Rosenberg 2018). Moving visual scenes cause the 
perception of tilt in the observer, which increases with stimulus velocity (Dichgans 
et al. 1972). This perceptual illusion is caused by the way the central nervous system 
integrates vestibular and visual signals, wherein vestibular signals estimate the 
gravity direction and the visual cue signals the body rotation. Dakin et al. (2018) 
reported that, in contrast to controls, visual cue prevails over vestibular cues in cer-
ebellar patients. Other human studies have shown that self-motion perception dur-
ing visual rotation was reduced in patients with cerebellar dysfunction (Bronstein 
et al. 2008; Bertolini et al. 2012; Dahlem et al. 2016). Patients with vestibulocere-
bellar lesions experienced horizontal positional nystagmus that could be explained 
by an erroneously biased estimation of the gravity (Choi et al. 2018). Thus, these 
findings suggest that the cerebellum uses an internal model to compute and process 
the vestibular signal in 3D space (Wolpert et al. 1998; Green and Angelaki 2007; 
Cullen et al. 2011).

Recently, a group of cerebellar NU Purkinje cells was identified that selectively 
encoded gravity signal, tilt-selective Purkinje cells (Laurens et al. 2013b). It was 
proposed that gravity information is computed by an internal model (Merfeld 1995; 
Merfeld et al. 1999; Laurens et al. 2011). In these experiments, the response of NU 
Purkinje cells was characterized during off-vertical axis rotation (OVAR). Using 
OVAR, it was demonstrated that not only tilt-selective NU Purkinje cells encode the 
head orientation of the gravity during arbitrary rotations in space but that translation- 
selective Purkinje cells responded to the illusion of translation produced by the 
OVAR (Vingerhoets et al. 2007; Wood et al. 2007).
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During tilt/translation paradigm, tilt-selective Purkinje cells responded similarly 
to tilt, tilt – translation, and tilt + translation but would not modulate to translation 
stimuli only (Laurens et al. 2013b). This study suggested that the tilt-selective and 
translation-selective NU Purkinje cells are complementary to each other, such that 
their net sum represents the net linear acceleration encoded by the otolith afferents. 
It was reported that overall responses of tilt-selective Purkinje cells were smaller 
compared to translation-selective neurons. The tilt-selective Purkinje cells were also 
anatomically distinct; they were found close to the midline and in the anterior part 
of the cerebellar nodulus. Together, these studies demonstrated that two neuronal 
populations in the posterior cerebellar vermis encode translation and tilt signals that 
are computed using internal model (Yakusheva et al. 2007, Laurens et al. 2013a, b). 
These computed signals are essential for self-motion perception and could be used 
by hippocampal place cells for spatial mapping (Burguiere et al. 2005).

A puzzle that remains to be solved is whether the earth-vertical component (ωEV) 
of angular velocity is processed by the cerebellum as well. As discussed above, 
despite anatomical evidence of horizontal canal input, the cerebellar NU Purkinje 
cells do not modulate during yaw rotations (Barmack and Yakhnitsa 2003; Yakusheva 
et al. 2007, 2008, 2010). Perhaps, the yaw-selective Purkinje cells similarly to tilt- 
selective Purkinje cells are localized in unexplored areas within the vestibulocere-
bellum – their existence remains to be discovered.

2  Visual-Vestibular Integration in the Cerebellum 
for Self- Motion Perception and Spatial Navigation

During self-motion perception, the central nervous system integrates visual (optic 
flow), vestibular, somatosensory, and proprioceptive cues (Brandt et  al. 1974; 
Dichgans et al. 1974; Hlavacka et al. 1992, 1996; Gu et al. 2008; Fetsch et al. 2009; 
Hensbroek et al. 2015). Self-motion in light conditions generates a type of visual 
stimulation called flow, which represents the motion of the visual image on the ret-
ina due to movements of the body through space. Optic flow is processed by the 
terminal nuclei of the accessory optic system (AOS) and the pretectum (Simpson 
et al. 1988; Gamlin 2006; Giolli et al. 2006). The AOS is linked to the vestibular 
system, and its efferents target the vestibular nuclei. Thus, they contribute to the 
vestibular system in gaze stabilization during rotations (Giolli et  al. 2006). 
Behavioral studies have shown that large-field optic flow stimulation generates self- 
motion perception (Brandt et al. 1973; Berthoz et al. 1975). Head motion informa-
tion detected by the vestibular system may assist the visual system in separating 
optic flow originated from motion through a stationary background (self-motion) 
vs. optic flow and optic flow induced by moving objects. For instance, during sports, 
athlete should track the motion of the object while moving through the field to accu-
rately estimate the time point of meeting with the object.
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Visual-vestibular integration has been found in cortical and subcortical as well as 
brainstem and cerebellar regions such as the dorsal medial superior temporal 
(MSTd) area (Gu et al. 2006, 2008), the ventral intraparietal (VIP) area (Chen et al. 
2011a), the visual posterior Sylvian (VPS) area (Chen et al. 2011b), the vestibular 
nuclei (Henn et al. 1974; Waespe and Henn 1977; Daunton and Thomsen 1979), and 
the cerebellar flocculus (Waespe et al. 1981; Waespe and Henn 1981). However, 
Bryan and Angelaki in 2009 showed that the vestibular nuclei and deep cerebellar 
nuclei failed to respond to optokinetic stimulation when animals fixated at a station-
ary target, suggesting that the response of vestibular and deep cerebellar nuclei dur-
ing an optokinetic response is the result of activation of optokinetic nystagmus and 
gaze stabilization system (Bryan and Angelaki 2009).

The vestibulocerebellum could integrate visual and vestibular information. 
Anatomical studies suggest that the cerebellar NU receives both vestibular and 
visual information via mossy fibers and climbing fibers (Korte and Mugnaini 1979; 
Brodal and Brodal 1985; Gerrits et al. 1989; Epema et al. 1990; Barmack 2003; 
Ruigrok 2003). Several studies in different species (frog, rat, rabbit, pigeon) have 
shown that Purkinje cells in the vestibulocerebellum show complex spike responses 
to whole-field visual motion (Ansorge and Grusser-Cornehls 1977; Blanks and 
Precht 1983; Kano et  al. 1990a, b; Kusunoki et  al. 1990; Wylie and Frost 1991, 
1993, 1996; Wylie et al. 1993).

In macaque cerebellar dorsal uvula, Purkinje cells respond to optokinetic stimuli 
as well (Heinen and Keller 1992; Heinen and Keller 1996). Purkinje cell complex 
spikes in the cerebellar flocculus and nodulus of anesthetized rabbits respond to 
optokinetic stimuli suggesting that this response reflected the activation of visual 
pathways and is independent of eye movements (Kano et al. 1991a, b). In the alert 
cat, Purkinje cell simple spike activity in the cerebellar flocculus responds to verti-
cal head rotation and vertical optokinetic stimuli (Fukushima et al. 1996).

Experiments in pigeons provide evidence that the complex spike activity of 
Purkinje cells modulated differently to the visual optic within the vestibulocerebel-
lar complex (Wylie and Frost 1991, 1993; Wylie et al. 1993). Purkinje cells in the 
flocculus exhibit the best response to rotational visual flowfields, while cerebellar 
nodulus and uvula preferred translational optic flow. Human studies revealed that 
visually induced illusion of self-motion activated the cerebellar NU (Dieterich et al. 
2000; Kleinschmidt et  al. 2002). In the macaque, the cerebellar NU translation- 
selective Purkinje cells carry visual signal in addition to vestibular signal (Yakusheva 
et al. 2013). Yakusheva et al. (2013) characterized visual (optic flow) and vestibular 
responses of macaque cerebellar NU Purkinje cells  to translations in three dimen-
sions.  The  visual-vestibular stimuli with a Gaussian velocity profile were  previ-
ously used to characterized cortical neurons, thus allowing comparison of the 
visual-vestibular signal carried by the cerebellar NU with the cortical areas such as 
MSTd, VIP, VPS, and PIVC (Gu et al. 2006, 2008; Fetsch et al. 2009; Chen et al. 
2011a, b). Figure 4 shows the response of NU Purkinje cell simple spike responses 
to 3D vestibular translation and optic flow. This example neuron had a single-peak 
response in their tuning at different directions. Similar to cortical areas, cerebellar 
NU Purkinje cells showed excitatory double-peak responses as well as, albeit less 
frequently, inhibitory single-peak responses (Yakusheva et al. 2013).
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Fig. 4 Two single-peaked examples of NU Purkinje cell responses during 3D vestibular and visual 
(optic flow) translations. (a) Top, congruent example cell. Color-contour maps, showing 3D direc-
tion tuning profiles (Lambert cylindrical projection) at peak time for vestibular (1.12 s) and visual 
(0.9 s) responses with preferred directions: [azimuth, elevation] = [−86°, −18°] and [−94°, −12°], 
respectively. Tuning curves along the margins illustrate mean firing rates plotted versus elevation 
or azimuth (averaged across azimuth or elevation, respectively): bottom, response PSTHs. Red 
stars indicate significant responses. (b) Opposite example cell. Vestibular, [azimuth, eleva-
tion] = [131°, 22°] and peak time, 1.18 s; visual, [azimuth, elevation] = [−48°, 25°] and peak time, 
0.98 s. (Replotted with permission from Yakusheva et al. 2013)

As it has been demonstrated in cortical areas, two types of multisensory visual- 
vestibular Purkinje cells were found in the cerebellar nodulus and uvula, “congru-
ent” and “opposite” cells. In “congruent” neurons, the directional tuning of the 
visual and vestibular components was approximately matched (Fig. 4a), whereas 
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for “opposite” neurons, the directional tuning of visual and vestibular components 
was separated by about 180 deg phase (Fig. 4b). Approximately 90% of recorded 
Purkinje cells showed significant directional tuning to vestibular, wherein 27% have 
directional tuning to both visual and vestibular stimuli. Visually tuned Purkinje cells 
were localized near the midline, in the anterior part of the cerebellar nodulus and 
ventral uvula (Yakusheva et al. 2013). Evidence suggests that the medial part of the 
cerebellar NU participates in controlling the time constant for roll, while the lateral 
part participates in horizontal optokinetic and vestibular time constants (Wearne 
et al. 1998). Overall, the response of multisensory NU Purkinje cells showed more 
robust responses to vestibular cues than to optic flow. One of the most intriguing 
results of this study was that the spatiotemporal characteristics of the vestibular 
signal, but not visual, carried by NU Purkinje cells were similar to those found in 
MSTd neurons (Fig. 5). For instance, the vestibular response peak times, latency, 
the contribution of the velocity, acceleration, and position were remarkably similar 

Fig. 5 Comparison of cerebellar NU and cortical areas’ (PIVC, VIP, and MSTd) neuronal 
responses to the 3D translation. Cumulative distributions were plotted: (a) Distribution of peak 
times for single-peaked neurons and double-peaked neurons (early and late peak times) during 
vestibular motion; (b) response latency; (c) the ratio of acceleration to velocity weights (wa/wv) 
from model AccVel (accelration+velocity); (d) the position weights (wp) from the model AccVelPos 
(acceleration + velocity + position). PIVC, parietoinsular vestibular cortex; VIP, ventral intrapari-
etal; MSTd, dorsal medial superior temporal. The NU Purkinje cells have striking similarities in 
neuronal responses to the vestibular stimuli with MSTd, even though PIVC is considering the 
primarily vestibular cerebral cortical area. (Replotted with permission from Yakusheva et al. 2013)
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between cerebellar NU and MSTd. These findings suggest the existence of multi-
synaptic interconnectivity between cerebellar NU and MSTd that could represent 
cerebro-cerebellar interactions.

Further studies are necessary to better understand visual signal processing by 
the cerebellar NU and how it is integrated with information from other sensory 
modalities. For example, it would be necessary to study Purkinje cell complex spike 
activity during the same visual-vestibular stimuli. Future studies should also address 
the question of whether self-motion perception is improved after combining ves-
tibular and optic flow stimuli. Lastly, to fully understand visual and vestibular signal 
processing by the cerebellum, a computational model could facilitate the interpreta-
tion of existent and future experimental results.

3  Role of Vestibular and Proprioceptive Signal Integration 
in the Representation of Different Reference Frame

During self-motion, our peripheral vestibular sensors, the semicircular canals, and 
the otolith organs provide information about the head motion because they are phys-
ically fixed in the head. However, our daily life activities including locomotion, 
postural control, and navigation require for our brain to process information about 
the motion and orientation of our body in space that is sensed by the proprioceptive 
system. Thus, information from both sensory systems should be integrated such that 
our brain could accurately compute self-motion during navigation. Such computa-
tion most likely requires from both sensory systems reference frame transformation 
to be appropriately combined.

Human studies have demonstrated the role of vestibular and proprioceptive cue 
integration in motor and posture controls, as well as in self-motion perception 
(Mergner et al. 1983; Israel and Berthoz 1989; Mergner et al. 1991; Berthoz et al. 
1995; Mittelstaedt and Mittelstaedt 2001; Sun et  al. 2003; Campos et  al. 2009; 
Siegle et al. 2009; Frissen et al. 2011). In these studies, vestibular and propriocep-
tive stimuli were presented either separately or combined. For example, during a 
walk in place, such as a treadmill, only proprioceptive system is activated without 
input from the vestibular system. During passive motion through space, the central 
nervous system receives only the vestibular signal. Finally, during active walk- 
through space, vestibular and proprioceptive inputs are combined. Evidence sug-
gests that both proprioceptive and vestibular cues contribute to the estimation of the 
traveled distance walking. During curvilinear locomotion, Frissen et  al. (2011) 
showed that humans estimate their velocity of motion through the space using 
 integrated vestibular-proprioceptive signals. They argue that vestibular-propriocep-
tive sensory integration could be explained by the maximum-likelihood estimate 
(MLE) model (Ernst and Banks 2002). Thus, finding the site of the brain areas that 
integrate vestibular and proprioceptive cues is fundamental for understanding how 
the brain computes an estimate of self-motion. The neural correlates of vestibular 
and proprioceptive integrations have been shown on the level of the cervical spinal 
cord neurons (Ezure and Wilson 1984; Wilson et al. 1984, 1986) and the vestibular 
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nuclei (Brink et al. 1980; Boyle and Pompeiano 1981; Kasper et al. 1988; Wilson 
et al. 1990; Gdowski et al. 2000; Gdowski and McCrea 2000; Medrea and Cullen 
2013). It has been shown that non-eye movement vestibular neuronal responses dur-
ing rotation with the head free correlated better with body velocity (Gdowski and 
McCrea 1999). When vestibular neurons were tested during active and passive 
motions, it was shown that most of the neurons were most sensitive to a passive 
head-on-trunk rotation as well as to whole-body rotation but was significantly 
reduced during freely moving head (McCrea et al. 1999; Roy and Cullen 2001). It 
was suggested that vestibular signals related to active head movements were can-
celed primarily by subtraction of an efference copy signal of head motion. Thus, 
several studies in primates concluded that vestibular nuclei similar to the vestibular 
afferents carry the vestibular signal in head-centered coordinates (Roy and Cullen 
2001, 2004; Cullen et al. 2011; Carriot et al. 2013). Accurate estimation of self- 
motion during navigation requires from our brain to differentiate head from body 
movement (Roy and Cullen 2001; Brooks and Cullen 2009; Carriot et al. 2013). 
Thus, the CNS must perform the reference frame transformation of vestibular infor-
mation from a head-centered to a body-centered to be properly combined with 
extra-vestibular cues such as proprioceptive and visual.

The cerebellum has been suggested as a brain area where head-to-body reference 
frame transformation for a vestibular signal might take place. Furthermore, this 
transformed vestibular signal could be combined with proprioceptive and visual 
information. Proprioceptive information from the muscle and joints are conveyed to 
the cerebellum through spinocerebellar pathways by mossy and climbing fibers 
(Murphy et al. 1973a, b; Swenson and Castro 1983a, b; Quy et al. 2011). It has been 
demonstrated that some vestibular neurons in the rostral medial portion of the deep 
cerebellar nuclei, the rostral fastigial nuclei (rFN), encode the vestibular signal in 
the body-centered reference frame (Kleine et al. 2004; Shaikh et al. 2004; Brooks 
and Cullen 2009). The rFN receive input from the cerebellar cortex, anterior and 
posterior vermis (Manto and Pandolfo 2002; Ito 2006). The anterior vermis has 
been suggested to integrate the neck proprioceptive signal, while posterior vermis 
provides strong vestibular input (Andre et  al. 1998; Manzoni et  al. 1998a, b; 
Yakusheva et al. 2007, 2008, 2010; Zhang et al. 2016).

Shaikh et al. (2004) showed that the responses of rFN neuron during 2D transla-
tion were systematically changing with head position suggesting the transformation 
of the vestibular signal from head to a body-centered reference frame at the cerebel-
lum (Fig. 6). These experiments revealed that otolith signal activated during trans-
lational stimuli is combined with the signal from the neck proprioceptors at the level 
of cerebellar rFN to achieve the head-to-body reference frame transformation. At 
least half of the population of cerebellar rFN reported carrying signal in the body- 
centered reference frame (Fig. 6a) and a half in the head-centered reference frame 
(Fig. 6b). Similar results were demonstrated by Brooks and Cullen (2009) during 
rotational stimuli. A recent study suggested that this property of cerebellar rFN 
to integrate vestibular signal and proprioceptive signal extend to 3D motion (Martin 
et  al. 2018). This study demonstrated that like the previous study in a 2D plane 
(Shaikh et  al. 2004) for some rFN neurons spatiotemporal tunings varied with 
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changes in head position in vertical and horizontal planes indicating that these 
 neurons carry translational signal in the head-centered reference frame. Some rFN 
(about 16%) were reported carrying 3D fully transformed translational signal in the 
body-centered reference frame, and their spatiotemporal tunings were independent 
of the head orientation. Many rFN cells carry 3D translational signal in the refer-
ence frame that was not purely head-centered or body-centered indicating mixed 
representation of vestibular responses in rFN.  Perhaps, it could also suggest the 
existence of a partially transformed population of rFN cells. It has been suggested 

Fig. 6 Responses of two rostral FN neurons during passive whole-body translation (0.5 Hz) at 
different directions in the horizontal plane. Data were recorded for the three head-on-body posi-
tions: straight-ahead (h = 0°, blue), 30° to the right (h = −30°, red) or to the left (h = 30°) head-on- 
trunk positions. Superimposed solid lines represent best-fit sine functions. (a) Example of FN 
neuron encoding motion in a body reference frame, where the firing rate of the cell is independent 
of head-on-trunk position. (b) Example of FN neuron encoding motion in a head reference frame. 
The firing rate of the cell changes for the different head-on-trunk positions. In both panels, the 
minimum responses are marked with asterisks. The black traces represent the linear acceleration 
stimuli. Motion stimuli are defined relative to the body and, thus, change direction relative to the 
head (head drawing). (Replotted with permission from Shaikh et al. 2004)
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that rFN cells are close to being fully transformed to body-centered coordinates as 
a population and that the partial transformation on the individual level could be 
necessary to cover the broad range of spatiotemporal tuning responses in three 
dimensions. This property of rFN cells could play a fundamental role in postural 
control especially giving the fact that rFN sends projections to brainstem areas regu-
lating vestibulospinal reflexes (Homma et al. 1995). The vestibular-proprioceptive 
interaction within the cerebellum could be essential for active locomotion and com-
putation of self-motion. Evidence suggests that neurons in rFN do not modulate 
during active motion suggesting that proprioceptive signal might cancel out vestibu-
lar signal (Brooks and Cullen 2009).

Furthermore, it has been shown rFN cell carry sensory prediction error signal 
during motor learning indicating the role of the cerebellum in learning new expected 
consequences of self-motion (Brooks and Cullen 2013; Brooks et al. 2015). Self- 
motion signal computed in the rFN could be essential for the cortical areas that 
receive a vestibular signal via the thalamus (Middleton and Strick 1997; Meng et al. 
2007) and have been reported to respond to translation and rotation stimuli (Gu 
et  al. 2006, 2008; Chen et  al. 2011a, b). Of particular interest are parietoinsular 
vestibular cortex (PIVC) and ventral intraparietal (VIP) area that exhibited a head- 
to- body reference frame transformation of vestibular signal (Chen et  al. 2013). 
Future studies should tackle the question of whether posterior vermis of the cerebel-
lum similarly to deep cerebellar nuclei integrates both vestibular and proprioceptive 
signals. It is paramount to investigate the cerebellar NU Purkinje cell responses 
during self-generated motions since its properties have been studied only during 
passive motion.

4  Conclusion

Accumulated evidence indicates that the cerebellum processes multisensory infor-
mation from vestibular, visual, and proprioceptive systems to correctly estimate 
self-motion during spatial orientation and navigation. Single-unit recordings in 
behaving animals from the cerebellar NU Purkinje cells suggest about its key role 
in the detection of inertial motion and gravity signals using internal model. These 
studies also indicate that vestibular afferent signal received by the CNS from otolith 
and semicircular canals undergoes several steps of transformation and that this 
transformation might happen within the cerebellar NU. Cerebellar NU Purkinje cell 
responses to visual optic flow suggest that visual signal processed by the cerebellum 
might contribute to the self-motion perception. We need further studies to under-
stand the visual-vestibular signal integration by the cerebellum fully. The results 
obtained from recordings in the deep cerebellar nuclei revealed the transformation 
from head-centered to body-centered reference frame on the level of cerebellar rFN 
neurons and the role of the proprioceptive signal during active motion. These refer-
ence frame transformations allow the brain to distinguish body motion from head 
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motion and are fundamental for active locomotion, posture control, and spatial navi-
gation. Thus, these studies could be an important foundation for future studies 
addressing multisensory integration in the cerebellum.
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Vestibular Perception: From Bench 
to Bedside

Heiko M. Rust, Barry M. Seemungal, and Amir Kheradmand

Abstract Classic experiments over several decades examined the physiology and 
pathophysiology of a critical brainstem function called vestibulo-ocular reflex. 
These studies provided a wealth of information on how the brain, particularly the 
cerebellum and brainstem, computes the representation of our own motion in order 
to generate compensatory movements. Contemporary literature over last two 
decades started focusing on an equally important aspects of vestibular function – the 
motion perception and spatial orientation. From both physiological and computa-
tional standpoints, these studies further extended the application of cerebellar prin-
ciples (for the control of vestibulo-ocular reflex) to thalamic and cortical function, 
emphasising on cerebello-cerebral connections. This chapter provides a concise 
review of the physiology and pathophysiology of vestibular perception and dis-
cusses seminal work from our laboratories.

Keywords Motion perception · Tilt · Vestibular cortex · Transcranial magnetic 
stimulation

1  Introduction

Our ability to walk and navigate in the environment requires that the brain estimate 
not only our postural orientation with respect to gravity (to stop us from falling 
over) but also our position relative to environmental landmarks (to stop us from get-
ting lost). To perform both functions – i.e. maintaining a stable posture and navigat-
ing in our environment – the brain combines signals of tilt (relative to gravity) and 
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signals of angular motion, from a variety of internal sensory signals, including the 
vestibular apparatus, as well as external (environmental) cues. Thus, for  determining 
how upright we are relative to gravity, the brain utilises the peripheral vestibular 
end-organ signals – mainly otolithic – as well as those from proprioceptive (e.g. 
joint angle signals) as well as environmental cues gleaned from visual inputs (and 
sound inputs).

A different type of spatial orientation to that of our perceived position with 
respect to gravity is that required for navigating in our environment. Ecologically, 
such orientation is performed while walking. A key concept is that the brain can 
convert signals of our body motion to our body position in space, either relative to 
some starting point in space – called egocentric orientation – or relative to an envi-
ronmental landmark – called allocentric orientation. This type of spatial orientation 
differs from our perception of our body tilt (relative to gravity) since the vestibular 
organ provides a direct indication of our tilt with respect to gravity from the otolith 
organs. In contrast, walking in the environment requires updating our position using 
both linear movements and angular rotations (i.e. rotations about an earth axis, oth-
erwise known as ‘yaw-plane’ rotations). Although, as described below, the vestibu-
lar system virtually always works in concert with other sensory systems, it appears 
however that, at least for yaw-plane orientation, the vestibular semicircular canal 
signals are critical. This is exemplified by the performance of patients who have 
complete loss of peripheral function in whom, when walking in the dark, updating 
their orientation when walking in a straight line is preserved (indicating 
somatosensory- related spatial updating) but who get lost when making a turn 
(Glasauer et al. 2002). This thus indicates the necessity of semicircular canal signals 
for spatial updating during locomotor turns in the dark and requires that the brain 
convert the vestibular nerve signal of head angular velocity to angular position. The 
ability for the brain to perform this signal transformation (angular velocity to angu-
lar position) is equivalent (i.e. we do not assume that the brain actually works like 
this) to an artificial circuit performing a mathematical temporal integration of the 
head velocity signal to position.

It follows that, if the brain derives our spatial orientation – at least for yaw-plane 
orientation – from self-motion signals, then how the brain estimates our self-motion 
will affect our angular spatial orientation (note, as described before, vestibular cues 
of head tilt are directly obtained from the otolith organ and are not a derived mea-
sure). Thus, at least for semicircular canal signals of head angular motion, there is a 
convergence of vestibular and large-field visual motion stimuli as early as the brain-
stem primary vestibular neurones (Allum et al. 1976; Henn et al. 1974; Reisine and 
Raphan 1992; Waespe and Henn 1977). Given this low-order convergence, it is also 
unsurprising that vestibular-responsive cerebral cortical neurons (as shown in pri-
mate studies) are also ubiquitously multimodal (Bremmer et al. 2002; Grüsser et al. 
1990a, b; Klam and Graf 2003; Schlack et al. 2002). This visual–vestibular conver-
gence manifests in the ‘train illusion’, i.e. our sensation of self-motion engendered 
by a train moving past us (a phenomenon called ‘vection’). The effect of sensory 
inputs – e.g. the train illusion – is also modulated by non-sensory cognitive cues 
such as environmental context, since the train illusion is more easily provoked when 
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sitting in a stationary train, which could move at any moment, compared to sitting 
on the train platform, when we are very unlikely to move (Guedry Jr. 1974).

The otoliths  – which are biological linear accelerometers  – measure our tilt, 
since gravity (‘g’) is equivalent to us accelerating upwards into space while standing 
on an elevator where such an acceleration would enable our feet to be firmly planted 
onto the elevator floor. Equally, the otoliths will respond to any acceleration, and 
this does not have to be g. It is unlikely that humans evolved to transduce non-g 
high-acceleration situations, but artificial environments of the modern world push 
our brain’s capacity to the limits; e.g. an aviator being catapulted off the deck of an 
aircraft carrier (the steam catapults of the US Navy accelerate a typical aircraft from 
zero to 200 knots within 4 seconds) will perceive a strong sense of upwards tilt or 
have an illusion of visual tilt when looking at the instrument panels within the cock-
pit, which are known as somatogravic and oculogravic illusions (Guedry Jr. 1974). 
These illusions result from a horizontal linear acceleration of the aircraft combined 
with g giving a resultant acceleration (via vector addition) of a tilt. Likewise, in 
microgravity, astronauts often report difficulty distinguishing the spacecraft floors, 
walls and ceiling surfaces from one another and have tilt perception errors. 
Fortunately, such extreme artificial environments are uncommon, and normally, the 
brain will disambiguate tilt and linear acceleration by combining canal and otolith 
signals. In this process, the posterior cerebellum carries out the computations neces-
sary to distinguish between tilt and translation (Yakusheva et al. 2007), although 
this mechanism is not fail-safe in extreme environments as in the aviator on an air-
craft carrier.

Thus, it is convenient to split vestibular perception into two main (but partially 
overlapping) components: (i) an awareness of our position in space: ‘where am I?’ 
and (ii) a sensation of self-motion: ‘am I moving?’ Our internal estimates of self- 
motion may be used by the brain for balance control. Theoretically, this is most 
likely for movements that introduce a change with respect to gravity – e.g. roll and 
pitch – since, when standing, excessive sway (i.e. roll and pitch movements) may 
result in a fall. Indeed, balance control in the elderly may be linked to elevated self- 
motion perceptual thresholds in the roll plane (Karmali et  al. 2017; Seemungal 
2005; Seemungal et al. 2004). In contrast, ecological yaw-plane rotations (i.e. that 
of normal body and head movements) are, by definition, orthogonal to gravity and 
hence, in isolation, will not result in a body attitude that will exceed the limits of 
one’s stance.

Although ecologically vestibular signals are virtually always activated together 
with other sensory modalities, in the laboratory, it is possible to isolate the contribu-
tion of vestibular signals, to investigate brain processes involved in spatial orienta-
tion and self-motion perception. Such experiments typically involve passive 
whole-body movement (or change in orientation) of human subjects in the dark. In 
this chapter, we discuss the results of these studies and focus on the contribution of 
vestibular inputs and their interaction with other sensory modalities that mediate our 
coherent perception of self-motion and spatial orientation, and in addition, when 
available, we discuss their neural correlates.
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2  The Peripheral Vestibular Apparatus and Vestibular 
Reflex Functioning

Stimulation of the vestibular organs results in a cascade of sensory and motor con-
sequences, some as part of low-order reflex mechanisms and others as higher-order 
outputs, e.g. orientation with respect to the surrounding environment or motion per-
ception. Any understanding of higher-order sensory functioning requires a clear 
understanding of the sensory apparatus that transduces external stimuli, how these 
signals are processed, and how they are funnelled towards the high-order brain 
structures.

The peripheral vestibular apparatuses – which transduce head acceleration stim-
uli  – are sited within the bony labyrinths. These peripheral organs comprise the 
semicircular canals, which transduce angular acceleration, and the otoliths, which 
transduce linear acceleration or tilt with respect to gravity. The most well-known 
vestibular reflex is the vestibulo-ocular reflex (VOR), which is vital for maintaining 
visual stability with changes in the head position (Fig. 1). In humans, in addition to 
the horizontal and vertical VOR, lateral head tilts (i.e. with respect to gravity) lead 
to changes in the torsional eye position in the opposite direction of the head tilt. This 
ocular counter-roll (OCR) is a constrained, phylogenetically old vestibular reflex 
and, in contrast to horizontal or vertical VOR, does not match the magnitude of the 
head tilt. Most available clinical tests of vestibular function are focused on evalua-
tion of VOR function, such as those test used to interrogate semicircular canal func-
tion (e.g. via bithermal caloric responses), or those that are used to interrogate 
otolith function (e.g. vestibular-evoked myogenic potentials or VEMP). In this con-
text, the lack of routine vestibular perceptual testing in the clinic is problematic 
since only a (relatively) small part of the vestibular system can be interrogated using 
VOR testing.

VOR

HEAD
head-in-space

NECK
head-on-body

BODY
Body-in-space

HEAD & BODY 
(in space)

EYE
eye-in-head

RETINAL IMAGE 
(in head)   

SPATIAL ORIENTATION

Fig. 1 Perception of spatial orientation involves integration of vestibular inputs that encode the 
head position in space with sensory inputs that encode the eye and body positions. In this process, 
through the vestibulo-ocular reflex (VOR), the position of the head determines the eye position
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3  Vestibular Perception

3.1  Multimodal Contributions

The brain uses all available information, including vestibular, visual, propriocep-
tive, and somatosensory cues – such as neck and trunk position – as well as cogni-
tive information from previous experience in estimating the orientation of our body 
and motion with respect to our environment (Cullen 2018; Guedry Jr. 1974; 
Seemungal 2014; Kheradmand and Winnick 2017; Alberts et al. 2016b; Barbieri 
et al. 2008; Barra et al. 2012; Böhmer and Mast 1999; Carriot et al. 2011; Ceyte 
et al. 2009; Day and Wade 1969; McKenna et al. 2004; Riccio et al. 1992; Trousselard 
et al. 2004; Wade 1968; Clemens et al. 2011; Bray et al. 2004; Wright and Horak 
2007). Indeed, multimodal sensory integration is the basis for our stable perception 
of the world in upright orientation, despite frequent changes in our eye, head and 
body positions (a feature known as ‘orientation constancy’). An example of a dis-
rupted orientation constancy is seen in the room tilt illusion (Akdal et al. 2017) – 
which most commonly occurs with acute migraine or acute stroke and less 
commonly during otolith crisis of Tumarkin in Meniere’s disease – in which the 
patient complains of a perception of the world being either upside down or tilted, 
and is presumably mediated by central otolith pathways.

In addition to vestibular inputs, sensory modalities that encode the neck and 
trunk positions modulate the brain’s estimate of our body or environmental tilt with 
respect to gravity  (Alberts et  al. 2016b; Barbieri et  al. 2008; Barra et  al. 2012; 
Böhmer and Mast 1999; Carriot et al. 2011; Ceyte et al. 2009; Day and Wade 1969; 
McKenna et al. 2004; Riccio et al. 1992; Trousselard et al. 2004; Wade 1968). The 
relative strengths of sensory inputs’ influence upon our perceived spatial orientation 
are modulated by context and over time, e.g. while upright, vestibular inputs have a 
greater influence on our spatial orientation, whereas somatosensory inputs dominate 
when we are recumbent (Alberts et  al. 2016b; Lechner-Steinleitner 1978). 
Somatosensory neck inputs dominate during a maintained head tilt, when there is a 
gradual drift in estimating upright orientation, typically in the direction of the head 
tilt – and of a magnitude greater than that provoked by an equal body tilt – which is 
followed by a post-adaptive perceptual bias which unsurprisingly is not related to 
adaption in the VOR (Fig.  3) (Lechner-Steinleitner 1978; Tarnutzer et  al. 2013; 
Wade 1968, 1970; Otero-Millan and Kheradmand 2016).

Our daily environment is rich with visual cues that can also affect spatial orienta-
tion through integration with vestibular inputs. Strong effects of visual cues can be 
seen in various settings, ranging from an entire tilted furnished room to simple cues 
such as a square visual frame, in which a perpetual bias can be induced by the ori-
entation of the frame (known as the rod-and-frame effect) (Asch and Witkin 1948; 
Cian et al. 2001; Dyde and Milner 2002; Fiori et al. 2014; Groen et al. 2002; Haji- 
Khamneh and Harris 2010; Howard 1982; Howard and Childerson 1994; Jenkin 
et  al. 2003; Kupferberg et  al. 2009; Mittelstaedt 1986; Tomassini et  al. 2014; 
Vingerhoets et  al. 2009; Zoccolotti et  al. 1992). Similarly, background visual 
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motion, such as large-field visual motion, can bias our spatial orientation, and these 
visual effects are more dominant when our body is tilted away from the vertical, 
consistent with context-dependent modulation of sensory cues in affecting our spa-
tial perception (Alberts et al. 2016a; Corbett and Enns 2006; Dichgans et al. 1972; 
Dyde et al. 2006; Goto et al. 2003; Guerraz et al. 2001; Lopez et al. 2007; Vingerhoets 
et al. 2008).

Self-motion perception can be considered a primary vestibular sensation, being 
prominently linked to activation of the semicircular canals and, to a lesser extent, 
the otoliths (Guedry Jr. 1974; Fetsch et al. 2011; Karmali et al. 2014). Regarding 
non-vestibular cues engendering self-motion sensation, large-field visual motion 
cues easily provoke self-motion sensation, whereas somatosensory cues only 
weakly elicit self-motion sensation. During real whole-body angular rotations in the 
dark, preserved semicircular canal function is critical in maintaining self-motion 
perception, as evidenced by a vestibular patient’s inability to detect and/or spatially 
orientate during either passive or active whole-body turns (Glasauer et  al. 2002; 
Fetsch et al. 2011). In contrast, somatosensory inputs assume a greater importance 
for detecting linear motion as evidenced by performance of vestibular patinets in 
passive linear motion threshold and tilt perception studies (Gianna et al. 1995, 1996; 
Wiest et al. 2001; Yates et al. 2000). Having said that, although somatosensory cues 
support the perception of self-motion when engendered by other cues, rarely do 
somatosensory cues elicit vivid sensations of self-motion on their own.

3.2  Ambiguity of Vestibular Sensations

In the process of integrating vestibular inputs into vestibular-mediated perceptions, 
the compensatory movement of the eyes through the VOR response is critical for 
maintaining visual stability with changes in the head position (Fig. 1). In humans, a 
lateral head tilt (i.e. changes in the head position in the roll plane), as opposed to 
head movement in the horizontal (yaw) or vertical (pitch) plane, leads to a partial 
VOR response that does not match the magnitude of the head movement (i.e. OCR 
response) (Kheradmand and Winnick 2017; Otero-Millan and Kheradmand 2016). 
Because of this partial OCR response, lateral head tilt with respect to gravity results 
in a mismatch between the head position in space and eye position within the orbit, 
which requires neural integration of sensory inputs that are encoded in different 
reference frames in order to maintain spatial orientation (Fig. 2a). Such  discrepancies 
between vestibular inputs and other sensory modalities highlight the importance of 
higher-order processing that maintains perceptual stability while we interact with 
the surrounding environment. Such processing demand can be measured by a psy-
chophysical task known as the subjective visual vertical (SVV), in which a visual 
line is used to measure perceived earth-vertical orientation in the absence of orienta-
tion cues (Fig. 2b) (Kheradmand et al. 2016; Kheradmand and Winnick 2017). In 
the upright position, where the visual and vestibular reference frames are all aligned 
with the axis of gravity, perceived spatial orientation typically remains within two 
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degrees of earth-vertical (Kheradmand and Winnick 2017). During whole-body or 
head tilts, however, SVV errors increase as the visual and vestibular reference 
frames become separated. Thus, SVV errors during head tilt reflect challenges for 
the brain in maintaining a common reference frame for spatial orientation based on 
vestibular and visual inputs (Fig.  3) (Van Beuzekom and Van Gisbergen 2000; 
Howard 1982; Tarnutzer et al. 2009; Mittelstaedt 1983).

Usually, SVV errors are biased in the direction of the tilt at angles greater than 
60° (known as Aubert or A-effect), and they are often biased in the opposite direc-
tion of the tilt at smaller tilt angles (known as Entgegengesetzt or E-effect) (Fig. 2b) 
(Aubert 1861; Howard 1982; Mittelstaedt 1983; Müller 1916; Van Beuzekom and 
Van Gisbergen 2000). These systematic errors do not correspond with the perceived 
head tilt position, which generally remains more accurate than spatial orientation 
(Bronstein 1999; Kaptein and Van Gisbergen 2004; Mittelstaedt 1983; Van 

Small head tilt Large head tilt 
(E effect)

Head upright 
(A effect)

SVV SVV SVV

HeadRetina
Head

Retina

Head Upright Head tilted 

A

B

Fig. 2 (a) In the upright position, the reference frames for visual and vestibular inputs are aligned 
with the axis of gravity. During a lateral head tilt, however, the ocular counter-roll (OCR) only 
partially compensates for the amount of the head tilt, and these reference frames become separated. 
(b) Systematic biases in spatial orientation are shown as the subjective visual vertical (SVV) errors 
during lateral head tilts. Typically, SVV errors are within two degrees of earth-vertical in the 
upright position. The E-effect occurs at small tilt angles with an SVV error deviation in the oppo-
site direction of the head tilt. The A-effect occurs at large tilt angles with an SVV error deviation 
in the direction of the head tilt
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Beuzekom et al. 2001; Van Beuzekom and Van Gisbergen 2000). The errors of spa-
tial orientation are also dissociated from the ocular counter-roll (i.e. the VOR 
response during head tilt) (Fig.  3a) (Otero-Millan and Kheradmand 2016). Such 
dissociations show that the spatial orientation is not simply determined by the ves-
tibular inputs that encode head position and, thus, further sensory processing and 
integration must take place within the neural networks involved in spatial 
orientation.

The ambiguity of self-motion perception for yaw-plane rotations or lateral 
motion is well described as experienced by us all when looking at a moving train 
which engenders a sense of self-motion. The brain processes that aim to reduce the 
ambiguity of self versus visual motion have been studied extensively (Bense et al. 
2001; Bottini et  al. 2001; Dieterich and Brandt 2008; Probst et  al. 1985, 1986; 
Probst and Wist 1990; Stephan et al. 2005; Wenzel et al. 1996). One theory consid-
ers that there is a reciprocal visual–vestibular inhibition for motion perception such 
that the brain generates a percept either of self-motion (i.e. ‘our train is moving’) or 
of object motion (‘the other train is moving’). The support for such a hypothesis 
runs from psychophysics (Probst et al. 1985, 1986), neurophysiology (Probst and 
Wist 1990), neuroimaging (Bense et  al. 2001; Bottini et  al. 2001; Dieterich and 
Brandt 2008; Stephan et al. 2005; Wenzel et al. 1996) and visual cortical excitability 
studies in humans (Seemungal et al. 2013).

The strong sensation of self-motion and imbalance one perceives when stepping 
off a fast spinning ‘merry-go-round’ or the complaint of a continuous vertigo in a 
patient with a vestibular neuritis (with a third-degree vestibular nystagmus) clearly 
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Fig. 3 (a) Subjective visual vertical (SVV) and ocular counter-roll (OCR) measured simultane-
ously at three head positions: upright, 20° head tilt and back to upright (12 subjects). The SVV 
errors are dissociated from the OCR during and after head tilt. (b) Continuous SVV recording for 
500 trials (5 blocks of 100 trials ~10 mins) along with simultaneous OCR measurements during 
20° left head tilt (eight subjects). Both SVV and OCR are normalised to their baseline values from 
the first block. There is a larger SVV drift for the duration of the head tilt compared to the OCR. The 
error bars show the standard error of the mean
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reflects a coupling of the VOR and vestibular-mediated motion perception. However, 
an uncoupling of vestibular reflexes and perception can occur naturally in subjects 
who are repeatedly exposed to strong vestibular and visual stimuli (e.g. pirouetting 
in dancers). Such uncoupling is also seen in the ballet dancers during whole-body 
step-rotations (Nigmatullina et al. 2015). Ballet dancers are known to have attenu-
ated vestibular responses (Osterhammel et al. 1968; Okada et al. 1999). The control 
group, on the other hand, showed the usual congruency between high-order percep-
tual response and low-order VOR responses.

3.3  The Neural Correlates of Vestibular Sensations

As mentioned previously, vestibular-guided spatial orientation – e.g. updating our 
directional heading during locomotor turns in the dark – requires the brain to con-
vert the vestibular signals of head angular velocity to travelled angle via a process 
called path integration (Mittelstaedt and Mittelstaedt 1980; Seemungal et al. 2007). 
The neural correlates that convert the inertial signals of self-motion to travelled 
distance (i.e. the neural correlates of path integration) have been a focus of animal 
and human research. One potential parallel is eye movement control that similarly 
requires a velocity-to-position conversion which is mediated by known neural sub-
strates in the brainstem and cerebellar circuits, the so-called ocular motor neural 
integrator. For vestibular-guided spatial orientation, the velocity-to-position conver-
sion could emanate from a bottom-up process, such with perceived travelled dis-
tance being an output of the ocular motor neural integrator. Current evidence, 
however, does not support a bottom-up model for human vestibular-guided spatial 
orientation. In primates, vestibular thalamic relay circuits do not possess head-in- 
space signals but show vestibular-related head velocity signals (Meng et al. 2007). 
Indeed, Kaski et al. (2016) showed that focal cortical stroke in patients does not 
affect vestibular-derived motion perception. In contrast, they found that temporopa-
rietal lesions resulted in a spatial deficit when navigating passively and rotating 
under vestibular guidance in a contralesional direction.

Functional magnetic resonance imaging (fMRI) and positron emission tomogra-
phy (PET) have enabled the exploration of the cerebral cortical regions that are 
activated by vestibular stimulation (Kheradmand and Winnick 2017; Lopez et al. 
2012). Given that functional neuroimaging requires subjects to remain still, yet the 
ecological vestibular stimulus is head motion, a variety of surrogate means for stim-
ulating the vestibular apparatus during human neuroimaging studies have been 
used – from bithermal caloric irrigation or galvanic stimulation. This means that the 
cortical brain activity related to such stimulation may not be related to vestibular 
perception simply on the account that the brain activity being located is in the cere-
bral cortex. Nevertheless, studies in healthy subjects undergoing vestibular stimula-
tion in the neuroimaging scanners have shown signal in the insula, superior temporal 
gyrus, inferior parietal lobule, parietal operculum, somatosensory cortex, cingulate 
gyrus, frontal cortex and hippocampus (Bense et  al. 2001; Bottini et  al. 2001;   
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Dieterich et al. 2003; Eickhoff et al. 2006; Emri et al. 2003; Indovina et al. 2005; 
Lobel et al. 1998; Stephan et al. 2005; Suzuki et al. 2001; zu Eulenburg et al. 2012). 
A meta-analysis suggested that the core region showing activation across these stud-
ies involves the retroinsular cortex and parietal operculum (Lopez et al. 2012).

Several studies, including neuroimaging studies, support the notion that the 
‘higher-order’ vestibular processing that contributes to spatial orientation is local-
ised to the temporoparietal junction (TPJ), and it shares the same neural substrate 
with perception of body orientation, heading perception and visual gravitational 
motion (Blanke et al. 2015; Bosco et al. 2008; Cazzato et al. 2015; Donaldson et al. 
2015; Hansen et  al. 2015; Igelström and Graziano 2017; Indovina et  al. 2005; 
Jáuregui Renaud 2015; Kaski et al. 2016; Lacquaniti et al. 2013; Lopez et al. 2008a; 
Roberts et al. 2016; Saj et al. 2014; Silani et al. 2013; Ventre-Dominey 2014; Lester 
and Dassonville 2014; Karnath and Dieterich 2006; Kerkhoff 1999; Utz et al. 2011). 
The role of TPJ in this aspect of vestibular perception has been studied in patients 
with TPJ lesions and with noninvasive brain stimulation in healthy subjects 
(Kheradmand et al. 2015; Fiori et al. 2015; Santos-Pontelli et al. 2016; Lester and 
Dassonville 2014; Karnath and Dieterich 2006; Kerkhoff 1999; Utz et al. 2011). 
Similar to TPJ lesions, the disruptive effect of transcranial magnetic stimulation 
(TMS) at the right TPJ in healthy controls can alter spatial orientation with respect 
to gravity (Fig. 4a) (Kheradmand et al. 2015; Otero-Millan et al. 2018). This effect 
is measured as a TMS-induced SVV shift and is dissociated from the OCR response 
during head tilt. The dissociation of TMS-induced SVV shift from OCR shows that 

Fig. 4 (a) An example of TMS effect within the right TPJ in one subject. The inhibitory effect of 
TMS at the posterior aspect of supramarginal gyrus (SMG) results in larger SVV shift compared 
to other locations. (b) The SVV deviations with peripheral vestibular and brainstem lesions (x) are 
mainly related to pathological changes in the vestibulo-ocular pathways, which is often associated 
with commensurate deviations in the eye and head positions in the roll plane. These deviations are 
ipsilesional with caudal lesions and contralesional with rostral lesions. With TPJ lesions, the SVV 
deviations are mostly contralesional (90% of patients) and are not associated with pathological 
vestibulo-ocular changes
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the TPJ cortical mechanisms are primarily involved in processing vestibular inputs, 
in contrast to subcortical regions that can influence spatial orientation directly 
through vestibulo-ocular responses (Fig. 4b).

Another method of localising vestibular perceptual functioning is to obtain psy-
chophysical measurements in human subjects in the laboratory and then to obtain 
structural neuroimaging in a separate session. By correlating between subject vari-
ability in behaviour and in brain imaging parameters, one can make structural–func-
tional comparisons across the group of individuals (Nigmatullina et al. 2015). To 
address neuroanatomical correlates of vestibular motion perception, Nigmatullina 
et al. (Nigmatullina et al. 2015) collected behavioural and structural neuroimaging 
data from 49 young, healthy, right-handed females who were either ballerinas or 
rowers (Fig. 5). Ballerinas’ long-term pirouetting training is a model of extreme 
vestibular adaptation, while rowers acted as controls matched for physical activity. 
One of their main findings using a voxel-based morphometry (VBM) was that ballet 
dancers show reduced grey matter (GM) density in the vestibular cerebellum com-
pared to controls (in a whole brain analysis). They then found that the duration of 
vertigo following a rotational stop (constant angular 90 °/s velocity) in dancers was 
correlated with the density of vestibular cerebellar grey matter (shorter responses 
were associated with lower grey matter density), but this relationship was positively 
correlated in controls. In both controls and dancers, the duration of the evoked 
reflexive VOR response (following a stopping response) was positively correlated. 
These data suggest that the vestibular cerebellum is key in mediating the uncoupling 
for vestibular reflex and perceptual functions. Indeed, isolated cerebellar strokes are 
associated with acute vertigo, even without a nystagmus, indicating the importance 
of the vestibular cerebellum in processing the signals of self-motion that ascend to 
perceptual regions (Amarenco et  al. 1990; Disher et  al. 1991; Horii et  al. 2006; 
Huang and Yu 1985; Lee and Cho 2004; Lee et al. 2006; Lee et al. 2003; Seemungal 
2007). In addition, the same study – via diffusion tensor imaging (DTI) – demon-
strated the extensive cerebral cortical white matter network – which interestingly 
was bilateral – that correlated with vestibular motion perception. The DTI parame-
ters did not reach significance in the dancers’ group, perhaps indicating an attenua-
tion of vestibular motion signals at cortical level in dancers. Comparing groups, 
however, a core white matter network was identified, and this was focussed in the 
TPJ region bilaterally. These data support the notion that vestibular self-motion 
perception is mediated by an extensive and bilateral white matter circuit in the cere-
bral cortex. Indeed, a network concept of self-motion perception predicts that single 
focal brain lesions will not lead to significant lateralised impairments of vestibular 
self-motion perception (Seemungal 2014). Evidence for this was provided by Kaski 
et al. who showed that focal brain lesions in the TPJ affected vestibular spatial but 
not vestibular motion perception (Kaski et al. 2016). Indeed, the clinical observation 
of the loss of vestibular motion perception in elderly patients (Seemungal 2005), 
hypothesised to be due to the cortical network disruption from white matter disease, 
was instrumental in the development of a specific technique to probe self-motion 
perception as a factor in falls in the elderly (Seemungal 2005).

In the first study to investigate cortical aspects of vestibular function using brain 
stimulation, it was shown that repetitive transcranial magnetic stimulation (rTMS) 
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Fig. 5 Results of grey matter (GM) analysis in ballet dancers versus controls. (a) Whole-brain 
GM comparison showed a reduction in GM density in the posterior cerebellum in dancers com-
pared with controls (dancers<controls). This region was then used as a mask in subsequent GM 
analyses (c, d). The inset graph on the right shows the mean GM density of the posterior cerebel-
lum region in the two groups. (b) The mean GM density of the cerebellar regions from dancers and 
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to the posterior parietal cortex disrupted vestibular spatial percepts of angular posi-
tion for contralateral rotations, but not perceived angular velocity of rotation 
(Seemungal et al. 2008). These findings were also confirmed in a study assessing 
patients with acute infarcts involving the right TPJ (Fig. 6) (Kaski et al. 2016). In 
this study involving patients with less than 2 weeks of their infarct (typically lesion 
studies combine patients of highly variable lesion ages) and using voxel-based 
lesion–symptom mapping (VLSM) techniques, the effect of acute right hemisphere 
lesions on perceived angular position, velocity, and motion duration during whole- 
body rotations in the dark were explored. First, compared to healthy controls, out of 
18 acute stroke patients tested, only four patients with damage to the TPJ showed 
impaired spatial orientation performance for leftward (contralesional) compared to 
rightward (ipsilesional) rotations. Second, only patients with TPJ damage showed a 
congruent underestimation in both their travelled distance (perceived as shorter) and 
motion duration (perceived as briefer) for leftward compared to rightward rotations. 
All 18 patients tested showed normal self-motion perception. These data suggest 
that the TPJ may encode vestibular-guided movement in a form that reflects the 
relationship between travelled distance (s), velocity of motion (v), and duration of 
motion (t), i.e. s = ∫v.dt, a suggestion which was previously made by Berthoz and 
colleagues in a pioneering study (Berthoz et al. 1995) but also subsequently sup-
ported by rTMS studies (Seemungal et  al. 2007) (Kaski et  al. 2016). Thus, an 
impaired cortical integration of vestibular head motion inputs could underpin other 
types of egocentric topographical disorientation syndromes associated with focal 
posterior right hemispheric lesions (Aguirre and D’Esposito 1999).

4  Vestibular Perception in a Clinical Context

Vestibular dysfunction can affect perceptions of spatial orientation or self-motion. 
Patients with peripheral vestibular loss may develop pronounced visual dependence 
which is implicated in the development of a chronic maladaptive syndrome called 
PPPD or ‘persistent postural–perceptual dizziness’ which manifests with an 
 excessive sensitivity to visual motion stimuli and busy visual environments (Lopez 
et  al. 2006, 2007; Dichgans et  al. 1972; Goto et  al. 2003; Guerraz et  al. 2001; 

Fig. 5 (continued) control analysis (a) negatively correlates with the relative dancing experience 
(1 = maximum dancing experience). (c) Intergroup interaction revealed a cluster, where GM den-
sity shows opposing correlations for perceptual time constants (TCs) in dancers and controls. (d) 
In dancers, a significant cluster (left panel) was found in which GM density correlates negatively 
with ocular motor time constants (TCs) and positively with perceptual TC. In controls, significant 
cluster (right panel) was found where GM density negatively correlates with both ocular motor and 
perceptual TCs (c, d). The inset graphs, with corresponding r values, illustrate the correlations by 
plotting the mean GM value of the significant cluster for each subject with the corresponding psy-
chophysical measures (a, c, d). The significant clusters are shown at P < 0.05 (corrected) superim-
posed on a structural T1 image (grey) in the coronal view with a Talairach coordinate (mm). Color 
bars indicates t values. R, right; L, left
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Popkirov et  al. 2018). Patients with peripheral vestibular loss usually have more 
pronounced A-effect during head tilt consistent with reduced weight of vestibular 
inputs in the process of sensory integration for spatial orientation (Bronstein 1999; 
Bronstein et  al. 1996; Dai et  al. 1989; Graybiel et  al. 1968; Lopez et  al. 2008b; 
Müller et al. 2016; Toupet et al. 2014). The effect of visual cues is altered in these 
patients, with a pronounced visual dependence towards the side of vestibular loss 
(Lopez et al. 2006) (Dichgans et al. 1972; Goto et al. 2003; Guerraz et al. 2001; 
Lopez et  al. 2007). Vestibular-mediated spatial orientation is also altered with 

Fig. 6 Right hemispheric lesions in 18 stroke patients taken from Kaski et al. 2016. Brain lesion 
maps and analysis. (a) Lesion map of all stroke patients (patients S1–S18). (b) Lesion subtraction 
analysis for patients S1–S18 localised the position task deficit to the temporoparietal junction 
(TPJ) shown in yellow. (c) Voxel-based lesion–symptom mapping (VLSM) analysis. The bar on 
the far right gives the colour coding for the significance level for the VLSM analysis. The most 
significant regions are in the angular gyrus and just reaching the superior temporal gyrus, with 
further less significant voxels in the middle temporal gyrus
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lesions involving the cerebral hemispheres or brainstem. The effect of these ‘cen-
tral’ lesions are mainly described in the context of ischaemic infarcts (Brandt et al. 
1994; Baier et al. 2012; Barra et al. 2010; Kerkhoff and Zoelch 1998; Rousseaux 
et al. 2015). With hemispheric lesions, spatial deviations with respect to gravity are 
mainly contralesional (i.e. away from the side of the lesion), whereas only about 
10% of patients may have ipsilesional deviations (i.e. towards the side of the lesion) 
(Baier et al. 2013; Barra et al. 2010; Brandt et al. 1994; Kerkhoff and Zoelch 1998; 
Pérennou et al. 2008; Saj et al. 2005; Yelnik et al. 2002). With brainstem lesions, 
however, spatial deviations are always ipsilesional with caudal brainstem involve-
ment and contralesional with rostral brainstem involvement (Dieterich and Brandt 
1993). In addition, the extent of deviations with hemispheric lesions is usually less 
than brainstem or peripheral vestibular lesions (Dieterich and Brandt 1993; Hafström 
et al. 2004). These anatomical differences could be linked to pathological vestibulo- 
ocular changes with brainstem lesions that can directly affect the orientation of the 
images on the retina, whereas at the level of TPJ, spatial orientation is primarily 
linked to vestibular processing and integration with other sensory modalities 
(Fig. 4b) (Brodsky et al. 2006).

The hemispheric lesions that cause spatial deviations converge largely around 
the inferior parietal lobule within the TPJ (Kheradmand and Winnick 2017). A sub-
set of these patients also have robust postural deviations and actively resist correct-
ing their false postural orientation back to upright position (Danells et  al. 2004; 
Dieterich and Brandt 1992; Johannsen et al. 2006; Paci et al. 2009; Pérennou et al. 
2008). Patients with this phenomenon, which is known as ‘pusher syndrome’, are 
unable to learn to walk again even with proper assistance and have longer-lasting 
spatial deviations (Mansfield et al. 2015). Pushing behaviour is highly correlated 
with spatial deviation, suggesting that these patients actively align their body with 
their erroneous spatial perception.

Another disorder associated with spatial disorientation is vestibular migraine. 
Patients with vestibular migraine typically complain of dizziness, disorientation or 
sense of disequilibrium, often triggered or aggravated with changes in the head or 
body positions. This type of migraine presentation accounts for the most common 
cause of episodic dizziness (Balaban 2016; Dieterich et  al. 2016; Furman et  al. 
2013; Lempert et al. 2012). Patients with vestibular migraine were found to have 
larger errors of spatial orientation compared with healthy controls (Winnick et al. 
2018). These larger errors were in the opposite direction of the head tilt, consistent 
with overestimation of the head position in the process of sensory integration for 
spatial orientation (i.e. larger E effect). In keeping with this result, patients mostly 
reported dizziness in the same head direction that induced larger errors of spatial 
perception. Other studies have shown high variability in spatial orientation with the 
head in upright position and more pronounced postural sway in these patients com-
pared to those with other types of migraine or healthy controls (Asai et al. 2009; 
Furman et al. 2005; Kandemir et al. 2014; Teggi et al. 2009). Altogether, these find-
ings suggest that visuospatial symptoms and dizziness in vestibular migraine could 
be related to sensory processes involved in integration of vestibular inputs into per-
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ception of spatial orientation. Patients with vestibular migraine are also found to 
have reduced motion detection thresholds in the roll plane (Lewis et al. 2011).

Perceptuo-reflex uncoupling, whereby there is a loss of correspondence between 
vestibular reflex functioning and perception (i.e. symptoms), can be observed in 
acute and chronic vestibular patients. Although patients with a vestibular neuritis 
show strong coupling between symptoms and signs (i.e. as the vestibular nystagmus 
subsides so does their vertigo), acute patients with isolated cerebellar strokes not 
involving the brainstem may have strong sensations of vertigo without nystagmus 
(Amarenco et al. 1990; Disher et al. 1991; Horii et al. 2006; Huang and Yu 1985; 
Lee and Cho 2004; Lee et al. 2006; Lee et al. 2003; Seemungal 2007). Indeed, ver-
tigo is the commonest – and occasionally the only – symptom in patients with cer-
ebellar strokes (Amarenco et al. 1990, Disher et al. 1991; Horii et al. 2006; Huang 
and Yu 1985; Lee 2014; Lee and Cho 2004; Lee et  al. 2006; Lee et  al. 2003; 
Seemungal 2007). In contrast to acute patients, patients with a previous vestibular 
neuritis may show VOR recovery in around half of patients; however, a key finding 
is that recovery of VOR functioning is not correlated with symptomatic burden 
(Bergenius and Perols 1999; Jacobson and McCaslin 2003; Kammerlind et al. 2005; 
Okinaka et al. 1993; Palla et al. 2008). Whether the vestibular cerebellum mediates 
symptomatic recovery following a peripheral vestibular neuritis remains speculative 
but is supported by its involvement in experience-dependent, perceptuo-reflex 
uncoupling between nystagmus and perception in dancers (Nigmatullina et al. 2015).
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Abstract Sensory input from the otolith organs and the semicircular canals is com-
bined in the vestibular nuclei and forwarded to other brainstem, cerebellar, and 
higher cortical areas by the central graviceptive pathways. This network forms the 
basis for internal estimates of the direction of gravity. Lateralized lesions along 
these pathways will result in vestibular tone imbalance in the roll plane. This can be 
observed both at the level of brainstem reflexes as the ocular tilt reaction (OTR; 
consisting of ocular torsion, head tilt, and skew deviation) and at the higher level of 
cortical behavioral paradigms (such as the subjective visual vertical, SVV). Recent 
research has demonstrated a wide network of cerebellar and brainstem areas con-
tributing to these internal estimates. While cerebellar lesions including the dentate 
nucleus, nodulus, or flocculus result in contraversive OTR and shifts of perceived 
vertical, lesions affecting the biventer lobule, the middle cerebellar peduncle, the 
tonsil, and the inferior semilunar lobule are associated with ipsiversive shifts of 
OTR and perceived vertical. Patients with brainstem lesions below the crossing of 
the graviceptive pathways at the level of the pons present with ipsilesional OTR and 
tilts of perceived vertical, while lesions above the crossing demonstrate contraver-
sive shifts. Specifically, ipsiversive shifts were noted for lesions affecting the medial 
longitudinal fasciculus (MLF) and the medial vestibular nucleus, whereas contra-
versive shifts were associated with lesions of the rostral interstitial nucleus of the 
MLF and the interstitial nucleus of Cajal. Distortions in verticality perception and 
OTR therefore can be mediated both by brainstem and cerebellar lesions.

Keywords Ocular torsion · Subjective visual vertical · Internal estimates of 
direction of gravity · Ocular tilt reaction · Perception

A. A. Tarnutzer (*) 
Department of Neurology, University Hospital Zurich and University of Zurich,  
Zurich, Switzerland

Neurology, Cantonal Hospital of Baden, Baden, Switzerland
e-mail: alexander.tarnutzer@access.uzh.ch

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31407-1_4&domain=pdf
mailto:alexander.tarnutzer@access.uzh.ch


74

1  Introduction

The central vestibular pathways (CVP) interconnect a network of brainstem, cere-
bellar, thalamic, and cortical areas involved in the processing, integration, and per-
ception of “graviceptive” input (Angelaki et al. 2009; Brandt and Dieterich 2017). 
Otolith (utricular and saccular) and semicircular canal (SCC) inputs converge at the 
brainstem vestibular nuclei; project via bilateral ascending pathways through the 
medial lateral fasciculus (MLF) to the ocular motor nuclei (N. III, N. IV, and N. VI), 
the interstitial nucleus of Cajal (INC), the rostral interstitial nucleus of the MLF 
(riMLF), and various thalamic subnuclei; and end in the temporo-peri-Sylvian ves-
tibular cortex (TPSVC) (Dieterich and Brandt 2015). The TPSVC is considered the 
human analogue of the parieto-insular vestibular cortex (PIVC) in nonhuman pri-
mates (Kahane et al. 2003), where vestibular input converges with other sensory 
signals and subserves perception of spatial orientation and navigation (Dieterich 
and Brandt 2008). In the upright position, the internal representation of gravity and 
spontaneous head orientation aligns with gravity, while the torsional orientation of 
the eyes is symmetric (binocular fundoscopic torsion = 0°). Depending on the exact 
topography of the lesion, vestibular tone imbalances lead to roll-tilts of perception, 
head, and body as well as to misalignments of the visual axes (skew deviation) and 
binocular torsion (Dieterich and Brandt 2015).

In the 1990s, the role of the brainstem in distorting the eyes and the perception 
of gravity was demonstrated by a series of landmark studies (Brandt and Dieterich 
1993, 1994; Dieterich and Brandt 1993a), while only anecdotal evidence was avail-
able at that time on the role of the cerebellum in generating internal estimates of the 
direction of gravity (Mossman and Halmagyi 1997). So during these days, research-
ers would have clearly identified the brainstem as a source of torsional deviations of 
the eyes and the perceived direction of gravity. However, since then, the role of the 
cerebellum in estimating the direction of gravity has been investigated with much 
greater detail, now requiring a more differentiated answer regarding failure of which 
neural networks are linked to vestibular tone imbalances in the roll plane.

In this chapter, I will mainly focus on the contribution of the cerebellum and the 
brainstem to internal estimates of the direction of gravity and summarize research 
published within the last 10–15 years. Special emphasis will be put on the anatomi-
cal/functional correlation of specific cerebellar/brainstem lesions, underlining the 
localizing value of these findings. However, the pattern in thalamic and cerebral 
lesions will also be discussed briefly.

There is a rich literature on neuronal networks responsible for discriminating tilt 
and translation in nonhuman primates (see, for example, Shaikh et al. 2005; Merfeld 
et al. 1999). This included the identification of Purkinje cells in the caudal cerebel-
lar vermis with responses that reflect estimates of head tilt (Laurens et al. 2013) and 
provide frequency-selective coding of tilt and translation (Yakusheva et al. 2008). 
However, these studies are beyond the scope of this chapter.
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2  Measuring Internal Estimates of the Direction of Gravity

2.1  Perceptual Measurements Using Higher Cortical 
Behavioral Paradigms

Internal estimates of the direction of gravity can be assessed in different domains 
(see Fig. 1) – with vision-based paradigms being most frequently used. In the sub-
jective visual vertical (SVV) task, an illuminated line is aligned with perceived 
direction of vertical in darkness (“subjective visual vertical” or SVV). Discarding 
retinal input, paradigms assessed verticality perception in the haptic domain (“sub-
jective haptic vertical” or SHV (Schuler et al. 2010)), based on verbal reports of 
current whole-body roll position (Kaptein and Van Gisbergen 2004) or based on 
self-positioning along the principle axes (“subjective postural vertical/horizontal”) 
(Perennou et al. 2008). All these paradigms have in common that they provide infor-
mation both about the accuracy (i.e., the degree of veracity) and the precision (i.e., 
the degree of reproducibility) of perceived vertical.

Under static conditions and in darkness, the SVV is mainly influenced by otolith 
signals and proprioceptive input (Barra et al. 2010), since darkness excludes visual 
references and the absence of rotation excludes a contribution by semicircular canal 
stimulation. The SVV in healthy human subjects when upright is accurate (i.e., 
within a range of ±2.5° of earth vertical (Perennou et al. 2008; Dieterich and Brandt 
1993b)), whereas while roll-tilted, systematic errors toward roll overestimation 
(E-effect, observed at moderate roll angles up to 60° and for roll angles beyond 
120–135°) and roll underestimation (A-effect, for roll angles between 60 and 120°) 
have been extensively studied (Kaptein and Van Gisbergen 2004; Tarnutzer et al. 
2009a; Clemens et al. 2011; De Vrijer et al. 2008). It was suggested that A- and 
E-effects are a consequence of how various sensory signals are centrally integrated 
into a unified percept of vertical (Mittelstaedt 1983). While Mittelstaedt puts a focus 

Fig. 1 Illustration of different experimental paradigms used to assess verticality perception. 
Whereas for the subjective visual vertical (SVV, panel a) a luminous line is aligned with perceived 
vertical, a rod is used instead in the subjective haptic vertical (SHV, panel b). Self-adjustments in 
darkness can be controlled by a joystick (subjective postural vertical, SPV, panel c) that allows 
active positioning in the roll plane using a motorized chair as shown in panel a
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on an imbalanced otolith input to cause the A- and E-effects (Mittelstaedt 1983), 
more recent modeling of perceived vertical underlined the role of a noisy but accu-
rate otolith signal (Tarnutzer et  al. 2009a; Clemens et  al. 2011; De Vrijer et  al. 
2008). To maximize the precision of verticality estimates, this noisy otolith estimate 
is combined with a bias that represents prior knowledge about where vertical is 
located. This bias refers to the body’s longitudinal axis and is based on the assump-
tion that small roll angles are more likely than large roll angles. Using this modeling 
approach, verticality estimates at small roll angles are accurate and precise; how-
ever, at larger roll angles, both A- and E-effects arise, reflecting the experimental 
data well (Tarnutzer et al. 2009a; De Vrijer et al. 2008). Likewise, SVV precision is 
dependent on roll angle. Compared to upright, it decreases with increasing head-roll 
angle and is minimal around 120–150° (Tarnutzer et  al. 2009a; De Vrijer et  al. 
2008). This pattern of SVV variability was successfully reproduced using an otolith 
model estimating the gravitational vertical based on the characteristics (e.g., firing 
rate, orientation of polarization vectors) of a group of utricular and saccular otolith 
afferents and a prior biasing errors toward the body’s longitudinal axis (Tarnutzer 
et al. 2009a; Clemens et al. 2011; De Vrijer et al. 2008; MacNeilage et al. 2007; 
Tarnutzer et al. 2012a).

2.2  Brainstem Reflexive Measurements of Internal Estimates 
of Direction of Gravity

Internal estimates of the direction of gravity not only provide a sense of vertical but 
also contribute to reflexive responses at the level of the brainstem and the cerebel-
lum controlling eye and head position in the roll plane. The goal of these reflexive 
responses is to stabilize posture by keeping torsional eye position and head roll 
orientation aligned with gravity. Likewise, vertical eye position is kept aligned and 
perpendicular to the gravitational vertical. A biased internal estimate of the direc-
tion of gravity, e.g., due to unilateral damage of the central vestibular pathways, will 
result in distortion of these brainstem reflexes  – a clinical finding referred to as 
(partial or complete) ocular tilt reaction (OTR; for details, see below in sect. 3).

Internal estimates of the direction of gravity can be assessed by quantifying ocu-
lar torsion using fundus photography, by measuring head roll and vertical ocular 
divergence (skew) (for details, see (Dieterich and Brandt 1993b)). Specifically, head 
roll will result in a modification of torsional eye position. This reflex is mediated by 
the otolith organs and has been termed ocular counter roll (OCR) (Collewijn et al. 
1985). OCR compensates for approximately 10% of head roll under static condi-
tions (Bockisch and Haslwanter 2001). Considering that both verticality perception 
and static OCR (Fernandez et al. 1972; Schor et al. 1984) rely on otolith input, it is 
not surprising that OCR shows a similar pattern of roll-dependent modulation in 
precision as the SVV (Haustein 1992; Tarnutzer et al. 2009b) and that errors in the 
perceived direction of gravity are correlated to torsional eye position (Pavlou et al. 
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2003; Wade and Curthoys 1997). This was demonstrated on an individual subject 
basis by Tarnutzer and colleagues: they reported a high correlation between the 
trial-to-trial variability of perceptual (SVV) and brainstem reflexive torsional eye 
movements (ocular torsion as measured by modified scleral search coils) in differ-
ent whole-body roll positions (Tarnutzer et al. 2009b).

3  Lesions Along the Graviceptive Pathways

Unilateral lesions along the graviceptive pathways result in vestibular tone imbal-
ances. Specifically, lesions along the central vestibular pathways shift verticality 
estimates and result in perceptual signs (e.g., SVV roll-tilt) and ocular motor signs 
(deviations in ocular torsion, head tilt, and skew deviation (i.e., a dissociation of 
vertical eye position). Whereas a complete OTR is found only in 20% of patients 
with lateralized brainstem lesions, partial OTR, i.e., isolated ocular torsion (83%) or 
skew deviation (31%), are more frequently noted (Brandt and Dieterich 1994). The 
most sensitive sign indicating damage along the central vestibular pathways in 
patients with brainstem lesions, however, is perceptual change as assessed by the 
SVV (94%) (Brandt and Dieterich 1994).

3.1  Peripheral Vestibular Lesions and Lesions at the Level 
of the Brainstem

Unilateral peripheral vestibular lesions are associated with ipsilesional roll-tilts of 
the perceived direction of gravity and an ipsilesional OTR (Bohmer and Rickenmann 
1995; Curthoys et  al. 1991; Halmagyi et  al. 1979; Anastasopoulos et  al. 1997). 
Compared to central lesions, signs of OTR seem to be less frequent and probably 
disappear quickly, as noted for skew deviation (Kattah et al. 2009). For brainstem 
lesions affecting the ascending central vestibular pathways, the location of the 
lesion predicts the direction of roll-tilt of both perceptual and ocular motor responses. 
Note, however, that likely several distinct and independently ascending pathways 
contain graviceptive input and these pathways may cross or not (Kirsch et al. 2016).

Whereas earlier studies have shown that brainstem lesions caudal to the pons 
involving the vestibular nuclei or the root entry zone are associated with ipsiversive 
tilts of the SVV and an ipsiversive OTR, more cranial (i.e., pontomesencephalic) 
brainstem lesions yielded contraversive deviations of the SVV and a contraversive 
OTR (Brandt and Dieterich 1994; Dieterich and Brandt 1993b; Halmagyi et  al. 
1990; Lee et al. 2005). Applying modern statistical lesion-behavior mapping analy-
sis, Baier and colleagues recently provided more detailed information on the brain-
stem networks involved in processing otolith input. These authors studied perceptual 
biases in the estimated direction of gravity in 79 patients with unilateral ischemic 
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brainstem lesions (Baier et  al. 2012a). Overall, pathological SVV roll-tilts (i.e., 
deviations larger than 2.5°) were found in 53% of patients. Pathological binocular 
torsion was noted in 7/29 patients (24%) with contraversive SVV roll-tilt and in 
4/32 patients (13%) with ipsiversive SVV roll-tilt. A complete OTR was identified 
in seven of the 61 patients (11%) tested for ocular torsion (Baier et al. 2012a). This 
study confirmed roll-tilt of the SVV to be a brainstem sign, and statistics linked 
ipsiversive shifts of the SVV with lesions of the medial longitudinal fasciculus 
(MLF) and the medial vestibular nucleus, whereas contraversive shifts were associ-
ated with lesions of the rostral interstitial nucleus of the MLF, the superior cerebel-
lar peduncle, the oculomotor nucleus, and the interstitial nucleus of Cajal. Compared 
to the OTR, SVV roll-tilts were the more sensitive brainstem sign (53% vs. 18%). 
The lower rate in patients with abnormal SVV roll-tilts in the study by Baier and 
colleagues (Baier et al. 2012a) compared to a previous study (Dieterich and Brandt 
1993b) reporting on verticality perception in patients with brainstem lesions (53% 
vs. 94%) is potentially related to the improvements in neuroimaging, detecting 
much smaller brainstem lesions than in the early 1990s or differences in recording 
delays (Baier et al. 2012a) (Table 1).

In patients with unilateral internuclear ophthalmoplegia, accompanying contra-
versive roll-tilts of SVV have been reported, suggesting that the central vestibular 
pathways run in parallel to the MLF (Zwergal et al. 2008a). An ipsilateral gravicep-
tive pathway connecting the vestibular nuclei and the posterolateral thalamus was 
proposed, and pontomesencephalic stroke including the medial part of the medial 
lemniscus was linked to ipsiversive roll-tilt of the SVV in one study (Zwergal et al. 
2008b). However, using statistical lesion-behavior mapping analysis, this was not 
confirmed by Baier and colleagues (Baier et  al. 2012a), leaving the role of the 
medial lemniscus in the brainstem graviceptive network unclear.

3.2  Cerebellar Lesions and Their Effect on Graviception

Vestibular input is forwarded from the vestibular nuclei to the cerebellum, which 
plays an essential role in the initiation, coordination, and adaptation of movements. 
Involvement of the cerebellum in the processing of graviceptive input was therefore 
hypothesized. Whereas this was supported by anecdotal reports since the late 1990s 
(Mossman and Halmagyi 1997; Lee et al. 2005; Min et al. 1999; Park et al. 2013), 
larger case series confirmed cerebellar involvement in graviception in 2008 and 
2009 (Baier et al. 2008; Baier and Dieterich 2009). In a group of 43 patients with 
unilateral cerebellar infarction, contraversive SVV roll-tilt (58%), ocular torsion 
(35%), and skew deviation (14%) were noted more frequently than ipsiversive SVV 
roll-tilt (26%), ocular torsion (14%), and skew deviation (9%) (Baier and Dieterich 
2009). In another study, Baier and colleagues applied lesion-mapping techniques in 
31 patients with acute lateralized cerebellar lesions presenting with signs of ocular 
tilt reaction and correlated clinical signs of vestibular tone imbalance with structural 
changes on MR imaging. As previously shown for brainstem lesions (Dieterich and 
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Table 1 Lesion locations (peripheral and central) and the resulting direction of both brainstem 
(OTR) and perceptual biases

Area Specific location Pattern of shifts
OTR 
bias

Perceptual 
bias

Peripheral- 
vestibular

Vestibular nerve (Halmagyi et al. 
1979)

Ipsilesional Yes Yes

Brainstem Medial vestibular nucleus (Baier et al. 
2012a)

Ipsilesional Yes Yes

Root entry zone (Lee et al. 2005) Ipsilesional Yes Yes
Medial longitudinal fasciculus (Baier 
et al. 2012a)

Ipsilesional Yes Yes

Medial part of the medial lemniscus 
(Zwergal et al. 2008b)

Ipsilesional

Rostral interstitial nucleus of the MLF 
(Baier et al. 2012a)

Contralesional Yes Yes

Superior cerebellar peduncle (Baier 
et al. 2012a)

Contralesional Yes Yes

Oculomotor nucleus (Baier et al. 
2012a)

Contralesional Yes Yes

Interstitial nucleus of Cajal (Baier 
et al. 2012a)

Contralesional Yes Yes

Cerebellum Dentate nucleus (Min et al. 1999; 
Baier et al. 2008; Tarnutzer et al. 
2012b)

Contralesional Yes Yes

Biventer lobule (Baier et al. 2008) Ipsilesional Yes Yes
Inferior semilunar lobule (Baier et al. 
2008)

Ipsilesional Yes Yes

Middle cerebellar peduncle (Baier 
et al. 2008)

Ipsilesional Yes Yes

Pyramis (Baier et al. 2008) Ipsilesional Yes Yes
Uvula (Baier et al. 2008) Ipsilesional Yes Yes
Tonsil (Baier et al. 2008) Ipsilesional Yes Yes
Flocculus (Park et al. 2013; Baier 
et al. 2008)

Ipsilesional Yes Yes

Nodulus (Mossman and Halmagyi 
1997; Min et al. 1999; Kim et al. 
2009; Tarnutzer et al. 2015)

Contralesional N/A N/A

Thalamus Dorsolateral and dorsomedial thalamic 
subnuclei (Baier et al. 2016)

Contralesional No Yes

Inferior and medial thalamic areas 
(Baier et al. 2016)

Ipsilesional No Yes

Cortex Insular cortex (Brandt et al. 1994, 
Baier et al. 2012b)a

Contralesional > 
ipsilesional

No Yes

Insular gyrus (Brandt et al. 1994) Contralesional > 
ipsilesional

No Yes

Middle and superior temporal gyrus 
(Brandt et al. 1994; Baier et al. 2012b)

Contralesional > 
ipsilesional

No Yes

(continued)
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Brandt 1993b), perceptual measurements of the estimated direction of gravity (such 
as the SVV) were the most sensitive signs of vestibular tone imbalance, being pres-
ent in all 31 patients (100%) in the study by Baier and colleagues (Baier et al. 2008). 
Signs of OTR were noted less frequently: ocular torsion was found in 17/31 (55%) 
patients, skew deviation in 8/31 (26%), and head roll in 12/31 (39%). A complete 
OTR was present in 8/31 (26%) patients. In this study, the dentate nucleus was iden-
tified as a critical anatomical cerebellar structure within the central vestibular path-
ways. Specifically, contraversive SVV tilts and contraversive signs of the OTR were 
linked to dentate nucleus lesions (Baier et  al. 2008), whereas in patients with 
ipsiversive SVV tilts and ipsiversive OTR, the dentate nucleus was spared, and 
lesions were located in the biventer lobule and the inferior semilunar lobule, the 
middle cerebellar peduncle, the pyramis and the uvula, the tonsil, and the flocculus 
(Baier et al. 2008). These findings confirmed previous observations in single cases 
or small case series, reporting contraversive OTR and SVV roll-tilt in patients with 
lateralized cerebellar lesions including the nodulus and the dentate nucleus or the 
uvula (Min et al. 1999), the nodulus, and the uvula (Mossman and Halmagyi 1997) 
and in lesions restricted to the flocculus (Park et al. 2013) or the nodulus (Kim et al. 
2009). Several hypotheses have been proposed to explain contraversive tilts of SVV 
and OTR in patients with lesions affecting the nodulus: whereas some proposed loss 
of inhibition due to nodular damage and resulting increased resting firing rate in 
ipsilesional secondary otolith neurons in the ipsilesional vestibular nuclei (Mossman 
and Halmagyi 1997), others have suggested a role of the vestibulocerebellum in 
modulating the activity in otolith-ocular connections in order to control for torsional 
and vertical eye position. Damage would then result in skew deviation (Zee 1996). 
A dissociation between perceptual and ocular motor responses was recently 
described in a single patient with an isolated heminodular stroke. Whereas otolith- 
perceptual integration was abolished in this patient (see Fig.  2), otolith-ocular 

Table 1 (continued)

Area Specific location Pattern of shifts
OTR 
bias

Perceptual 
bias

Inferior frontal gyrus (Baier et al. 
2012b)

Contralesional > 
ipsilesional

No Yes

Pre- and postcentral gyrus (Baier et al. 
2012b)

Contralesional > 
ipsilesional

No Yes

Rolandic operculum (Baier et al. 
2012b)

Contralesional > 
ipsilesional

No Yes

Inferior parietal lobe (Baier et al. 
2012b)

Contralesional > 
ipsilesional

No Yes

Superior longitudinal fascicle (Baier 
et al. 2012b)

Contralesional > 
ipsilesional

No Yes

Inferior/superior occipitofrontal 
fascicle (Baier et al. 2012b)

Contralesional > 
ipsilesional

No Yes

aLesions restricted to the posterior insular cortex were not associated with significant shifts of 
perceived vertical or OTR shifts (Baier et al. 2013)
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reflexes remained preserved, underlining the importance of the nodulus in spatial 
orientation (Tarnutzer et al. 2015).

The dentate nucleus, however, not only receives graviceptive input from the ves-
tibular nuclei but also is interconnected with the inferior olivary nucleus (ION) by 

Fig. 2 Illustrative single case of an 80-year-old man presenting with acute vertigo, nausea, and 
gait imbalance. Acute MR imaging demonstrated a right heminodulus with possible minor involve-
ment of the upper pole of the right cerebellar tonsil on axial (panel a, axial T2-weighted sequence) 
and sagittal (panel b, fluid-attenuated inversion recovery (FLAIR) sequence) sequences. (MR 
images: courtesy of the Institute of Neuroradiology, University Hospital Zurich, Switzerland). 
Perceptual estimates of the direction of gravity in this patient are shown in panels c (on day 3) and 
d (after 12 weeks) and compared to 11 healthy human subjects (95% confidence interval (CI) in 
gray). Average adjustment errors (±1SD) in the patient are presented separately for trials with CW 
(gray-filled circles interconnected by a solid black line) and CCW (gray-filled squares intercon-
nected by a dashed black line) arrow rotations. Predictions for adjustments when the nodulus is 
damaged are shown in panel e. Based on the assumption that the laterality of the lesion induces an 
additional bias of fixed size in all positions, the offset as determined in upright position (panel c) 
was subtracted from all positions. Acutely after right-sided heminodular stroke, perceived vertical 
matched the prediction for a head-fixed frame closely. On follow-up, perceived vertical was in- 
between a head-fixed frame and an earth-fixed frame, suggesting partial recovery of otolith-input 
integration after heminodular loss. (Modified after (Tarnutzer et  al. 2015), reused with 
permission)
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the rubro-dentato-olivary tract (“Guillain-Mollaret triangle”) (Pearce 2008). In a 
single patient with right-sided pontomesencephalic hemorrhage and subsequent dis-
ruption of the Guillain-Mollaret triangle, the role of the dentate nucleus in process-
ing vestibular input was further elaborated (Tarnutzer et  al. 2012b). In the acute 
stage, this patient demonstrated a slight ipsilesional (i.e., rightward) deviation of 
perceived vertical. On follow-up 4 months later, clinical worsening was accompa-
nied by vertical-torsional nystagmus, right-sided hypertrophy of the inferior olivary 
nucleus (ION), and a marked shift of the SVV toward the left side (i.e., away from 
the side of original hemorrhage and subsequent hypertrophy of the ION). The 
authors hypothesized that this switch in SVV deviation is a consequence of remov-
ing GABA-mediated inhibitory modulation of the ION neurons provided through 
the central tegmental tract. As a consequence, synchronized oscillations of large 
groups of neurons in the ION are then sent to the cerebellar cortex and the deep 
cerebellar nuclei through climbing fibers and result in a loss of the inhibitory control 
provided through this pathway (Shaikh et al. 2010). This mechanism may lead to an 
overexcitation of the dentate nucleus contralateral to the hypertrophic ION and con-
sequently to a roll-tilt toward the side of the overactive dentate nucleus. 
Overexcitation of the dentate nucleus leading to a shift in SVV toward the side of 
the stimulated dentate nucleus is analogous to the reported contralesional SVV 
shifts in case of an inhibition (e.g., by stroke or bleeding) of the dentate nucleus.

However, as concluded by Baier and colleagues, the cerebellar mechanisms that 
lead to contraversive or ipsiversive shifts in internal estimates of direction of gravity 
are far from clear, emphasizing the need for further studies focusing on cerebellar 
anatomy and physiology (Baier et al. 2008).

3.3  Dissociation of Perceptual and Ocular Motor Shifts 
in the Thalamus and the Cortex

Previously, predominantly contraversive SVV roll-tilts without OTR have been 
reported for acute cerebral lesions in the temporo-parietal cortex including the pos-
terior insula, the insular gyrus, and the middle/superior temporal gyrus (Brandt 
et al. 1994). Recently, statistical voxel-wise lesion-behavior mapping confirmed an 
association between SVV roll-tilt and the insular cortex and the (right) inferior fron-
tal gyrus and also identified the right superior temporal gyrus, the pre- and postcen-
tral gyrus, the rolandic operculum, and the inferior parietal lobe as cortical structures 
likely involved in the vestibulo-cortical network for verticality perception in acute 
stroke patients (Baier et  al. 2012b, 2013). Subcortical structures involved in this 
network included the superior longitudinal fasciculus and the inferior/superior 
occipitofrontal fasciculus (Baier et al. 2012b). In accordance with previous studies, 
shifts in SVV were more often contralesional than ipsilesional (59% vs. 37%) and 
of larger size for right-sided lesions. As pointed out by these authors, none of their 
patients presented with isolated lesions of one of the identified associated areas (as 

A. A. Tarnutzer



83

the insular cortex or the inferior frontal gyrus), leaving it open whether isolated 
lesions of these regions are sufficient to result in a bias in verticality perception 
(Baier et al. 2012b). The importance of this limitation was more recently confirmed. 
Of note, acute lesions restricted to the posterior insular cortex – a region considered 
core to the human vestibular cortical network – did not result in vertigo, deficits of 
verticality perception, or other vestibular otolith deficits such as ocular torsion or 
skew deviation (Baier et  al. 2013). This led the authors to the conclusion that 
“lesions of the posterior insular cortex have to be combined with lesions of adjacent 
regions of the cortical and subcortical vestibular network to cause vestibular otolith 
deficits” (Baier et al. 2013).

Among different modalities, patients with hemispheric stroke showed contrale-
sional errors in verticality perception of similar size for the visual vertical and the 
haptic vertical, whereas postural vertical offsets were more pronounced in right 
hemispheric lesions (Perennou et al. 2008).

In the thalamus, dissociations between verticality perception and otolith- 
mediated brainstem reflexes have been observed as well. This included lesions of 
the posterolateral thalamus (Karnath et al. 2000). The authors observed a significant 
body tilt, while the SVV remained accurate, postulating separate pathways for sens-
ing body orientation besides the pathways projecting to the vestibular cortex.

In a series of 35 patients with acute thalamic infarctions, Dieterich and Brandt 
reported SVV roll-tilts in 69% of patients, with ipsilesional shifts noted more fre-
quently than contralesional shifts (44 vs. 25%) (Dieterich and Brandt 1993a). More 
recently, voxel-based morphometric lesion behavior mapping in 37 patients with 
thalamic infarctions has demonstrated significant shifts in verticality perception in 
59% of patients with contralesional roll-tilts being more frequent than ipsilesional 
roll-tilts (41% vs. 19%). Noteworthy, two distinct anatomical sites were involved in 
the directional processing of graviceptive signals in the thalamus: Whereas contral-
esional roll-tilts of the SVV were linked to lesions of the dorsolateral and dorsome-
dial thalamic subnuclei, ipsilesional roll-tilts were associated with lesions in more 
inferior and medial areas (Baier et al. 2016).

4  Conclusions

Based on current knowledge, it becomes obvious that the networks for internally 
estimating direction of gravity include brainstem and cerebellar structures. 
Therefore, both brainstem and cerebellar lesions may result in a lateralized disrup-
tion of the central vestibular pathways and subsequent deviations of eye torsion and 
verticality perception. Additional clinical brainstem or cerebellar signs and imaging 
will further elucidate to the lesion location.
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Magnetic Vestibular Stimulation
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Abstract Strong static magnetic fields such as those in MRI machines can induce 
vertigo and nystagmus. The mechanism is a Lorentz force, generated in the inner ear 
fluids of the labyrinth by the interaction between normal ionic currents entering into 
labyrinthine hair cells and the strong static magnetic field of the MRI machine. The 
Lorentz force is constant and displaces the cupulae of the semicircular canals to a 
deviated position, simulating a response to a constant acceleration of the head with 
its consequent sustained nystagmus. The Lorentz effect scales with the strength of 
the magnetic field, but is not harmful, except for inducing transient dizziness and 
nausea. Magnetic vestibular stimulation (MVS) has implications for studies of ves-
tibular physiology and adaptation, the interpretation of functional MRI studies, and 
human safety when undergoing diagnostic imaging studies.
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It was recently discovered that strong magnetic fields like those of magnetic reso-
nance imaging (MRI) machines can cause nystagmus and sensations of vertigo in 
normal healthy adults. The effect is thought to be the result of a Lorentz force, gen-
erated by the interactions of the normal ionic currents of the inner ear and the strong 
static magnetic field of an MRI machine, leading to a pressure on the cupulae of the 
semicircular canals. This chapter will review the evidence supporting a Lorentz 
force mechanism that explains the vertigo and nystagmus experienced by humans in 
strong static magnetic fields. The chapter will also discuss implications of this phe-
nomenon for understanding vestibular physiology, as well as for interpretations of 
current functional MRI research and human safety in strong magnetic fields.
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1  History

MRI uses a strong static magnetic field to arrange the spins of hydrogen atoms. The 
amount of signal obtained from an MRI scan is proportional to and dependent upon 
the strength of the static magnetic field. Greater magnetic field strength contributes 
to decreased imaging times and higher image resolution. These benefits have there-
fore driven the development of technology that generates stronger static magnetic 
fields. Since the first MRI scans in humans in 1977, there has been steady progress 
in the development of stronger static magnetic fields. Currently, most clinical scan-
ners use 1.5 tesla (T) or 3  T magnetic field strengths, but scanners for research 
purposes are available at strengths of 7 T, 9.4 T, and 11.5 T, and clinical 7 T scanners 
are in development.

Patients and technicians working around these strong MRI machines often report 
transient sensations of vertigo (Schenck et al. 1992; Kangarlu et al. 1999; de Vocht 
et al. 2006). The frequency of these reports of dizziness around MRI machines has 
increased as more powerful magnetic fields are used for both clinical and research 
MRI studies (Schaap et  al. 2014). Building on these reports, Houpt et  al. began 
studying the behavioral responses of rats and mice exposed to strong static magnetic 
fields. They observed circling behaviors in the animals exposed to high-magnetic- 
field MRI machines and that the behaviors could be curtailed by performing a laby-
rinthectomy (Houpt et al. 2003, 2007). These studies suggested that the labyrinth 
was involved in generating circling behavior in the animals after being in a strong 
magnetic field; however, the evidence had not sufficiently accumulated to propose a 
mechanistic interpretation.

The first observation of eye movement responses to a static magnetic field was 
serendipitous; Vincenzo Marcelli and colleagues were using functional MRI (fMRI) 
to study the central processing of a caloric peripheral vestibular stimulus (Marcelli 
et al. 2009). A caloric test is performed by recording eye movements after stimulat-
ing the labyrinth by irrigating the ear canal with warm or cool water. Marcelli 
noticed that when study subjects were in darkness with infrared illumination in a 
1.5 T MRI, some had a slow, persistent horizontal nystagmus that was present prior 
to irrigating the ear canal with water. Marcelli et al. speculated this nystagmus was 
a result of the static magnetic field (Marcelli et al. 2009).

A challenge encountered by early investigations into the causes of dizziness 
around MRI machines was that the perception of rotation that technologists and 
patients experience around these scanners is transient. Since the perception of rota-
tion was the principal evidence for magnetic vestibular stimulation, these reports of 
a transient experience of rotation prompted investigations into transient stimuli 
causing magnetic vestibular stimulation (Glover et al. 2007). An example of a tran-
sient magnetic stimulus is electromagnetic induction in which movement through a 
magnetic field induces a current in a wire. Electromagnetic induction would occur 
only during movement through a magnetic field and would therefore be transient, 
occurring only around the time of movement. Establishing a link between eye 
movements and the static magnetic field was important for sorting candidate 
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 mechanisms of magnetic vestibular stimulation. By providing a clear signal that 
could be observed under different experimental conditions, eye movements could 
be used to understand what parts of the labyrinth might be affected.

2  Observations in Humans

The perception people experience when entering a 7  T magnetic field supine in 
darkness can vary by head position but is often a whole-body (or in some cases just 
head) roll where the axis is roughly perpendicular to the navel when supine. The 
sensation of vertigo is transient, adapting completely in about a minute in a 7 T 
magnetic field (Mian et al. 2013). The nystagmus in humans, however, can persist 
long beyond the time after the sense of rotation has ceased (up to 90 minutes thus 
far) (Ward and Zee 2016).

The key to observing the nystagmus evoked by the magnetic field is removing 
visual fixation. Visual fixation can suppress an unwanted nystagmus that is due to 
asymmetry in the peripheral vestibular system. Removing visual fixation is used in 
the clinic when diagnosing patients with vestibular disorders in order to bring out a 
nystagmus. Marcelli’s observation of a persistent nystagmus without visual fixation 
was important to understanding the mechanism of magnetic vestibular stimulation.

A predominantly horizontal nystagmus can be observed in all normal humans 
without visual fixation the entire time they are lying supine in a magnetic field of at 
least 1.5 T (Roberts et al. 2011). The nystagmus in an MRI machine is a jerk nys-
tagmus typical of a vestibular stimulus, with both slow-phase and quick-phase com-
ponents (Fig. 1). The slow-phase component is the part of a vestibular nystagmus 
attributable to excitation of the peripheral vestibular system.

The static magnetic field of an MRI machine is always “on.” When images are 
acquired in an MRI, pulses of radio waves are used to excite hydrogen nuclei and 
magnetic field gradients are used to locate the signals in space. The nystagmus in 
the magnetic field is seen regardless of whether any MR images are being acquired, 
however, implying that the static magnetic field creates the effect and not the radio-
frequency pulses or any transient magnetic fields that are used when obtaining MR 
images. Furthermore, the velocity of the slow-phase component of nystagmus scales 
roughly linearly with the strength of the static magnetic field, being barely notice-
able in 1.5 T MRI scanners and easily observed in 7 T MRI scanners.

Prior speculation suggested a transient stimulus for the origin of magnetic ves-
tibular stimulation; therefore, Roberts et al. compared the effect of rates of motion 
into and out of the MRI bore on the eye movement responses. Although different 
velocities of entry into the magnetic field change the stimulus intensity of electro-
magnetic induction, the velocity of entry into the MRI does not affect the nystag-
mus. In fact, the nystagmus persists even though the subject is lying still in the 
magnetic field. These observations indicate the nystagmus is not caused by motion 
through the magnetic field. The nystagmus in an MRI is absent in patients with 
bilateral vestibular hypofunction, suggesting that similar to the results from earlier 
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rodent studies by Houpt et al., the effect requires intact peripheral vestibular func-
tion on at least one side.

The direction of nystagmus provides additional clues about the mechanism. Both 
the direction and the intensity of the observed nystagmus depend on the position of 
the head with respect to the magnetic field. In normal humans, the nystagmus is 
primarily horizontal when the person is lying supine in the magnet (i.e., usual posi-
tion for a diagnostic MRI scan, Fig. 1). The direction of nystagmus can reverse with 
extreme head pitch and with feet-first entry into the magnetic field (e.g., the direc-
tion changes from left-beating to right-beating). All human subjects also have a null 
position where there is no nystagmus observed, and if they pitch their head beyond 
this null position, the direction of nystagmus reverses (Roberts et  al. 2011). The 
static magnetic fields of MRI machines have a polarity, with the north pole of the 
MRI bore at one end and the south pole at the other. Inside the magnetic field bore 
of an MRI machine, the magnetic field is homogeneous and static, which means all 
the magnetic field vectors point in the same direction at the center of the bore. The 
varying effects on nystagmus with head pitch imply a relationship between the posi-
tion of the head and the orientation of the static magnetic field. The nystagmus also 

Fig. 1 An example of horizontal nystagmus of a subject in a 7 T MRI machine. The subject enters 
the magnetic field head first with the magnetic field directed toward the feet (a). Part b shows eye 
position versus time with slope of slow-phase eye velocity highlighted in red. The slow-phase eye 
velocity (SPV) of each beat of nystagmus (red dot) is shown as a function of time in Part c. The 
SPV increases to a peak after entry before partially adapting. Once the subject exits the magnet, an 
aftereffect is observed in which the nystagmus beats in the opposite direction. The decay of the 
aftereffect reflects dissipation of the adaptation that occurred when in the MRI
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reverses direction when entering the magnetic field feet first and when entering head 
first into the back of the magnet, suggesting that the direction of nystagmus also 
depends on the polarity (north to south direction) of the magnetic field.

Although the nystagmus persists throughout the time a subject is lying in the 
MRI bore, there is some decay in the velocity of the slow-phase component of nys-
tagmus (Fig. 1). Immediately upon exiting the magnetic field, an aftereffect occurs 
in which the subject perceives rotation in the direction opposite that experienced 
when entering the magnet but of similar duration (Mian et al. 2013). The direction 
of the nystagmus also reverses, and the duration of this nystagmus aftereffect 
depends upon the duration of exposure to the MRI (Jareonsettasin et al. 2016). For 
short duration exposures in which no adaptation has occurred, there is no aftereffect 
upon leaving the magnetic field (Roberts et al. 2011).

3  Mechanism

Roberts et al. synthesized these observations and hypothesized that a Lorentz force 
generated by the interactions between normal ionic currents in the inner ear and the 
static magnetic field could induce a constant displacement of the cupula resulting in 
a persistent horizontal nystagmus (Roberts et  al. 2011). Although contributions 
from alternative mechanisms such as electromagnetic induction (mentioned above) 
may contribute to the perceptions of dizziness around MRI machines, these alterna-
tives are increasingly felt to be unlikely as data accumulates in support of the 
Lorentz force hypothesis. It is important to keep in mind that this effect happens 
regardless of whether any MR images are being acquired and therefore is a result of 
the static magnetic field and not the use of time-variant magnetic fields or the radio-
frequency pulses when obtaining MR images.

3.1  What Is a Lorentz Force?

A Lorentz force is a force imposed on a charged particle moving through a magnetic 
field. If the charged particles are flowing in a uniform direction such as through a 
wire, there will be a force imposed on the wire when placed in a magnetic field. A 
similar effect occurs in magnetohydrodynamics (study of magnetic properties of 
electrically conducting liquids), in which charges flowing through a conducting 
fluid experience a force when in a magnetic field (Fig. 2). In magnetohydrodynam-
ics, the formula for this is F = B × hj. The magnitude of the Lorentz force (F) is 
proportional to the strength of the magnetic field (B), the current density (j), and the 
length (h) over which the current is flowing. The Lorentz force, the magnetic field, 
and the current are vectors and, therefore, have a direction. The Lorentz force is the 
cross product of the magnetic field and current vectors. To determine the direction 
of the Lorentz force, the “right-hand rule” is applied, where the thumb is placed in 
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the direction of the current, the index finger is in the direction of the magnetic field, 
and the resulting Lorentz force is in the direction of the middle finger (or coming out 
the palm). Recall that whenever there is a difference between the magnetic field and 
current vectors, a cross product will result in a Lorentz force. When the vectors 
align, there is no cross product and no force.

3.2  How Does a Lorentz Force Occur in the Inner Ear?

The inner ear is an ideal environment in which a magnetohydrodynamic force can 
occur, where a conductive fluid must transmit both electric current and pressure. 
Inner ear hair cells and vestibular afferents have a spontaneous discharge rate. In the 
vestibular system, a resting neural discharge or firing rate of vestibular afferents is 
critical to the physiology of the system. This resting discharge rate allows afferents 
to modulate bidirectionally, either increasing in activity when excited or decreasing 
in activity when inhibited (Fig. 3) (Lowenstein et al. 1936). Modulating around a 
resting discharge rate allows the system to maintain linearity across a range of dif-
ferent frequency stimuli and eliminates a stimulus threshold. The spontaneous dis-
charge rate of the vestibular system requires constant recycling of ions through the 
potassium-rich endolymph. Potassium ions are generated in the dark cells near the 
semicircular canal ampullae and the vestibule and are secreted into the endolymph 
(Kimura 1969). The potassium ions enter the apical ends of hair cells via the mecha-
noelectric transduction channels and sustain their resting discharge. This process 
sustains a constant current traveling through the endolymph and entering hair cells 
(Fig. 4). It also fulfills a criterion for a Lorentz force, in which a conductor is needed 

Fig. 2 Cartoon of a Lorentz force. A Lorentz force is represented by the eq. F = B × h j, where F 
is the Lorentz force, B is the static magnetic field, j is the current density, and h is the height over 
which the current flows. Note that the Lorentz force is proportional to the current and intensity of 
the magnetic field. The direction of the Lorentz force is determined by the right-hand rule as shown
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(i.e., endolymph) to carry current. When this system is introduced into a magnetic 
field of sufficient field strength, a Lorentz force is generated in the fluid through 
which the current is traveling.

The other criterion for the Lorentz force is that the conductive fluid carries a 
force. The labyrinth consists of three semicircular canals (superior, lateral, and pos-
terior) and two otoconial organs (utricle and saccule). The membranous labyrinth is 
filled with endolymph and contains the semicircular canal cristae and the otoconial 
maculae. For the semicircular canals, due to inertia, a head rotation results in a lag 
of the movement of endolymph relative to the head. This lag creates relative move-
ment of the cupula, causing hair cells to become deflected, either exciting or inhibit-
ing the associated vestibular afferents (Fig. 5). The force in the endolymph fluid due 
to a head acceleration signals the brain that the head is moving. Endolymph is there-
fore the conductive fluid needed to carry both electric current and pressure.

Finally, for a Lorentz force to cause magnetic vestibular stimulation, the brain 
must be able to detect the force. While there may be other environments in the body 
capable of generating a Lorentz force (e.g., the cochlea), in the labyrinth, the semi-
circular canal cupulae are shear sensors that can detect the force, leading to the 
observed nystagmus and vertigo. The presence of cupulae permits the generated 
Lorentz force to be sensed. The Lorentz force, however, must be strong enough and 
in the appropriate direction in order to stimulate these sensors.

Fig. 3 Cartoon demonstrating the stimulation pattern of vestibular hair cells. As the stereocilia 
bend toward the kinocilium, afferent discharge rates increase, and when bending away from the 
kinocilium, afferent discharge rates decrease
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3.3  What Structures of the Inner Ear Are Involved 
in Generating Magnetic Vestibular Stimulation?

There is a close relationship between reflexive eye movements and stimulation of 
primary vestibular afferents. Relying on the work of early vestibular physiologists 
like Ewald, Flourens, and Breuer, we know that we can study eye movements and 
infer which parts of the inner ear might be stimulated (John Leigh and Zee 2015). 
When lying supine in the 7 T magnetic field, humans with a normal vestibular sys-
tem have nystagmus that is a mixture of horizontal and torsional slow-phase com-
ponents (Otero-Millan et al. 2017), but the pattern is unusual. Clinicians caring for 

Fig. 4 Cartoon showing anatomy of the otoconial membrane, cupula, and nearby dark cells (a). 
(b) Potassium (K+) enters the apical ends of the hair cell stereocilia, leading to depolarization of 
the hair cell, calcium (Ca 2+) entry into the cell, and release of excitatory neurotransmitter at the 
synaptic cleft. (c) Potassium is secreted into the endolymph by the dark cells and circulates. We 
hypothesize that there is relative uniform current (potassium ion movement) at the utricular 
macula
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patients with vertigo commonly encounter mixed horizontal-torsional nystagmus in 
patients with unilateral vestibular hypofunction. This pattern of mixed horizontal 
and torsional nystagmus after a unilateral vestibular lesion is one in which the top 
poles of the eyes rotate in a slow phase toward the same ear as the horizontal slow- 
phase component is directed, as if the eyes are a rolling wheel (Fig. 6). In magnetic 
vestibular stimulation, however, the torsional component is one in which the top 
poles of the eyes rotate in a slow-phase pattern of nystagmus away from the ear 
toward which the horizontal component of slow phase is directed.

Fig. 5 (a) In a Lorentz 
force, the force is thought 
to create a static 
displacement of the canal 
cupulae, providing a force 
to the cupulae akin to a 
constant head acceleration 
(b)

Fig. 6 The eye movements seen in a unilateral vestibular hypofunction where there is a combined 
horizontal and torsional nystagmus, with slow phases in which the top poles of the eyes rotate in 
the same direction as the horizontal component. This is due to the summed components of the 
remaining three semicircular canals on the contralateral side. In magnetic vestibular stimulation, 
the top poles of the eyes rotate opposite the direction of the horizontal component. This is due to 
the combination of excitation and inhibition of the superior semicircular canals
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Working from the pattern of eye movements, we presume that the superior and 
lateral semicircular canals are primarily stimulated in magnetic vestibular stimula-
tion when entering the magnet lying supine (Otero-Millan et al. 2017). This hypoth-
esis is supported by studying patients with unilateral vestibular asymmetry, in which 
there is also a vertical component to the nystagmus that corresponds to the excita-
tion or inhibition of the intact remaining superior semicircular canal (Ward et al. 
2014). This unusual pattern of superior and horizontal canal stimulation might also 
explain the perception of rotation of the body rolling about an axis perpendicular to 
the Earth (Mian et al. 2015, 2016).

3.4  Are the Lorentz Forces Sufficient to Generate the Observed 
Nystagmus?

Although there are dark cells that produce potassium in endolymph throughout the 
vestibule and near the cristae of the semicircular canals (Kimura 1969), we hypoth-
esize that the current in the endolymph is channeled in relative uniform current 
density above the sensory structures of the labyrinth. With this assumption, Roberts 
et al. proposed a geometric model of pressures across the semicircular canal cupulae 
(Roberts et al. 2011). The human utricular macula contains approximately 30,000 
hair cells, compared to the approximately 7000 hair cells of each of the semicircular 
canal cristae (Lopez et al. 2005; Gopen et al. 2003). Given the resting discharge of 
vestibular hair cells, the higher number of hair cells in the utricular maculae should 
result in higher current density in the endolymph above the utricle than in the endo-
lymph above the cristae. Utricular hair cells were therefore proposed as the primary 
source of the current generating the Lorentz force.

Assuming a range for the current entering individual hair cells depending on the 
probability of the ion channels being open or closed and the number of hair cells in 
the cristae and utricular macula, a range of transcupular pressure can be calculated 
for a Lorentz force when in a 7 T magnetic field. As a simple calculation, these pres-
sures were within a range capable of both displacing the cupula and generating 
nystagmus when compared to values previously determined by Oman and Young 
(Oman and Young 1972). This model was supported by a more complex simulation 
using fluid dynamics by Antunes et al. (Antunes et al. 2012). It appears therefore 
that in strong magnetic fields like those of a 7 T MRI, the forces generated near the 
utricle and canal cristae are sufficient to displace cupulae and produce nystagmus.

3.5  The Current Model of Magnetic Vestibular Stimulation

Building on the evidence gathered above, magnetic vestibular stimulation is the 
result of interactions between strong static magnetic fields and the constant flow of 
ions through inner ear endolymph that sustains the resting discharge of vestibular 
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afferents. The interaction creates a constant force called a Lorentz force that presses 
on the cupulae of the lateral and superior semicircular canals (Fig. 7). Due to the 
presumed high current density above the utricle, the Lorentz force is thought to be 
primarily generated in the endolymph fluid above the utricle, where the forces are 
sufficient to cause a constant displacement of the cupulae of both lateral and supe-
rior semicircular canals.

The direction of the nystagmus seen in humans depends on the relative orienta-
tions of the head (within which the current vector is contained) and the magnetic 
field vectors. The polarity of magnetic fields can vary by manufacturer. In the 7 T 
MRI used in our studies, the magnetic field is oriented from the head to toe. In this 
environment, most normal human subjects develop a horizontal and torsional nys-
tagmus with slow phases to the left. Given the combination of excitation and inhibi-
tion of both superior semicircular canals, the vertical components of nystagmus 
cancel, and the torsional components sum. This results in the unusual pattern of 
horizontal-torsional nystagmus (Fig. 6) and likely the unusual perception of rotation 
as well. If the subject pitches their head such that the current and magnetic field 
vectors are aligned, there is no Lorentz force and no observed nystagmus. This 
“null” position is present in all subjects, but there is variability ranging up to 50 
degrees across subjects (Roberts et al. 2011). The cause may be related to anatomic 
variations in the orientation of both the bony and membranous labyrinth. If a subject 
pitches their head forward beyond the null position, the direction of nystagmus 
reverses. This reversal corresponds to the “right-hand rule” of a Lorentz force. 
When the vectors cross, the direction of the resultant Lorentz force points in the 
opposite direction.

Fig. 7 Simple model for the Lorentz force mechanism of magnetic vestibular stimulation for a 
subject in an MRI lying supine. The net current is hypothesized to result from the utricular current. 
When a difference occurs between the magnetic field and current vectors in a strong static mag-
netic field, a Lorentz force causes a constant pressure on the cupulae of the lateral and superior 
semicircular canals. The direction of the Lorentz force is determined by the right-hand rule. Note 
the direction of the forces on the horizontal semicircular canals sums as a horizontal head rotation, 
but the forces on the superior semicircular canals are opposite, canceling the vertical component 
but summing the torsional component of nystagmus
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If the direction of the Lorentz force aligns with one of the cupulae near the utri-
cle, this leads to displacement of the cupula so long as the head remains in that 
position. Constant displacement of a canal cupula creates an effect similar to con-
stant acceleration. Recall that if a subject is rotated at a constant velocity, the semi-
circular canal cupula will displace initially during the step of acceleration but will 
drift back to its neutral position. The nystagmus in response to a constant velocity 
rotation will therefore eventually decay to zero. In magnetic vestibular stimulation, 
the nystagmus persists the entire time a subject is in the magnetic field (up to 
90 minutes thus far), consistent with a constant acceleration stimulus in which there 
is a constant transcupular pressure and static displacement of the cupula. Similarities 
in the nystagmus response between magnetic vestibular stimulation and constant 
angular acceleration have been shown experimentally by constantly accelerating 
subjects in a rotational chair and comparing the patterns of nystagmus to that of 
magnetic vestibular stimulation in the same subjects (Jareonsettasin et al. 2016).

4  Applications of Magnetic Vestibular Stimulation

Magnetic vestibular stimulation is a novel method of activating the vestibular sys-
tem that delivers a stimulus akin to a constant acceleration while using only a static 
magnetic field. The stimulus can induce dizziness as described above, but it is pain-
less and can be delivered for long-duration experiments. Magnetic vestibular stimu-
lation has implications for studies of sensorimotor adaptation, human safety, and 
functional MRI studies.

4.1  Set-Point Adaptation

In biology, a set point is a level at which a fluctuating physiological state tends to 
stabilize. A stable platform is important in order to perform accurate movements or 
to react quickly to sudden environmental changes (Zee et al. 2017). Adapting to new 
set points is important for organisms that must learn to live in a changing environ-
ment, yet the processes by which this learning occurs are unclear. Some environ-
mental changes are transient, while others are more enduring. The brain must learn 
to handle both short- and long-lasting environmental changes. In the vestibular sys-
tem, semicircular canals are paired and operate about a resting discharge rate as 
described above. This arrangement allows rapid corrective responses to changes in 
head position. For longer-lasting asymmetry, such as when one labyrinth is impaired, 
the brain must adapt to a new set point in order to eliminate spontaneous nystagmus.

Magnetic vestibular stimulation has many features that make it an ideal stimulus 
to explore “set-point” adaptation, the mechanism by which the levels of tonic activ-
ity within the vestibular system are balanced so as not to cause an unwanted spon-
taneous nystagmus when the head is not moving. Magnetic vestibular stimulation is 
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easy to perform over long periods of time with minimal discomfort. There is a slow 
decay in the nystagmus velocity that corresponds to adaptation. An aftereffect upon 
leaving the static magnetic field appears immediately upon exiting the magnet and 
reflects learning of a new set point that happened while in the static magnetic field. 
Magnetic vestibular stimulation has already proved helpful in modeling how the 
vestibular system adapts to a constant asymmetry by revealing a cascade of adapta-
tion parameters of increasing-duration time constants (Jareonsettasin et al. 2016). 
The amount of adaptation that occurs in the magnet is associated with the duration 
of aftereffect. These results imply that for longer-duration changes in set point, the 
brain adapts to the new set point with increasing certainty.

4.2  Human Safety

As long as people adhere to safety guidelines with respect to ferromagnetic objects 
near the strong magnetic fields of MRI machines and proper use of intravenous 
contrast agents, MRI scans are safe. Current clinical MRI scanners commonly use 
1.5 T and 3 T magnetic field strengths; however, the FDA recently approved a 7 T 
MRI machine for human clinical studies. While dizziness and vertigo are uncom-
mon near or in MRI machines with weaker magnetic fields, these symptoms are 
common near 7 T MRI machines (Schaap et al. 2014; Heilmaier et al. 2011). The 
promise of improved image resolution with decreased imaging time likely will 
make these scanners more common in clinical use.

The Lorentz force described above scales linearly with the strength of the mag-
netic field, and this scaling likely accounts for the increase in nystagmus velocity 
observed in subjects in stronger magnetic fields, as well as the increased sensation 
of vertigo. Although the Lorentz force mechanism is not expected to have long-term 
consequences for vestibular function, a more powerful force on the cupulae in 
strong MRI machines would be expected to induce vertigo in patients, research 
subjects, and other medical personnel working around MRI machines. Vertigo can 
trigger autonomic responses and induce nausea, which could lead to harm in some 
rare instances (Ward et al. 2015). Some researchers have suggested prophylactic use 
of anti-nausea medications like diphenhydramine (Thormann et al. 2013), which 
could be particularly helpful in patients at risk of complications from nausea and 
vomiting.

4.3  Functional MRI

Studies using functional MRI (fMRI) assess parts of the brain that are more meta-
bolically active when a participant performs a task. More metabolically active areas 
of the brain correspond to increased neuronal activity. These studies using fMRI 
look for changes in the blood-oxygenation-level-dependent (BOLD) signal on the 
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images in order to identify regions of the brain that might be activated as a result of 
a performed task. Magnetic vestibular stimulation may have implications for the 
design and interpretation of fMRI studies, particularly for a type of fMRI study 
called resting-state fMRI. In resting-state fMRI, participants are not asked to do any 
particular task. By averaging data over a longer-duration imaging study, synchro-
nous patterns of BOLD signal can be observed among different regions of the brain, 
suggesting functional connectivity. Resting-state fMRI has led to consistent pat-
terns of activation that are now identified as functional networks in the brain 
(Rosazza and Rosazza and Minati 2011).

Researchers using these techniques should be aware that magnetic vestibular 
stimulation can confound their data. When a sustained nystagmus develops, vision 
is degraded and fixation impaired. This disturbance is detected by the visual system, 
which then enlists both immediate and long-term adaptive mechanisms to nullify 
the unwanted eye drifts. Consequently, simply lying in the MRI bore with the eyes 
open or closed induces a behavioral challenge to which many parts of the central 
nervous system respond, including sensory systems that detect image motion on the 
retina (if the eyes are open), and motor systems that develop counterbalancing 
behavior to nullify unwanted biases and ensure steady fixation. In fact, evidence of 
this chain of neural activity having an impact on resting-state fMRI studies has been 
reported (Boegle et al. 2016, 2017). Magnetic vestibular stimulation may therefore 
affect data of many fMRI studies. On the other hand, the vestibular stimulation of 
the magnetic field may prove useful to researchers exploring functional connectivity 
of parts of the cortex that respond to vestibular stimulation.

4.4  Magnetoreception

The discovery of magnetic vestibular stimulation has prompted speculation that 
magnetosensation is a new human sense. Studies have looked into the role of a mag-
netic sense in humans, with mixed results (Kirschvink et  al. 1992; Robin Baker 
1985). The Earth has a magnetic dipole generated by convection currents occurring 
within its molten iron core. It is important to note that the strength of the magnetic 
fields in the studies discussed in this chapter far exceeds, by several orders of mag-
nitude, the magnetic field of the Earth, which varies between 30 and 70 microtesla. 
Several species are known to detect static magnetic fields of strengths similar to the 
Earth and appear capable of using this information for navigation. The organ that 
senses these magnetic fields is unknown (Nordmann et al. 2017), although there is 
some evidence supporting the vestibular system as important in pigeons (Wu and 
Dickman 2011, 2012). If humans were capable of detecting magnetic fields, the 
mechanism, if present, may be entirely different, as the strengths of the fields 
required to generate nystagmus in a Lorentz force must be far greater than that of 
the Earth’s magnetic field (Roberts et al. 2011; Antunes et al. 2012).
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5  Conclusion

Evidence supports a Lorentz force mechanism for the nystagmus observed in human 
subjects and the dizziness they experience when in strong MRI machines. The 
observed nystagmus suggests magnetic vestibular stimulation delivers a constant 
force on semicircular canal cupulae of the superior and lateral semicircular canals 
akin to a constant acceleration and is generated in the endolymph above the utricle. 
Magnetic vestibular stimulation is a novel way of stimulating the vestibular laby-
rinth that may aid understanding of neurophysiology while also having implications 
for diagnostic imaging and animal navigation.
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Fixational Eye Movements in Visual, 
Cognitive, and Movement Disorders

Jorge Otero-Millan

Abstract The eyes never remain completely still. Even when attempting to  
maintain our gaze stable looking at a small target, fixational eye movements keep 
the eyes in constant motion. Given the simplicity of the task and the rich dataset that 
can be obtained, the interest in fixational eye movements has grown in multiple 
research and clinical fields. First, this chapter reviews the general classes of eye 
movements and how they may contribute to the main two components of fixational 
eye movements: drifts and microsaccades. While microsaccades are considered to 
be part of a continuum with saccades, drift results from a combination of all other 
smooth eye movements, such as vestibular ocular reflex, smooth pursuit, and ver-
gence. Then, it discusses the methods used to analyze fixational eye movements and 
what are the typical parameters of interest and some considerations on how they 
should be measured. Finally, it describes how fixational eye movements are altered 
in patients affected by different degrees of vision loss, by movement disorders, or 
by cognitive disorders.

Keywords Microsaccades · Drift · Nystagmus · Amblyopia · Parkinsonism

1  What Are Fixational Eye Movements and Why Study 
Them?

Fixational eye movements are the eye movements that occur when subjects attempt 
to look at a small visual target without letting their gaze move away from it. This 
task may be referred to as maintained fixation, sustained fixation, visual fixation, or 
just fixation. During fixation, although with some variability, eye movements are 
finely controlled to optimize information acquisition (Rolfs 2009; Martinez-Conde 
et al. 2013; Rucci and Poletti 2015). Fixational eye movements compensate for the 
spatial and temporal limitations of the retina and the visual system in capturing and 
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processing the visual scene. First, the retina has the spatial limitation of not having 
a homogeneous resolution. Only the fovea has the highest concentration of photore-
ceptions, and even within the fovea, this concentration varies. Thus, in tasks that 
require seeing very fine spatial detail, fixational eye movements can align the 
highest- resolution area of the fovea with the object of interest (Poletti et al. 2013). 
Second, the visual system has the temporal limitation of neural responses adapting 
to constant stimuli. Objects may appear to disappear or fade from vision if retinal 
motion is removed or reduced (Coppola and Purves 1996; Martinez-Conde et al. 
2006). This combined action of adaptation of photoreceptors and visual neurons and 
fixational eye movements can be interpreted in general as a whitening filter that 
eliminates redundancy in the visual stream and thus optimizes transmission of 
information (Rucci et al. 2018). Third, the retina also has the temporal limitation of 
decreased responses to stimuli that change too fast, which presents as perceived 
smear of rapidly moving objects or reduced visual acuity in the presence of retinal 
motion (Westheimer and McKee 1975). Thus, eye movements must frequently 
move the direction of gaze to keep it aligned with the object of interest and to pre-
vent fading and eliminate redundancy in the visual stream while at the same time 
providing enough periods of relative stability when visual acuity can be optimal. 
The compromise that the oculomotor system has adopted can be observed not only 
during fixation but also more generally during visual exploration. The eyes move 
with an alternation of very quick movements and saccades, interleaved with short 
periods of stability and fixations.

Visual fixation, even within its simplicity as a task, can provide rich data about 
multiple brain systems. Performing visual fixation accurately involves vision, cog-
nition, and motor control. Subjects need a healthy visual system, so they can locate 
and perceive the visual target properly. They need their cognitive abilities to under-
stand the instructions and to continuously maintain fixation on the target. Finally, 
they need to be able to accurately control their eye muscles to precisely control the 
direction of gaze. Thus, by measuring fixational eye movements, we can simultane-
ous obtain information about those three major systems in the brain (Alexander 
et al. 2018) (Fig. 1).

1.1  Classes of Fixational Eye Movements

Fixational eye movements are usually classified based on descriptive criteria. By 
looking at the waveforms present in eye movement records, two types of eye 
movements become obviously distinct: microsaccades as quick steplike changes of 
eye position and drift as slow smooth eye position changes occurring in between 
microsaccades. If the recording is made with special devices with high enough 
resolution (Bolger et al. 1992; McCamy et al. 2013a), a third type of eye move-
ment may be appreciated, tremor, which consists of small fast oscillations that 
occur simultaneously with drift.
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This descriptive classification, however, hides some of the complexity of the 
oculomotor system. Eye movements can be classified by their specific function, and 
there is a set of segregated neural structures that correspond with each function. 
This segregation is of great use in diagnosis and localization of neurological dis-
ease, because specific eye movements may be severely deteriorated while others 
remain intact. The oculomotor system has two main functions, stabilize gaze to 
reduce retinal image slip and shift gaze to realign the fovea with different parts of 
the image. These two functions are typically performed in a sequence of alternate 
states. During the gaze-shifting state, a saccade changes eye position quickly with a 
minimal role of sensory feedback during the movement. During the image stabiliza-
tion state, eye movements are controlled by sensory-motor loops in which the 
appropriate eye movement is continuously monitored using multiple sensory sig-
nals to maintain a stable retinal image. The vestibular ocular reflex (VOR) and the 
optokinetic reflex (OKR) work in concert to generate eye movement that compen-
sates for head movements using vestibular and full-field visual inputs, respectively. 
Smooth pursuit eye movements are produced to selectively stabilize in the fovea an 
object moving over a background. The neural integrator generates the necessary 
drive to the eye muscles to hold stable eye position in the absence of other eye 
movements. Vergence eye movements occur in combination with saccades, VOR, 
OKR, and smooth pursuit to generate the appropriate differential eye movements 
between the two eyes to look at the corresponding position in depth.

While microsaccades can be considered a particular case of saccades that occur 
during fixation, drift results from the combination of all the other stabilizing move-
ments or even passive movements caused by the elastic properties of the eye. Drift 
will occur due to noise in each of those systems, miscalibration of their sensory- 
motor loops or their interrelationships, or abnormal biases or oscillations. Table 1 
summarizes all the normal types of eye movements and how they relate to fixational 
eye movements.

Fig. 1 Schematic representation of the main brain systems involved in fixational eye movements. 
The visual system is necessary to see the visual stimuli in which to fixate. Cognition is necessary 
to understand the fixation task and perform it correctly. The oculomotor system should be accu-
rately calibrated to produce the correct eye movements to reach the target and provide a stable 
position once there
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Table 1 Classification of fixational eye movements. NPH: nucleus prepositus hypoglossi, INC: 
interstitial nucleus of Cajal

Descriptive 
fixational eye 
movement type Description

Functional 
eye 
movement 
type Main function Main neural correlate

Microsaccades 
and/or saccadic 
intrusions

Quick 
movements

Saccade Fast steplike 
movements to change 
eye position

Burst of activity in 
paramedian pontine 
reticular formation 
(PPRF) or (horizontal) 
rostral interstitial 
nucleus of the medial 
longitudinal fasciculus 
(riMLF) (vertical)

Dynamic 
overshoot

Fast “bouncing” 
movement of the eye 
after a saccade

Burst of activity in 
PPRF or (horizontal) 
riMLF (vertical)

Drift Slow 
movements

Vestibulo- 
ocular reflex

Smooth movements to 
compensate for head 
movements

Canal-driven activity in 
the vestibular nuclei

Optokinetic 
reflex

Smooth movements to 
compensate for visual 
surround movements

Visually driven activity 
in the vestibular nuclei

Smooth 
pursuit

Smooth movements to 
stabilize a target 
moving over a 
surround movement

Activity in the pontine 
nuclei and flocculus

Gaze 
holding

Stable gaze holding at 
a new position after 
another eye movement

Sustained activity at 
NPH (horizontal) and 
INC (vertical)

Gaze-evoked 
drift

An imperfect integrator 
will tend to drift 
toward a null position 
with an exponential 
decay

Exponential decay of 
activity in NPH 
(horizontal) and INC 
(vertical)

Glissades If the gain of the 
integrator is not well 
match to its inputs, the 
eye will drift quickly 
from the position that 
ended the previous eye 
movement to the new

None (passive 
movement of the eye 
due to its elastic 
properties)

Vergence Disconjugate 
movement of the eyes 
to move and realign the 
eyes in depth

Vergence neurons in 
the mesencephalic 
reticular formation

Tremor Small fast 
oscillation

Unknown
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2  Methods to Measure and Analyze Fixational Eye 
Movements

Given the small size of fixational eye movements, it becomes necessary to use  
eye- tracking devices that have enough temporal and spatial resolution in order to 
record them and analyze them properly. It is common to use at least 250 Hz and 
recording systems that can achieve noise levels of 0.1 deg. Currently, the most com-
monly used family of devices are the infrared video eye trackers which can record 
up to 2000 Hz. The scleral search coil method (Robinson 1963) is still considered 
the gold standard providing the best accuracy and precision. Some recent studies 
have also analyzed fixational eye movements using video recordings of retinal 
images obtained with an ophthalmoscope (Chung et al. 2015). Some parameters 
that average data over large windows of time and do not require microsaccade 
detection may be estimated also in recordings with lower frame rates of 60 Hz, for 
example, and lower resolution.

2.1  Microsaccade Measurements

Analysis of microsaccades starts with a method to identify them and separate them 
from other movements such as drift or noise that may be present in the recording. 
Since microsaccades are so small and noise is always present, there is always a 
compromise between sensitivity and specificity. Typically, a threshold needs to be 
set, for example, on eye movement velocity to decide if a movement is fast enough 
to be considered a microsaccade. A too low threshold will result in many false posi-
tives and a too high threshold on many false negative or misses. A popular method 
in the microsaccade field has been developed by Engbert and Kliegl (Engbert and 
Kliegl 2003) where the threshold is calculated for each recording based on an esti-
mate of the noise level on the data. Still, the method requires a parameter that 
adjusts the sensitivity (λ), and different studies have used different values ranging 
from 4 to 8. Recently, a plethora of new methods have been published incorporating 
novel machine-learning techniques, but none of them have yet become a new stan-
dard in the field (Daye and Optican 2014; Otero-Millan et al. 2014; Andersson et al. 
2017; Mihali et al. 2017; Bellet et al. 2018; Zemblys et al. 2018). These methods 
may eliminate the need for the setting of a sensitive parameter and adapt optimally 
to each patient. They may further provide metrics to evaluate the quality of the 
recording (Otero-Millan et al. 2014). Further testing is required to compare those 
methods with different datasets obtained with different recording systems while 
subjects perform different tasks.
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 Microsaccade Rate

Microsaccade rate measures the number of microsaccades that occur per unit of 
time. To measure, one must divide the total number of microsaccades by the total 
amount of time recorded. When measuring the total amount of time, there are some 
considerations that may result in slightly different results, for example, whether 
periods of blinks or missing data are counted toward the total time or not. This can 
have a large effect on reported rates for subjects with frequent blinks or large 
amounts of missing data. Many studies have relied in a binocular criterion (only 
accept microsaccades detected in both eyes) to reduce the number of false posi-
tives. Therefore, if two studies use exactly the same detection method with the 
same parameters but one has only monocular data, it is expected that this study will 
report higher rates.

 Microsaccade Amplitude

Microsaccade amplitude (or magnitude) refers to the size of the movement and the 
amount of degrees traveled from beginning to end. Two main issues affect micro-
saccade amplitude measurements. The first is how each study defines amplitude. 
Some studies will consider the entire excursion of the eye during the movement, 
while other studies may consider only the distance between the first and the last 
point of the microsaccade. These two methods will produce different results if 
dynamic overshoots are common and large. The second is what is the largest 
amplitude considered. Many studies have defined any saccade smaller than one 
degree as a microsaccade, while other studies have used more stringent thresholds 
of half a degree.

 Microsaccade Velocity

To measure how fast microsaccades are, one may measure the maximum or peak 
velocity during the movement. Velocities of saccades and microsaccades are known 
to follow a parametric relationship with their magnitude called “main sequence” 
(Bahill et al. 1975). Larger amplitudes tend to be associated with larger velocities, 
so it is important to dissociate differences in velocities from differences in magni-
tudes. To fairly compare velocities, one should correct for amplitude first. One pos-
sible approach is to fit a regression to the relationship between amplitudes and 
velocities and report the parameters of such fit. For small saccades including micro-
saccades, this relationship tends to be linear, so reporting the slope of a linear fit is 
a good option. For datasets including larger saccades, it is advisable to use some 
other fit that includes a saturation term and not only a slope, such as the exponential 
equation Velocity = Vmax [1-exp(-Amplitude/C)], where Vmax is the saturation 
velocity and C determines the shape of the relationship (Rosini et al. 2013).
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 Microsaccade Direction

Microsaccade direction is usually reported with a graphical representation of their 
distribution, for example, with a polar plot (Engbert 2006; Otero-Millan et  al. 
2011). When given summary statistics, one must be careful. Given the circularity 
of the distribution, it is not appropriate to calculate an overall average direction. 
For example, in a case where most microsaccades are perfectly horizontal with 
half to the right and half to the left, an average calculation would result with a 
vertical direction. Other parameters describing this distribution can still be mea-
sured. For example, the ratio between the average absolute value of the horizontal 
and vertical components will measure if the microsaccade tend to be more hori-
zontal or more vertical.

 Microsaccade Intervals

The distribution of intervals of time in between microsaccades can also provide 
useful information. The average microsaccade rate will correspond mathemati-
cally with the inverse of the average time interval between microsaccades. 
However, there may be more information in the shape of the distribution of the 
intervals. For example, Otero-Millan and colleagues showed that fitting an ex-
Gaussian model (Otero-Millan et al. 2008) to the distributions of saccade intervals, 
it was possible to observe different parametric relationships with the different 
parameters of the fit. While different viewing tasks affected the exponential com-
ponent, the amplitude of the subsequent saccade affected the Gaussian component. 
Amit and colleagues have recently used a similar analysis to analyze distributions 
of microsaccade intervals (Amit et al. 2019).

2.2  Drift Parameters

Estimating parameters related to microsaccades is relatively easier than to drift. 
Microsaccades are short events with high velocities, so during the movement, the 
signal-to-noise ratio is high. Drift is a much slower and continuous movement 
which will always have noise added into it and is more likely to be affected by arti-
facts. For that reason, with many recordings, system may not be possible to asses 
small differences in drift properties since those may be overwhelmed by the noise. 
It may still be possible to observe difference in between populations when the effect 
on drifts is large enough.

The parameters of interest for drift will also be velocity and amplitude, although 
it is possible also to study its spectral properties to identify oscillations. Because the 
eye may move back and forth during a given drift period, it is more common to 
measure variability of both velocity of position.
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2.3  Saccadic Intrusions

Saccadic intrusions are saccades that intrude or interrupt stable fixation. Recent 
studies have suggested that saccadic intrusions for a continuum with microsaccades 
have been given a different name because they have been typically studied in differ-
ent fields and different populations. Saccadic intrusions in patients are typically 
larger than in healthy controls and will tend to group together forming specific pat-
terns. Square-wave jerks are the most common type of saccadic intrusions, and they 
occur when one fixational saccade moves the eye away followed after a short period 
of stability by another saccade that brings the eye back. Abadi and colleagues have 
carefully classified the different patterns and measured their frequency and charac-
teristics in healthy controls (Abadi and Gowen 2004).

2.4  Fixation Stability

Many studies of the relationship between visual deficits and eye movements have 
measured fixation stability. Fixation stability measures the overall movement of the 
eyes while trying to fixate without measuring specific properties of drift and micro-
saccades. Different studies have measured similar parameters, but one of the most 
common ones is the bivariate contour ellipse area (BCEA) which measures the dis-
persion of eye positions in two dimensions. Similar results will be obtained if the 
standard deviation of eye position or eye velocity is used.

3  Abnormalities of Fixational Eye Movements

The next sections review the effects that impaired visual input, motor control, or 
cognitive function has on fixational eye movements. Here, we will not cover nystag-
mus, which is characterized by a repetitive eye movement pattern that must include 
abnormally fast drift. Instead, we will review cases where drift may be abnormally 
fast but without an obvious repetitive pattern. The presence of nystagmus will pose 
a challenge when analyzing fixational eye movements. In patients with visual prob-
lems, it is common to find latent nystagmus or congenital nystagmus with a wide 
variety of waveforms. Patients suffering from vestibular disorders or neurological 
disorders that affect the neural integrator or the vestibular system will typically 
present with jerk nystagmus (waveform formed by linear or exponential slow phases 
alternating with quick phases or saccades in the opposite directions). Measurements 
of drift will be inflated by the nystagmus, and the presence or absence of microsac-
cades will be confounded with the frequent quick phases of the nystagmus. Thus, 
when studying populations that may present with nystagmus, it may be advisable to 
separate those patients into different groups for data analysis (Ghasia et al. 2018).
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3.1  Visual Impairments

Eye movements and vision have evolved together. The spatiotemporal characteris-
tics of our visual processing stream depend not only on the properties of the retina 
but also on the pattern of eye movements that continuously move the image pro-
jected onto it (Rucci et al. 2007; Rucci and Poletti 2015). Indeed, there are correla-
tions between the pattern of eye movements that different species make and the 
anatomy of their visual systems (Samonds et al. 2018). It is not always trivial, how-
ever, to establish the causal direction of this correlation. For example, do we con-
tinuously move our eyes because the visual system adapts to avoid the fading of 
images (Martinez-Conde et al. 2006, 2013), or does the visual system adapt because 
the eyes continuously move to optimally encode visual information? Because of this 
evolutionary correlation between characteristics of the visual system and character-
istics of eye movements, it is expected that problems in the visual system that 
degrade quality of vision may alter eye movements or, by the same token, that prob-
lems in eye movement control may degrade the quality of vision.

In some cases, it is clear that a vision problem is not caused by an eye movement 
problem such as in macular degeneration. So, we can study how losing vision affects 
eye movements. In other cases, however, when eye movement abnormalities corre-
late with vision deficits, it may be more complicated to establish which one is the 
cause and which one is the effect, such as in amblyopia. This is further complicated 
by the fact that changes in eye movement output could be directly correlated with 
the current quality of the visual input, but there could also be other changes that are 
adaptive and occur over time, thus not relating directly to the current quality of 
vision but to the history of quality of vision.

 Blindness

Visual input is important to maintain accurate and appropriate oculomotor behavior. 
Blindness, from birth or acquired, causes unstable fixation and possibly nystagmus. 
Patients with congenital blindness have an impaired vestibulo-ocular reflex and are 
unable to initiate saccades (Leigh and Zee 1980). Schneider and colleagues 
(Schneider et al. 2013) studied the effect of monocular and binocular visual loss on 
the stability of gaze. They showed increased fixation instability with binocular 
viewing in patients compared to controls, especially in patients with binocular 
vision loss. They hypothesize that the main effect of vision loss on gaze stability is 
through the neural integrator based on their results showing more conjugate eye 
movements during saccades and other eye movements that bypass the neural inte-
grator than during gaze holding. Together, these findings suggest that normal devel-
opment of some eye movements such as saccades requires vision early on in life. 
Gaze holding, on the other hand, requires constant calibration by visual input, and 
acquired visual loss will increase fixation instability.

Fixational Eye Movements in Visual, Cognitive, and Movement Disorders



116

 Amblyopia

Amblyopia refers to a reduction of visual acuity that cannot be explained by  
refractive errors or by any detectable eye disease (Flom and Neumaier 1966). 
Amblyopia tends to affect only one eye which is referred to as the amblyopic eye, 
while the eye with normal vision is called the fellow eye.

When amblyope subjects fixate, looking only with their amblyope eye, they 
show higher fixation instability measured with BCEA than when viewing with the 
fellow eye, binocularly, and compared with control (Subramanian et  al. 2013; 
Shaikh et al. 2016). The instability is correlated with the severeness of amblyopia 
(Shaikh et al. 2016), and it is even larger when amblyopia is related to strabismus 
(Ghasia et al. 2018).

Increased fixation instability could be caused by increased production of micro-
saccades, increased drift, or a combination of both or even by microsaccades and 
drifts that have normal properties but that are coupled in a way that increases the 
overall instability. Increased drift in amblyopia was first shown by Ciuffreda 
(Ciuffreda et al. 1980), but recent studies have shown that microsaccades are also 
altered, having larger amplitude and lower frequency (Shi et  al. 2012;  
Shaikh et al. 2016).

Ghasia and colleagues extended some of the findings related to fixational eye 
movements to other tasks, such as visual search, and found that the distribution of 
saccade amplitudes is shifted toward larger amplitudes (Chen et al. 2018). This is 
consistent with the idea that microsaccades and saccades are part of a continuum 
(Martinez-Conde et al. 2013; Otero-Millan et al. 2013a) and that the distribution of 
saccades is adapted to the properties of the visual system (Samonds et al. 2018).

 Myopia, Defocus, and Absence of Visual Target

Myopia has also been shown to have an effect on microsaccades. Ghasia and col-
leagues compared fixational eye movements in subjects with and without correction 
of their refractive error. They found an increase in microsaccade amplitude with 
correction of myopia, but microsaccade rate remained unchanged (Ghasia and 
Shaikh 2015). On the other hand, another recent study found that a simulated refrac-
tive error did not cause any change in microsaccade properties (Raveendran et al. 
2019). These two findings appear to contradict each other, and it is unclear at the 
moment why these differences occurred. Moreover, if the fixation spot is completely 
removed, which could be interpreted as extreme defocus, and subjects are asked to 
fixate on the center of the screen without a target, microsaccade amplitudes are 
increased and rates reduced (McCamy et al. 2013b).
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3.2  Movement Control Impairments

A distributed network across the brain is involved in the accurate control of eye 
movements. In a simplified model, the frontal cortex, basal ganglia, and superior 
colliculus (SC) control the initiation of saccades and the inhibition of reflexive sac-
cades, while the cerebellum ensures accuracy of saccades, smooth pursuit, and gaze 
holding. Impairment in any of these areas will cause a particular pattern of eye 
movement abnormalities. This entire circuit is also involved in the control of fixa-
tion and the generation of microsaccades. Often, abnormalities observed in other 
eye movements, i.e., slow saccades, will also correspond with the abnormalities 
present in microsaccades. However, since microsaccades are produced while trying 
not to move the eyes, there are unique aspects to them that may not be possible to 
asses by studying other types of eye movements. This might be the case for micro-
saccade rates and amplitudes.

Among movement disorders, microsaccades have been most studied in parkinso-
nian syndromes because of the frequent occurrence of saccadic intrusions in these 
patients that on occasions are visible with the naked eye. In progressive supranu-
clear palsy (PSP), square-wave jerks are very frequent and large, and they share 
with saccades their lack of a vertical component and slow velocity (Otero-Millan 
et al. 2011). In patients with Parkinson’s disease (PD), saccade and microsaccade 
velocities are normal (Bhidayasiri et al. 2001), but the frequency of microsaccades 
is higher than that in controls (Pinnock et  al. 2010; Otero-Millan et  al. 2013b). 
Comparing microsaccade production in PSP and PD, Otero-Millan and colleagues 
found that while frequency was higher than normal in both groups, the amplitude of 
microsaccades was larger than normal only in the PSP group (Otero-Millan 
et al. 2013b).

Recent modeling (Otero-Millan et al. 2018) has shown how the altered properties 
of microsaccadic amplitude, rate, and velocity in PD and PSP can be simulated by 
simply modifying two parameters in the model. In this model, microsaccades are 
generated when fluctuations of activity in the superior colliculus (SC) change the 
balance of inhibition between omnipause neurons (OPNs) and burst neurons (BNs) 
in the brain stem. In between microsaccades, OPNs show sustained firing, inhibiting 
BNs and making them silent. These two populations of neurons inhibit each other, 
so when the BNs start firing, the circuit behaves as a positive feedback loop with 
OPNs inhibited by the BNs, thus reducing the inhibition of BNs which further 
inhibits the OPNs. Lowering the gain of the BNs has the primary effect of reducing 
the velocities of microsaccades; however, it may also increase the amplitude of 
microsaccades, since it would take a larger fluctuation of SC activity to break the 
OPN-BN balance. Increasing the amount of noise that drives the SC fluctuations 
will have the main effect of increasing the rate of microsaccades. By tweaking these 
two parameters, it is possible to simulate simultaneously the deficits in three micro-
saccade properties (velocity, magnitude, and rate) present in PD and PSP popula-
tions (Otero-Millan et al. 2013b) (Fig. 2).
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3.3  Cognitive Impairments

Links between cognition and microsaccade production have been shown in healthy 
controls. Mental workload induced by asking subjects to perform complicated cal-
culations while fixating on a small target resulted in an increased microsaccade 
amplitude with reduced frequency (Siegenthaler et al. 2014). Attention also affects 
microsaccades by biasing their direction sometimes toward and sometimes away 
from the focus of attention (Hafed and Clark 2002; Engbert and Kliegl 2003; 
Meyberg et al. 2017). Finally, transient stimulation that can be visual or auditory 
can temporarily suppress microsaccades (Engbert and Kliegl 2003). It is therefore 
expected that patients with cognitive impairments could show abnormal microsac-
cade production.

Fried et al. studied fixational eye movements in attention-deficit hyperactivity 
disorder (ADHD) patients during a continuous performance test. During the task, 
subjects can predict when the stimulus is going to appear due to its repetitive timing. 
Healthy controls tend to suppress their blinks and microsaccades, while ADHD 
patients don’t (Fried et al. 2014). This result, however, may not be generalizable to 
other tasks like simple visual fixation. Panagiotidi and colleagues studied a non-
clinical population of subjects with ADHD traits and found that the score of ADHD 
traits and microsaccade rate were correlated: subjects with higher scores produced 
more frequent microsaccades (Panagiotidi et al. 2017).

Alterations in microsaccade in patients with Alzheimer’s disease (AD) have also 
been investigated. While Bylsma and colleagues found an increase in microsaccade 
rate that correlated with Mini-Mental State Examination (MMSE) score, Kapoula 
and colleagues did not find a change in microsaccade rate but found that the distri-
bution of microsaccade directions included more oblique microsaccades than 
healthy controls (Bylsma et al. 1995; Kapoula et al. 2013). In healthy controls, most 
microsaccades tend to be almost purely horizontal or sometimes vertical, but oblique 
microsaccades are rare (Otero-Millan et al. 2011).
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Fig. 2 Modeling of microsaccade production in healthy controls and PSP and PD patients. 
Simulations of the model varying two parameters (noise level and BN gain) allow to cover the 
spectrum of microsaccadic rates, velocities, and magnitudes observed on those populations
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In autism, the study by Shirama and colleagues found that fixational eye  
movements were altered in a group of adults with autism spectrum disorder (ASD). 
They found that instability measured with BCEA was larger in the ASD group than 
in healthy controls when asked to fixate on the center of the monitor without a fixa-
tion target. Under the same conditions, they also found larger and more frequent 
microsaccades than in controls. When the target was present, their eye movements 
did not differ between groups (Shirama et al. 2016).

4  Conclusion

The study of fixational eye movements presents opportunities for the development 
of new diagnostic test and biomarkers that can be used to track progression of 
patients’ efficacy of treatments. There are still some pending questions in the field 
tough. Future studies need to establish the link between vision deficits and fixation 
stability and what is the contribution of adaptive mechanism over prolonged periods 
of low vision. It is also entirely unknown what particular oculomotor system is 
responsible for the increases in fixation stability. Studies on blind patients appear to 
subject that the major contribution comes from the neural integrator, but this needs 
to be confirmed in other deficits such as amblyopia.
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An Update on Mathematical Models 
of the Saccadic Mechanism

Stefano Ramat

Abstract Saccades are the rapid eye movements that we continuously make to 
shift gaze from one object of interest to another. These voluntary eye movements 
not only are exemplary to describe various forms of ocular motor and cognitive 
function but also have a fundamental role as a prototype for understanding general 
principles in motor neurosciences. Their production requires most of the informa-
tion processing steps that are needed in all motor control tasks, yet their understand-
ing is far more detailed than that related to other fields in motor control. Indeed, a 
great deal has been learned about the anatomy and neurophysiology of saccades 
thanks to a fruitful collaboration between clinical studies, basic science research, 
and mathematical modeling. In this non-exhaustive review, I will discuss contempo-
rary computational concepts that describe the current understanding of the physiol-
ogy of saccades in health and disease.

Keywords Computer model · Mathematical simulation ·  Saccadic system · 
Ocular motor system

1  Introduction

Saccades are the fastest eye movements produced by the ocular motor system, and 
they serve to redirect gaze to an object of interest in the visual scene by bringing its 
image on the fovea, the small area of the retina where visual acuity is highest, for 
fixation. While looking at a visual scene, we continuously alternate fixation periods, 
during which our central nervous system (CNS) acquires visual information, with 
saccades redirecting the fovea to a new target. During natural behavior, we typically 
make two to three saccades per second (Niemeier et al. 2003). The saccadic mecha-
nism, i.e., the neural circuitry responsible for generating saccades, is active also 
during the fast phases of nystagmus and REM sleep, which are fast eye movements 
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present also in non-foveate species (Collewijn 1977), while gaze-redirecting 
 saccades are exclusive to foveate ones.

Saccades can be voluntarily triggered after the decision to look at a specific 
visual, imagined, or remembered target. Alternatively, the generation of saccades 
can be quasi reflex, evoked by the sudden appearance of a target in the retinal 
periphery, or reflex, bringing gaze toward an internally computed reference signal, 
and thus without a predefined target image, as with the fast phases of both vestibular 
and optokinetic nystagmus.

2  Saccade Kinematics

In spite of how they are generated, saccades are stereotyped, so that their amplitude, 
duration, and peak velocity follow quite tight relationships, with larger saccades 
reaching higher peak velocities and having longer durations, which were identified 
in the 1970s and are commonly called the saccadic main sequence (Boghen et al. 
1974; Bahill et al. 1975b), exemplified in Fig. 1.

Peak eye velocity increases linearly with saccade size, from microsaccades, 
i.e. small saccades less than 1° in amplitude intruding fixation (see Martinez-Conde 
et al. (2013) for a review), up to about 20° saccades; then, the relationship shows a 
soft saturation with peak velocity reaching, in humans, about 500 deg/s. The main 
sequence for the amplitude (A)–peak velocity (PV) relationship is typically repre-
sented by the equation PV = VMax ∙ (1 − exp−A/C) where Vmax represents the saturation 
velocity and C is a constant determining how quickly the relationship reaches satu-
ration, having typical values around  500  deg/s and  10 (Rottach et  al. 1997), 
respectively.
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Saccade durations (D) range from less than 20 ms for the smallest amplitudes to 
about 100 ms for the largest ones, and their relationship is linear having the form 
D = aA + b (Baloh et al. 1975; Inchingolo et al. 1987).

3  Saccades in the Central Nervous System

The production of a typical saccade, i.e., visually driven, less than 15° amplitude 
and less than 60 ms duration (Bahill et al. 1975a), requires the processing of visual 
information and the selection of a target and its sensory–motor transformation from 
retinal coordinates into the appropriate command driving the eye. Numerous areas 
in the central nervous system are therefore involved in saccade generation, from the 
brainstem holding motor and premotor circuitry to the cerebellum and the cortex.

The understanding of the processing steps leading to the generation of a saccade 
has been the object of many modeling efforts, making the saccadic mechanism the 
most modeled system in neuroscience (for a review, see also Girard and Berthoz 
2005; Ramat et al. 2007).

This chapter will attempt to provide a non-exhaustive review of the most signifi-
cant mathematical models of such system and of the state of the art of our under-
standing of the saccade generation processes. We will focus our attention on 
horizontal saccades, which have been studied most, yet will mention some of the 
relevant differences in the neuronal populations responsible for vertical and tor-
sional saccades.

Following a bottom-up approach, a model of the saccadic generator mechanism 
needs to take into account the end effector, i.e., the eyeball and the ocular motor 
plant, which is controlled by the motor neurons of the extraocular muscles, in turn 
receiving neural commands from the final ocular motor pathway.

4  Early Models of the Saccadic Mechanism

The above observations on saccade duration being generally shorter than 100 ms, 
i.e., before any visually acquired information may be available to modify them, led 
to the belief that saccades are ballistic preprogrammed movements that cannot be 
corrected once triggered and that a refractory period of about 150 ms followed the 
triggering of a saccade (Westheimer 1954). The first attempt at modeling the sac-
cade generator (Young and Stark 1963), when little was known about the anatomy 
and the involved physiology of the brainstem, was based on these ideas and consid-
ered a retinal error sampling mechanism operating at about 5 Hz followed by a 0.3° 
dead zone. The error would then be integrated into a step command and fed to 
Westheimer’s second-order plant model (Westheimer 1954), which would produce 
a saccade of a preprogrammed amplitude, with peak velocity linearly increasing 
with its size and a fixed duration of 37 ms (Enderle 2002).
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It was only with the work of Robinson in 1964 that a more realistic approxima-
tion of the plant was introduced, with a significant impact on the understanding of 
the processing needed to drive it during saccades (Robinson 1964). In fact, 
Robinson’s findings that the dynamics of the eyeball were dominated by the viscos-
ity of extraocular muscles with a time constant of about 200 ms showed that a step 
of innervation reaching ocular motor neurons, as previously hypothesized for gen-
erating a saccade, would cause a relatively slow eye movement reaching the intended 
destination in about 600 ms (three time constants), with quite different dynamics 
from those of a saccade. This led to the understanding that the command needed to 
drive the eyes during a saccade had to produce an intense pulse of force, propor-
tional to eye velocity, to quickly move the eye to a new orbital position, which had 
to be followed by a force step, to hold it there against the restoring elastic forces. At 
the same time, knowledge on the electrical activity in muscles and in neurons was 
growing, and Schaefer’s recording in the abducens nucleus of the rabbit (Schaeffer 
1965) elucidated how the pulse corresponded to a burst of activity of the same dura-
tion of the saccade, modulating the number of recruited muscle motor units and 
saturating, so that larger saccades needed longer pulse durations (Robinson 1968).

The pulse generator (PG) was then hypothesized in the paramedian pontine retic-
ular formation (PPRF) (Cohen 1971), bursts in the activity of brainstem neurons 
were recorded in primates (Luschei and Fuchs 1972), and quick phases of nystag-
mus were shown to be largely comparable to saccades (Ron et al. 1972). In 1973, 
Skavenski and Robinson (Skavenski and Robinson 1973) working on the frequency 
response of the vestibulo-ocular reflex (VOR), in the light of the new model of the 
plant, understood that the experimental results on the phase of the reflex required 
that the neural command driving it had to be a combination of desired eye velocity 
and position. They showed that the abducens motor neuron discharge rate was inde-
pendent of the nature of the eye movement and hypothesized that the eye position 
component of the command could be obtained by mathematical integration of the 
desired eye velocity, performed by a neural integrator (NI) shared by all types of eye 
movements along a “final common path” (FCP). The omnipause neurons (OPN) 
were recognized as a group of neurons constantly firing during fixation that would 
pause before saccades in any direction (Luschei and Fuchs 1972).

A first major breakthrough for the modeling of the saccadic mechanism came in 
1976, with the finding of two patients with spinocerebellar degeneration producing 
slow saccades that could modify them in mid-flight (Zee et al. 1976). These results 
were in agreement with the hypothesis of a local feedback loop for the generation 
of saccades proposed by Robinson (Robinson 1975), proving that the saccadic 
mechanism is in fact a closed loop control system driven by an error signal between 
an intended position of the eye in the orbit and its current position estimate, without 
a refractory period, therefore dropping the idea of saccades as ballistic prepro-
grammed movements (Zee et al. 1976) (Fig. 2). The position error was hypothesized 
as being based on an efference copy of the positional component of the ocular motor 
command, i.e., taken from the output of the neural integrator in the FCP. The model 
was further refined in 1979 (Zee and Robinson 1979) with the proposal of a nonlin-
earity representing the behavior of the pontine bursting neurons as a function of the 
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position error, which is still in use today (Eq. 1) automatically producing the appro-
priate burst amplitude and duration for the saccade, accounting for the saccadic 
main sequence (Van Gisbergen et al. 1981):
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To account for the saccadic oscillations observed in a patient with ocular flutter, 
the authors proposed that modulating the duration of a delay along the local feed-
back loop (oscillation frequency is inversely related to the delay (τ) by the relation-
ship F ≈ 1/4τ) could be the mechanism explaining them.

A further milestone was the understanding that the saccadic mechanism was 
driven by desired eye displacement instead than to an absolute position in the orbit. 
This is compared with the estimate of current displacement computed by a dedi-
cated, resettable integrator (RI) driven by the efference copy of the velocity compo-
nent of the command (Jürgens et al. 1981).
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Fig. 2 Panel A: Classical local feedback model (Robinson 1975). An efference copy of eye posi-
tion as computed by the neural integrator (NI) provides the input to the feedback loop that esti-
mates the spatial position of the target θ̂T  and retinal error ê . The latter is the input to the pulse 
generator (PG), a high-gain nonlinear amplifier block producing the saccadic burst that is inte-
grated and sent to a first-order approximation of the ocular motor plant. Panel B: Schematic of the 
classical local feedback loop model including the later developments up to the 1990s. The delay 
along the feedback loop (Zee and Robinson 1979), the resettable integrator (Jürgens et al. 1981), 
and the superior colliculus as the source of a desired eye displacement signal (Ottes et al. 1986)
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5  Current Knowledge on Brainstem Neuronal Populations

5.1  Excitatory and Inhibitory Burst Neurons

Excitatory premotor burst neurons (EBN) producing the saccadic pulse fire about 
12 ms before the movement of the eye (Van Gisbergen et al. 1981; Henn et al. 1989) 
and were found to be glutamatergic (Horn 2006). The horizontal EBN lie in the 
PPRF project directly to the ipsilateral abducens motor neurons, which begin firing 
4 ms later, and to the nucleus prepositus hypoglossi (NPH), which contributes to the 
FCP integrator for horizontal eye movements (Strassman et al. 1986a; Horn et al. 
1995). The vertical and torsional EBN lie in the rostral interstitial nuclei of the MLF 
(riMLF) and project to the corresponding motor neurons, bilaterally for upward sac-
cades and only ipsilaterally for downward, and to the interstitial nucleus of Cajal 
(INC) (Moschovakis et al. 1991a, b). The latter contributes to the FCP integrator for 
vertical and torsional eye movements (Horn and Büttner-Ennever 1998) and is the 
site of vertical inhibitory burst neurons (IBN).

Inhibitory burst neurons (IBN) are glycinergic (Horn 2006), presenting firing 
patterns that are very similar to those of the EBN (Strassman et al. 1986b); they are 
considered to implement Sherrington’s law of reciprocal innervation for the sac-
cadic system and were hypothesized to contribute stopping saccades once the eye is 
on target (Leigh and Zee 2015). Horizontal IBN lie in the medullary reticular forma-
tion; they receive projections from the contralateral IBN and from the OPN and 
contralateral SC (Shinoda et al. 2008); they project to the contralateral abducens, 
EBN, and IBN, as well as the OPN (Shinoda et al. 2011). Vertical and torsional IBN 
lie in the INC (Izawa et al. 2007; Sugiuchi et al. 2013), and they appear to imple-
ment a reciprocal contralateral inhibition similar to that achieved by horizontal IBN, 
with upward saccades inhibiting downward ones and extorsional ones inhibiting 
intorsional ones (Sugiuchi et al. 2013).

A horizontal saccade is believed to be driven by the firing of the ipsilateral EBN 
to the agonist recti, while the ipsilateral IBN inhibit the contralateral antagonist 
through inhibition of the contralateral EBN.  The contralateral IBN briefly fire 
before saccade end (Van Gisbergen et  al. 1981) and were hypothesized to be 
involved in stopping the saccade (Quaia et al. 1999).

The drive to the motor neurons is a pulse–slide–step (Sylvestre and Cullen 1999), 
with the slide characterizing the transition between the pulse and the step (Robinson 
et al. 1990; Straumann et al. 1995; Quaia and Optican 1998).

5.2  Long-Lead Burst Neurons

These neurons are active over 40 ms prior to a saccade and project to the EBN, IBN, 
OPN, nucleus reticularis tegmenti pontis (NRTP), and cerebellum. They are located 
in several brainstem areas, the rostral pons, NRTP, the reticular formation, and other 
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areas and receive input from the SC and the cortical areas involved with the genera-
tion of saccades (frontal eye field (FEF), supplementary eye field (SEF), parietal eye 
field (PEF)) (Scudder et al. 1996a, b).

5.3  Omnipause Neurons

The OPN lie in the nucleus raphe interpositus (RIP).
These neurons are tonically active and inhibit all premotor burst neurons except 

during saccades in all directions (Luschei and Fuchs 1972; Keller 1974; Van 
Gisbergen et al. 1981; Strassman et al. 1987), during which they remain silent. They 
are also inhibited during blinks (Mays and Morrisse 1995), and their firing is modu-
lated by vergence angle. When a saccade is programmed, the OPN cease firing 
about 20  ms before its start and resume their activity at saccade end (Pare and 
Guitton 1998).

6  Brainstem Neurons and Saccadic Oscillations: A New 
Model

The finding of ocular oscillations of saccadic origin in both healthy subjects and 
patients (Zee and Robinson 1979; Hain et al. 1986; Ramat et al. 1999; Bhidayasiri 
et al. 2001) was an important drive for the development of new models of the sac-
cadic mechanism. The first modeling attempt to explain oscillations was the above-
mentioned delay along the saccadic local feedback loop (Zee and Robinson 1979), 
yet the large modulation of delays that would be necessary to reproduce the wide 
range of oscillation frequencies observed in experimental data argues against such 
possibility (Ramat et al. 2005), as well as the finding that patients could produce 
oscillations of different amplitudes with little changes in frequency (Shaikh et al. 
2007; Ramat et al. 2008). A new model of the premotor circuitry was then proposed 
(Ramat et al. 2005), which differed from previous models on two main aspects: first, 
the implementation of an explicit IBN circuitry which took into account the IBN 
projection to contralateral IBN and EBN neurons (Strassman et al. 1986b), forming 
two positive feedback loops (IBN–EBN–IBN and IBN–IBN) representing a source 
of instability that could generate saccadic oscillations, and, second, the implementa-
tion of a post-inhibitory rebound mechanism, as first hypothesized for EBN cells by 
Enderle for EBN (Enderle and Engelken 1995), in all PBN (Fig. 3a). Post-inhibitory 
rebound is a property found in cells having low-threshold t-type Ca++ channels that 
exhibit bursts of activity and which, when released from inhibition, may fire spon-
taneously one or more action potentials (Perez-Reyes 2003). Several cell types 
showing this properties were reported in the deep cerebellar nuclei (Aizenman and 

An Update on Mathematical Models of the Saccadic Mechanism



130

Linden 1999; Alviña et al. 2009; Bengtsson et al. 2011), yet it has not been  explicitly 
looked for in PBN.  Such mechanism was modeled (Fig.  4) as a high-pass filter 
showing adaptation, preceding a low-pass filter representing the neuronal mem-
brane, in turn feeding to the output nonlinearity (as in Eq. 1). Thus, when OPN 
inhibition is lifted, these cells show a rebound of the membrane potential allowing 
them to fire spontaneously, on both sides. Any imbalance causes the EBN on one 
side to prevail, briefly exciting the ipsilateral IBN and inhibiting the contralateral 
EBN, thereby triggering the beginning of oscillations in the model, which are then 
sustained by the EBN–IBN positive feedback loops. Indeed, as the drive from the 
initial EBN is extinguished, also the ipsilateral IBN ceases firing, thereby disinhibit-
ing both the contralateral IBN and EBN. The disinhibited IBN then shows rebound 
firing and also receives an excitation due to the rebound firing of the companion 
EBN, and such behavior repeats itself alternately on each side, governed by the 
adaptation properties of the PBN membrane (GA and TA in Fig. 4).

The finding of a familial disorder causing saccadic oscillations, microsaccades, 
and limb tremor in a mother and daughter could also be explained using this model 
and hypothesizing that oscillations arise in the mentioned feedback loops due to a 
pathological reduction of glycinergic inhibition (Shaikh et al. 2007, 2008).

Importantly, the model is able to reproduce saccades and their oscillations based 
on the detailed topology of the brainstem premotor network and on the membrane 
properties of the modeled cells, instead of proposing new functions specifically tai-
lored to explaining specific experimental findings.
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Fig. 3 Models of individual brainstem neurons presenting with post-inhibitory rebound. Panel A: 
Neuron model by Ramat et al. (2005) in which post-inhibitory rebound is implemented as a high- 
pass filter governed by an adaptation gain GA and time constant TA in parallel to the direct projec-
tion to the neuron membrane, i.e., a low-pass filter with gain GEBN and time constant TM. Panel B: 
Neuron model by Daye et al. (2013) in which post-inhibitory rebound is due to a low-pass filter 
(gain GA and time constant TA) and the OPN projection has a multiplicative behavior on the neuron 
activity
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7  Superior Colliculus

The superior colliculus (SC) is a midbrain structure controlling body orientation in 
space and extensively involved in saccade generation, sending projections to the 
long-lead burst generator neurons in the PPRF and RiMLF, the OPN in the RIP, the 
NRTP, the vestibular nuclei, and the FEF. It is a multilayered structure receiving 
sensory information from the visual, auditive, and somatosensory systems together 
with higher-level cognitive signals related to attention and context. The dorsal lay-
ers of the SC are said “visual,” as they receive direct input from visual cortical areas, 
and implement a retinotopic map encoding the vector displacement to potential 
gaze targets (Goldberg and Wurtz 1972; Robinson 1972). Activity at the rostral pole 
is involved in fixation and the generation of microsaccades near the rostral pole that 
indicates targets near the fovea, while more caudal neurons encode the eye displace-
ment vector for peripheral targets. A radial receptive field characterizes neurons in 
such superficial layer, so that their firing behavior depends on the location of the 
visual target with respect to the center of their receptive field.

The intermediate and deep layers of the SC are instead “motor,” or visuomotor, 
mostly related to the control of eye movements and receiving inputs from visual 
areas and several cortical areas (PEF, FEF, SEF, dorsolateral prefrontal cortex 
(DLPFC)), from the NPH and the fastigial nuclei (FN) and from structures in the 
basal ganglia (the striatum, globus pallidus, subthalamic nucleus). These layers are 

Fig. 4 Brainstem saccade circuitry from the saccadic oscillation model by Ramat et al. (2005) 
showing the omnipause neurons (OPN), bilateral excitatory burst neurons (EBN), and inhibitory 
burst neurons (IBN). Inhibitory projections terminate with a round disc; excitatory projections 
terminate with an arrow. The model presents two positive feedback loops: one between inhibitory 
burst neurons on the right and left sides (the short IBN–IBN projections) and the other also involv-
ing the EBN, i.e., right EBN to right IBN, to left EBN, to left IBN, and back to the right EBN. The 
positive feedback loops involving neurons presenting with PIR represent the hypothesized mecha-
nism for saccadic oscillations. Suppose that depolarization of the right EBN provides a small out-
put burst. That will drive the right IBN, which in turn inhibits the left EBN. When the burst in the 
right EBN is over, the inhibition by the right IBN on the left EBN will be lifted, and its membrane 
potential will show a rebound depolarization. This rebound will cause the left EBN to burst, 
thereby exciting the left IBN, which, in turn, will lead to inhibition of the original, right EBN. At 
the end of the firing by the left EBN, the process will be repeated, alternately exciting the right and 
the left PBN
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also topographically organized, and their cells have a motor field, meaning that they 
fire presaccadic commands before saccades directed to specific areas of the visual 
field, encoded by the corresponding dorsal layer cells (Girard and Berthoz 2005; 
Leigh and Zee 2015).

Several groups focused on modeling the superior colliculus and its role in sac-
cade control, proposing a logarithmic mapping between a retinal stimulus and the 
activated SC cells and from those to the coding of saccade displacement vector 
based on 2D Gaussian functions (Ottes et al. 1986; Optican 1995). A spatial mem-
ory mechanism used in the SC for representing the position of a target and its updat-
ing during the execution of a saccade was then modeled as a “moving hill” of 
activity (Droulez and Berthoz 1991; Lefèvre and Galiana 1992). A central idea of 
several models was that the SC is part of the local feedback loop of the saccadic 
mechanism and produces, either directly or indirectly, the signal driving the premo-
tor neurons (Waitzman et al. 1988; Droulez and Berthoz 1991; Lefèvre and Galiana 
1992; Optican 1994). Yet, experimental findings have shown that collicular lesions 
in primates cause only relatively small changes in saccades’ dynamics and accuracy 
(Aizawa and Wurtz 1998; Quaia et al. 1998), arguing against such a fundamental 
role of the SC in saccade generation.

8  Cerebellum

The involvement of the cerebellum in the generation of saccades was understood as 
early as the late nineteenth century with the finding that cerebellar electrical stimu-
lation could elicit saccades. Indeed, the cerebellum is extensively involved with the 
generation of saccades, with the most critical functions being played by the dorsal 
cerebellar vermis (oculomotor vermis, OMV) and by the caudal fastigial nucleus 
(cFN) and specifically the fastigial nucleus oculomotor region (FOR), while the 
function of the cerebellar hemispheres and other nuclei remains less clearly under-
stood (Leigh and Zee 2015).

The cerebellum receives two types of input signals related to saccades: one from 
the SC through LLBN in the NRTP carried by mossy fibers and one related to motor 
error through climbing fibers from the inferior olive (IO).

Microstimulation of the OMV while executing a saccade modifies its trajectory 
(Keller et al. 1983); disruption of the OMV projection to the cFN causes significant 
ipsilateral hypometria and mild contralateral hypermetria (Sato and Noda 1992). 
Asymmetrical lesions (Takagi et al. 2000) cause longer latency in ipsilesional sac-
cades, which also become hypometric, and bilateral lesions impair saccade adapta-
tion (Takagi et al. 2000; Kojima et al. 2011). The output of the OMV through its 
Purkinje cells encodes the stop time of a saccade for landing on target (Thier 
et al. 2000).

Lesions of the cFN, which are inherently bilateral, cause significant saccade 
hypermetria (Selhorst et al. 1976), and unilateral pharmacological inactivation of 
one cFN produces hypermetric ipsilateral and hypometric contralateral saccades 
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(Robinson et al. 1993; Robinson and Fuchs 2001; Straube et al. 2009; Kojima et al. 
2014). The activity of FOR neurons in relation to a saccade is well characterized 
(Ohtsuka and Noda 1991; Fuchs et al. 1993; Helmchen and Büttner 1995): they fire 
about 8 ms prior to the onset of contralateral saccades and at the end of ipsilateral 
saccades.

9  Modeling the Cerebellum and Superior Colliculus 
in Saccade Generation

Most early models of the saccade-generating mechanism considering the cerebel-
lum were concerned with its role in saccade adaptation (Dean et  al. 1994; 
Schweighofer et al. 1996a, b), which has also been more recently studied in terms 
of motor learning (Xu-Wilson et al. 2009). A first model assigning an explicit role 
to the cerebellum in the generation of saccades was that proposed by Dean (1995) 
focusing on the burst activity of the FOR in accelerating saccades at their onset and 
choking them at their end when signaled by the local feedback loop. Further prog-
ress was represented by the neuromimetic model proposed by Optican and col-
leagues (Lefèvre et al. 1998; Quaia et al. 1999), which included detailed roles for 
the SC, the cerebellum, and the brainstem circuitry, incorporating many of the ana-
tomical and neurophysiological findings detailed in the previous paragraph. The 
overall model architecture (Fig. 5a) revolves around two pathways originating from 
the cortex: the first, encoding the target in retinotopic coordinates, reaching the SC 
and the second reaching the cerebellum. The SC determines the onset of the saccade 
by turning off the OPN and provides the driving signal to the released medium lead 
burst neuron (MLBN). It also provides the cerebellum with the desired saccade 
amplitude information through the NRTP. The cerebellum is considered as the site 
of a displacement integrator (DI) allowing it to monitor the progress of the saccade 
based on the output of the MLBN and is therefore part of the local feedback loop. 
Based on this estimate, it provides an additional drive to the ipsilateral MLBN cor-
recting the saccade trajectory and insuring that it gets to the target and projects to 
the contralateral IBN to stop the saccade when the estimated amplitude matches the 
desired one provided by the NRTP (Fig. 5b). The model hypothesizes a topographi-
cal organization of the FOR, having regions projecting to the horizontal MLBN and 
others to the vertical ones, which acts as the displacement integrator (i.e., perform-
ing a spatial integration) with a locus of activity beginning in the contralateral FOR 
and spreading to the ipsilateral one with a velocity controlled by the OMV (Quaia 
et al. 1999).

An evolution of such model, with a control circuitry based on the two pathways 
involving the SC and the cFN (Lefèvre et al. 1998; Quaia et al. 1999) and a detailed 
representation of the saccadic premotor circuitry inspired by the saccadic oscilla-
tions model (Ramat et  al. 2005, 2008) with a new neuron model producing PIR 
(Fig. 3b), was then proposed by Daye and colleagues (Daye et al. 2013). The model 
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considers two populations of inhibitory burst neurons, long-lead inhibitory burst 
neuron (LIBN) and short-lead inhibitory burst neuron (SIBN), the first responsible 
for turning off the OPN and the second projecting to the group of contralateral PBN; 
the SC is represented as three populations, one rostral and two caudal receiving the 
desired eye displacement and an efference copy of eye velocity, and includes the 
NPH for producing the step of innervation. The model was first fit to reproduce 
normal saccades; then the change of a few parameters tied to cerebellar dysfunction 
could account for the deficits of an undiagnosed patient showing asymmetrical 
amplitude–peak velocity relationships, postsaccadic drift, dynamic overshoot, and 
ocular flutter.

It was once more the finding of saccadic oscillations and opsoclonus in a peculiar 
patient that developed the symptom after taking anabolic–androgenic steroids that 

Fig. 5 Conceptual diagrams of the Lefèvre–Optican–Quaia model (Lefèvre et  al. 1998; Quaia 
et al. 1999). Panel A: Overall architecture. The cortex provides the intended target to both the SC 
and the FOR in the cerebellum. The SC provides both a drive signal to the MLBN in the PPRF and 
a go signal inhibiting the OPN. The cerebellum also receives the desired displacement information 
and sends an additional driving signal to the MLBN contributing to the saccade command. The 
output of the MLBN is fed back to the cerebellum, which monitors the progress of the saccade and 
stops it when the motor error reaches zero. Panel B: Detail of the projections in the brainstem and 
cerebellum during a rightward (ipsilateral) saccade. The contralateral superior colliculus (SC) 
sends a driving signal to the ipsilateral excitatory burst neurons (EBN) and retinotopic target infor-
mation to the cerebellum through the NRTP, releasing the contralateral FOR, which bursts and 
provides an additional drive to the ipsilateral EBN. The output of EBN is fed back to the displace-
ment integrator (DI) in the FOR, and its output displacement is compared to the intended one to 
compute the residual motor error that contributes a drive to the EBN. When the burst of FOR 
activity being integrated under the velocity control exerted by the cerebellar vermis reaches the 
ipsilateral FOR, a choke signal excites the contralateral IBN, which in turn inhibits the motor 
neurons (MN) of the agonist muscle (ipsilateral), stopping the saccade
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drove the development of a recent new model of the saccadic mechanism (Optican 
and Pretegiani 2017; Pretegiani et al. 2017). The model (Fig. 6) shares several fea-
tures with the previous ones (Lefèvre et al. 1998; Quaia et al. 1999; Ramat et al. 
2005; Daye et al. 2013), with PBN being driven by both the SC and the cFN, the two 
IBN populations with LIBN inhibiting the OPN and IBN reciprocally projecting to 
each other, forming a positive feedback loop, and to EBN. Differently though, the 
new model hypothesizes that the OMV (and not the FOR) is part of the saccade 
feedback loop and implements the displacement integrator, with a pause of activity 
originating on the side contraversive to the direction of the saccade and releasing the 
cFN.  Such inhibition, under control of an efference copy of EBN activity (eye 
velocity), spreads to the ipsiversive OMV and releases the corresponding cFN, 
which excites the contralateral IBN, stops the saccade and reactivates the OPN, thus 
preventing oscillations. The role of displacement integrator with a wave of inhibi-
tion spreading across the OMV is more plausible than the previous hypothesis 
attributing it to the FOR, since the OMV is continuous across the midline while the 
FN are not. In this model, the drive to PBN is again provided by both the SC and the 
cFN, yet the displacement integrator mechanism in the OMV can reconcile with a 
situation in which the retinotopic target location in the SC and the necessary com-
mand are dissociated, as with a moving target. The drive from the SC would be 
tailored to a saccade of a different size from the needed one, causing a saccade off 

Fig. 6 Architecture of the neuromimetic model of the saccadic system and detail of the areas 
involved in a rightward saccade (Optican and Pretegiani 2017). The cortex sends target informa-
tion to the left caudal SC (cSC), which begins firing, inhibiting the rostral SC (rSC), exciting the 
right group of PBN and the right NRTP (black projections). The left LIBN begin firing and inhibit 
the OPN, causing the right EBN and IBN to fire and start the saccade. The NRTP produces a locus 
of inhibition in the OMV, at a location (green circle) depending on the incoming context informa-
tion. The right EBN activity is fed back to the OMV and controls the speed of the inhibition wave 
moving toward the right, until it reaches the intended target (red diamond) and it disinhibits the 
right cFN. The right cFN excites the left group of PBN, with the IBN firing intensely to inhibit the 
right PBN and choke the saccadic drive, thereby stopping the saccade while disinhibiting the OPN 
and rSC to prevent further saccadic movements
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the main sequence, yet the spreading inhibition in the vermis would stop the saccade 
on target when it reaches the ipsiversive OMV. The initial location of the vermal 
inhibition depends on context and is under control of a learning mechanism adjust-
ing it with growing experience. The model explains saccadic flutter and opsoclonus 
as an alteration of GABA receptors (GABAAR) causing an increase of chloride cur-
rents and the inhibition of OMV, cFN, and OPN. Such increased GABAAR sensitiv-
ity would cause a delayed activation of the ipsilateral cFN, producing hypermetric 
saccades, and a delayed activation of the OPN, allowing for oscillations caused by 
the PIR in the EBN.

10  Conclusions

As we have witnessed throughout this review, the progress of our understanding of 
the saccadic mechanism is the outcome of a virtuous synergy between basic science 
providing new anatomical and physiological knowledge and their interpretations. 
These become testable when expressed through mathematical models, and the com-
parison of model predictions with experimental findings sparks new questions and 
new hypotheses, driving new research and new models. The fascination of the 
detailed understanding of the roles played by the different CNS areas involved with 
producing saccades is unique in the domain of motor control research and repre-
sents a precious window on understanding the function of our brain.
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The Neural Oculomotor System 
in Strabismus

Vallabh E. Das

Abstract Binocular alignment and binocular coordination of eye movements are 
necessary to direct both foveae at targets within 3D space. Unfortunately, individu-
als suffering from strabismus (ocular misalignment) never develop the necessary 
alignment and coordination of eye movements for binocular vision. Developmental 
loss of sensory or motor fusion leads to strabismus in nearly 5% of children, making 
this disease a significant public health issue. In order to develop a better understand-
ing of this disease, a number of nonhuman primate models have been used success-
fully. The common feature of existing monkey models is the disruption of binocular 
vision during the developmental critical period, either by operating on extraocular 
muscles (EOMs) to redirect the line of sight of one eye or by decorrelating or 
depriving binocular vision through the use of prisms or occluders. In these models, 
widespread changes in many visual and oculomotor neural centers have been identi-
fied, leading to new insight on the development and maintenance of eye misalign-
ment and other associated strabismus properties.

Keywords Strabismus · Animal model · Nonhuman primate · Eye movements · 
Neural substrate

1  Introduction

Binocular alignment and binocular coordination of eye movements are features of 
the normal development of the visual and oculomotor system (von Noorden and 
Campos 2002). The disruption of binocular vision during the critical period for 
visual development usually leads to strabismus (ocular misalignment). 
Developmental sensory strabismus, i.e., strabismus that occurs as a result of disrup-
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tion in the normal development of binocular vision, affects about 2–4% of children 
worldwide (Govindan et al. 2005; Greenberg et al. 2007). Other forms of congenital 
strabismus that are due to misinnervation of motor nerves (e.g., Duane’s syndrome), 
orbital problems (e.g., Marfan’s syndrome), and extraocular muscle (EOM) prob-
lems (e.g., congenital fibrosis of extraocular muscle) are rare and are not covered in 
this chapter.

It is likely that the disruption of binocular vision results in a cascade of develop-
mental neural deficits along the visual-oculomotor axis whose behavioral outcome 
is misaligned eyes and a host of associated oculomotor deficits such as A/V patterns, 
saccade disconjugacy, and other deficits in binocular coordination of eye move-
ments. Disruption of development of binocular vision also results in many sensory 
deficits associated with strabismus, including amblyopia, loss of stereopsis, and 
naso-temporal asymmetry in motion perception when viewing monocularly. This 
chapter focuses on the discussion of oculomotor deficits and their neural correlates. 
The reader is directed to other review articles for consideration of various sensory 
deficits, such as amblyopia, including their neural correlates in visual cortical areas 
(Crawford et  al. 1996; Kiorpes 2016). This chapter also specifically focuses on 
recent works, including from our own lab, that have used a nonhuman primate 
model for developmental strabismus to understand disruption in oculomotor neural 
circuits that leads to eye misalignment and other strabismus properties.

2  Nonhuman Primate Models for Strabismus

Strabismus can be induced in nonhuman primates using either surgical or sensory 
methods (Das 2016; Walton et  al. 2017). Fundamentally, either method can be 
employed in infant monkeys, whose aim is to disrupt binocular vision during the 
critical period for development (Boothe et al. 1985; Quick et al. 1989). Surgical 
methods such as extraocular muscle (EOM) resection, recession, and tenotomy in 
infant animals are effective in producing a strabismus (Crawford and von Noorden 
1979; Economides et al. 2007). These methods affect EOM contractility in addition 
to disrupting binocular vision during development. However, when attempting to 
study fundamental oculomotor mechanisms that are driving eye misalignment, it 
may be preferable to use sensory methods to disrupt binocular vision and leave the 
periphery intact. In our laboratory, we have successfully used two sensory methods, 
a daily alternating monocular occlusion (daily AMO) method and an optical prism- 
viewing method. Both of these are effective in inducing a permanent strabismus 
along with other oculomotor disruptions that are similar to those observed in humans 
(Das 2016).

In the daily AMO method, an occluding patch (either goggles or contact lens) is 
used to block vision in one of the eyes of the infant monkey. The following day, the 
patch is switched to the other eye and thereafter alternated daily for the first 
4–6 months after birth (Tusa et al. 2002). This method prevents binocular vision 
during the developmental critical period and may be referred to as an example of a 
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binocular vision deprivation rearing paradigm. In the optical prism-viewing method, 
the infant monkey is fitted with a helmet-like device that houses a 20PD horizontal 
Fresnel prism in front of one eye and a 20PD vertical Fresnel prism in front of the 
other eye. Prism-viewing continues for 4–6  months from birth, and during this 
period the animals are unable to fuse the disparate images that arise from viewing 
through the prisms. This method prevents binocular vision during the developmen-
tal critical period by providing noncorresponding images to the two eyes (Crawford 
and von Noorden 1980). Both of these sensory methods also do not induce severe 
amblyopia, and the monkeys can alternately fixate with either eye. The reader is 
directed to other reviews for discussion of the individual merits and demerits of 
each of the different rearing paradigms that induce strabismus in nonhuman pri-
mates (Das 2016; Walton et al. 2017).

3  Relative Roles of the Brain and the Extraocular Muscles 
in Strabismus

Before embarking on an investigation through the oculomotor system in search of 
neural correlates for the strabismic state, it is worthwhile to ask whether motor 
aspects of eye misalignment should be considered a problem rooted in the brain or 
in the extraocular muscles (Ghasia and Shaikh 2013; Ghasia et al. 2015). There is 
generally no argument that developmental strabismus is triggered by disruption of 
binocular vision and therefore the etiology of the disorder is rooted in the brain. 
However, it is possible that adaptive changes in muscles can eventually result in a 
situation in which the brain is no longer driving the state of misalignment on a 
moment-to-moment basis (Guyton 2006). Evidence for adaptive changes in mus-
cles has been demonstrated in monkey studies by Scott and colleagues in which 
sarcomeres have been shown to be added or subtracted following eye muscle sur-
gery (Scott 1994). Other evidence for the involvement of the periphery include the 
identification of hypertrophic or hypotrophic muscles and mislocalization of muscle 
pulleys in some forms of human strabismus (Oh et al. 2002; Schoeff et al. 2013), 
changes in satellite cell activation in rabbit EOM following resection which is evi-
dence of muscle remodeling and remodeling of muscle fiber characteristics, and 
neuromuscular junction density in patients with nystagmus (Antunes-Foschini et al. 
2008; Christiansen et al. 2010; Berg et al. 2012).

On the other hand, evidence for an ongoing neural role in setting the state of mis-
alignment and other eye movement abnormalities in strabismus has emerged since the 
incorporation of a nonhuman primate model for strabismus in oculomotor investiga-
tion. The rest of this chapter summarizes this evidence. It is our view that, when the 
etiology of strabismus is sensory, an important part of the strabismus driving force is 
neural during development and also in the steady state. However, this conclusion 
should not be interpreted as rejecting the influence of adaptive changes in extraocular 
muscle; the final state of misalignment in strabismus is likely due to a combination of 
brain and muscle involvement that can vary among individual patients.
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4  Neural Structures Involved in Eye Misalignment

Figure 1 shows the parts of an anatomical circuit that hypothetically serves vergence 
eye movements in a normal animal (Noda et al. 1990; Gamlin 1999; Bohlen et al. 
2016, 2017; May et al. 2018). Several of the structures shown in the figure have 
been studied in strabismic monkey models and have provided evidence that struc-
tures within this circuit are also involved in strabismus.

4.1  Oculomotor and Abducens Motor Nuclei

The first evidence that oculomotor structures within the brain were involved in 
maintaining the state of eye misalignment on a moment-to-moment basis came 
from neural recording studies in the motoneurons of the oculomotor nucleus and 
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Fig. 1 Part of a neuroanatomic vergence circuit that has also been studied in strabismus monkey 
models. Anatomical circuit derived from published studies in the literature (Noda et al. 1990; May 
et al. 1992; Bohlen et al. 2016; May et al. 2018). Legend: OMN oculomotor nucleus, ABD abdu-
cens nucleus, SOA supraoculomotor area, EW Edinger-Westphal nucleus, cFN caudal fastigial 
nucleus, PIN posterior interposed nucleus, SC superior colliculus, cMRF central mesencephalic 
reticular formation, NRTP nucleus reticularis tegmenti pontis
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abducens nuclei in a macaque animal model for strabismus. Das and Mustari (2007) 
showed that cyclovertical motoneurons within the oculomotor nucleus of strabismic 
monkeys were driving inappropriate vertical cross-axis movements that resulted in 
upshoot in abduction and DVD. Joshi and Das (2011) recorded from medial rectus 
motoneurons within the oculomotor nucleus in two animals with a sensory exotro-
pia and found evidence for a neural drive for horizontal misalignment. Thus, in their 
study, neuronal responses were fit to a first-order model, and the estimated position 
and velocity sensitivities and background firing rate (i.e., firing rate when fixating a 
target at primary position) were found to be similar whether the eye to which the 
neuron projected was fixating the target or under cover (i.e., the deviated eye). 
Further, the estimated average values of the neuronal sensitivities were similar to 
published data in the literature obtained from normal animals. Therefore, in these 
two animals, the eye deviation or strabismus was fundamentally due to an inappro-
priate signal from the brain to the extraocular muscles. In another study, Walton 
et al. (2014a) recorded from abducens nucleus neurons in one monkey with a sen-
sory esotropia and in another monkey with a surgically (bilateral medial rectus 
tenotomy) induced exotropia. The fundamental finding here was that although the 
position and velocity sensitivities were similar to that observed in normal monkeys, 
there was an overall reduction in abducens activity compared to that of the normal 
animal, providing additional evidence for neural involvement.

Both oculomotor and abducens nuclei responses from two sensory exotropes 
have been recently recorded (Pullela et al. 2018). The advantage of recording from 
both motor nuclei in the same animal is that the population neural drive to each of 
the horizontal muscles can be ascertained providing an overall view of balance of 
forces being applied to the horizontal recti from the brain. Figure 2 shows the aver-
age neural drive of the population of oculomotor and abducens motoneurons pro-

Fig. 2 Total neuronal drive to medial and lateral rectus muscles in normal monkeys during 
straight-ahead fixation as derived from the literature (Mays and Porter 1984; Fuchs et al. 1988; 
Sylvestre and Cullen 1999; Miller et al. 2011) and to the medial and lateral rectus muscles of the 
deviated eye in two exotropic monkeys (M1, M2) with strabismus angle of approximately 30°. 
Note the relative imbalance in the lateral and medial rectus firing rates in strabismic monkeys 
compared to the normal animal. Legend: OMN oculomotor nucleus
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jecting to the medial and lateral rectus muscles of the deviated eye when the fellow 
eye is viewing a straight-ahead target. For comparison, the total neuronal drive from 
the oculomotor and abducens nuclei to the medial and lateral rectus muscles in nor-
mal monkeys during straight-ahead fixation as estimated from several published 
studies is also plotted. The main finding was that the total neuronal drive to the 
medial rectus of the deviated eye was significantly less than the total neuronal drive 
to the lateral rectus of the deviated eye in strabismic monkeys. This imbalance in 
neural drive is significantly contributing to the maintenance of exotropia in these 
animals.

4.2  Supraoculomotor Area

The presence of neural activity in the motoneurons that appears to drive strabismus 
does not mean that the neural substrates for strabismus are the motor nuclei them-
selves. Rather, central structures are likely involved in driving strabismus. The 
supraoculomotor area (SOA) is the region of the midbrain that is immediately dor-
sal and dorsolateral to the oculomotor nucleus (May et al. 2018). Neurons in the 
SOA, also called the midbrain near-response region, have monosynaptic connec-
tions to medial rectus motoneurons in the oculomotor nucleus and show responses 
related exclusively to convergence (near-response) or divergence (far-response) eye 
movements (Mays 1984; Zhang et al. 1991), i.e., neuronal responses are not modu-
lated during conjugate eye movements such as saccades. Cells with vergence veloc-
ity sensitivity have also been identified in this area (Mays et al. 1986).

Cells in the SOA appear to carry a signal related to strabismus angle in animal 
models for strabismus (Das 2012; Pallus et al. 2018). Figure 3 shows data from a 
sample cell in the SOA of an animal with exotropia that shows an increase in firing 
rate when the exotropia angle was less, i.e., reduction in divergent strabismus angle 
was accompanied by an increase in firing rate similar to what might be expected of 
a near-response cell in a normal animal. Like the near-response cells in normal ani-
mals, these cells also do not modulate during conjugate eye movements. Both near- 
and far-response cells have been identified in the SOA of strabismic monkeys. When 
analyzing the population of SOA cells, Das (2012) found that the threshold at which 
the population of SOA cells began to fire in the strabismic monkeys was shifted 
toward exotropia (in the normal animal, the threshold is close to 0° of vergence) and 
the strabismus angle (vergence) sensitivity of the cells was significantly less than 
that of the normal monkey. This has since been replicated in a recent study by Pallus 
et al. (2018). These observations led to the hypothesis that the SOA cells which are 
normally purported to provide the vergence tone to medial rectus muscles necessary 
for binocular alignment instead provide “reduced tone” in exotropia, leading to 
maintenance of eye misalignment in these animals (Das 2012). Interestingly, Pallus 
et al. (2018) found that the strabismus angle sensitivity was reduced in animals with 
esotropia also. This would suggest that either mechanisms of esotropia are funda-
mentally different from exotropia or alternatively and in our opinion, more likely, 
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vergence tone signals are applied to both medial and lateral recti via central connec-
tions to the oculomotor and abducens nuclei and the balance of “vergence-related” 
activity to the two motor nuclei produces an outcome of esotropia or exotropia. A 
structure that provides the abducens motoneurons with vergence signals (like the 
SOA does to the medial rectus motoneurons) has not yet been identified. One pos-
sibility is the central mesencephalic reticular formation (cMRF) or the superior col-
liculus (SC), as shown in Fig. 1.

4.3  Cerebellum

The SOA receives direct projections from the caudal fastigial nucleus (cFN) and the 
posterior interposed nucleus (PIN) of the cerebellum (Noda et al. 1990; May et al. 
1992). The cFN and PIN have also been shown to contain neurons related to both 
vergence and accommodation (Zhang and Gamlin 1998). Finally, lesions or degen-
eration of the midline cerebellum or superior cerebellar peduncle (output of the 
cerebellum) leads to deficits in alignment and binocular coordination (Ohtsuka et al. 
1993; Versino et al. 1996). Therefore, evidence from anatomical, physiological, and 
lesion studies suggests a role for the cerebellum in binocular control of eye move-
ments (Kheradmand and Zee 2011).

Fig. 3 Activity of a 
representative cell in the 
SOA that shows increased 
responses when angle of 
misalignment is small 
(~20°) compared to when 
angle of misalignment is 
large (~30°). Data acquired 
during alternate cover 
testing in an exotropic 
monkey. Angle of 
misalignment is smaller 
during right eye viewing 
than during left eye 
viewing. Legend: right eye, 
red; left eye, blue. 
(Adapted from Das 
2012 – copyright 
Association for Research 
in Vision and 
Ophthalmology)
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The cerebellum also appears to play a role in strabismus as shown by a study by 
Joshi and Das (2013). In this study, the authors used muscimol to reversibly inacti-
vate the cFN and PIN in monkeys with strabismus. The main finding was that inac-
tivation of the cFN caused a divergent change in misalignment (reduction of 
esotropia and increase in exotropia), while inactivation of the PIN caused a conver-
gent change in misalignment (reduction of exotropia). Other aspects of strabismus 
such as DVD and A/V patterns were unchanged. Therefore, it appears that the recip-
rocal connections between the cFN/PIN and the SOA are important in the mainte-
nance of the strabismus angle.

4.4  Superior Colliculus

The superior colliculus (SC) is a midbrain structure critical for driving saccadic eye 
movements (Gandhi and Katnani 2011). The rostral part of the SC is also involved 
in smooth pursuit (SP), although its role in SP appears to be limited to aspects of 
target selection/movement initiation and providing a position signal to the smooth- 
pursuit system during ongoing pursuit (Basso et al. 2000; Krauzlis and Dill 2002; 
Krauzlis 2004; Gandhi and Katnani 2011).

Although this role of the SC in saccade and smooth-pursuit eye movements has 
been the primary focus of most studies, there is also evidence supporting the role of 
the SC in vergence. Convergence-related neurons have been identified in the cat 
rostral superior colliculus (rSC) (Jiang et  al. 1996), and electrical stimulation or 
pharmacological inactivation produces changes in both accommodation and ver-
gence (Sawa and Ohtsuka 1994; Ohtsuka and Sato 1996; Suzuki et al. 2004). Billitz 
and Mays (1997) were not able to elicit vergence by electrical stimulation in the SC 
of the monkey during far viewing, but electrical stimulation during near viewing 
caused a relaxation of vergence. In another study in nonhuman primates, SC electri-
cal stimulation applied just before or during a vergence-only movement or a com-
bined saccade-vergence movement interfered with the vergence movement 
(Chaturvedi and van Gisbergen 1999, 2000). Ablations of the rSC in monkeys result 
in problems with both disparity processing and eye alignment (Lawler and Cowey 
1986). Saccade-related neurons in the caudal colliculus show a weak relationship to 
vergence in that many burst neurons show a reduction in saccade velocity sensitivity 
when looking at near targets compared to when looking at far targets (Walton and 
Mays 2003). A recent study by Van Horn and colleagues indeed identified conver-
gence and divergence neurons in the rSC that were modulated during slow ver-
gence, but not conjugate or fast vergence eye movements, thereby postulating that 
the rSC only contributes to slow vergence (Van Horn et al. 2013). Also, electrical 
stimulation in this area produced vergence angle changes when looking at near 
targets.

Considering the evidence for SC involvement in vergence and the potential for 
disruption in vergence circuits as a neural substrate for strabismus, our lab recently 
examined the role of the SC in maintaining the state of misalignment in strabismus 
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monkey models using electrical stimulation techniques (Upadhyaya et  al. 2017). 
Figure 4 shows the effect of electrical stimulation at a rostral site in the SC of an 
animal with strabismus. In addition to the staircase of saccades that is distinctive of 
SC stimulation, there was also a significant change in horizontal strabismus angle 
with little change in vertical strabismus angle. It was found that a variety of either 
convergent or divergent change in strabismus angle was obtained by electrical stim-
ulation at 51 sites in the SC of three strabismic monkeys. Further analysis showed 
that the change in strabismus angle was brought about by both disconjugate sac-
cades and disconjugate post-saccadic drift. It was hypothesized that the disconju-
gate post-saccadic drift could be due to the activation of pools of convergence- or 
divergence-related neurons in the SC. Recent other studies have also used electrical 
stimulation and recording techniques to study the SC in strabismic monkeys 
(Economides et al. 2016, 2018; Fleuriet et al. 2016). Although those studies were 
primarily directed at examining SC topographic maps, which were determined to be 

Fig. 4 Raw data showing eye movement responses following electrical stimulation in the left SC 
of a strabismic monkey during monocular left eye viewing. Panel (a, c): Multiple traces of horizon-
tal and vertical eye position of the right (red) and left (blue) eyes. Data are aligned on the start of 
stimulation. Contralateral (rightward) and upward staircase saccades are evoked during the period 
of electrical stimulation (shown by green bar). Panel (b, d): Horizontal strabismus angle (left eye 
position – right eye position) shows a significant divergent change in alignment but little vertical 
change in alignment during stimulation. In all panels, positive values indicate rightward or upward 
eye positions and negative values indicate leftward or downward eye positions. (Reproduced from 
Upadhyaya et al. 2016 – copyright Journal of Neurophysiology)
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normal, they also showed that electrical stimulation elicited saccades that were dis-
conjugate with significant disconjugate post-saccadic drifts. In follow-up work, the 
presence of cells related to eye misalignment in the rostral part of the SC was 
recently reported (Upadhyaya and Das 2018). These are likely the same vergence- 
related cells reported in normal monkeys (Van Horn et al. 2013).

The main significance of these results is that they place the SC within the ver-
gence circuit that could be involved in setting the angle of misalignment. Additional 
studies are needed to ascertain the pathway by which the aberrant SC vergence 
signals reach the abducens and/or oculomotor nuclei. As shown in Fig. 1, the SC has 
connections to the abducens via the cMRF and also to the SOA and the OMN.

5  Neural Structures Involved in A/V Pattern Strabismus

Pattern strabismus is a fairly common feature associated with strabismus (von 
Noorden and Campos 2002). Fundamentally, a decrease in exotropia or increase in 
esotropia in upgaze versus downgaze is defined as an A-pattern strabismus, while an 
increase in exotropia or decrease in esotropia in upgaze versus downgaze is a 
V-pattern strabismus. While A and V patterns are the most common, pattern strabis-
mus with X and Y patterns has also been described. This feature has been replicated 
in monkey models of strabismus and has been a target of investigation. Although 
pattern strabismus generally refers to changes in static strabismus angles observed 
during up or down fixation, they are also reproduced during eye movements. 
Figure 5 shows data from when the animal was performing a horizontal or vertical 
SP task. Just as might be expected during fixation, during SP also, the angle of stra-
bismus is less during upgaze compared to downgaze. Note that in addition to 

Fig. 5 Strabismus patterns observed during SP in an exotropic strabismic monkeys. Data show the 
average of several trials of horizontal and vertical SP as the strabismic monkey tracked the moving 
target with his left eye. The right eye is deviated to the right (exotropia); the angle of misalignment 
reduces for upward gaze positions compared to downward positions (A-pattern strabismus), and 
there is a vertical deviation that varies with horizontal gaze position (upshoot in abduction). 
Positive values indicate rightward and upward positions and negative values indicate leftward and 
downward positions. Legend: right eye, red; left eye; blue. (Adapted from Agaoglu et al. 2015 – 
copyright Association for Research in Vision and Ophthalmology)
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changes in horizontal strabismus angle with vertical gaze, there are also changes in 
vertical strabismus angle (in this case the monkey showed a dissociated vertical 
deviation or DVD) with horizontal gaze. The oculomotor manifestation of pattern 
strabismus is fundamentally an inappropriate cross-axis movement in the deviated 
eye. Therefore, when the viewing eye makes a purely vertical SP or saccadic eye 
movement, the deviated eye shows SP with both a vertical and an inappropriate 
horizontal component (Das et al. 2005).

Das and Mustari (2007) recorded from vertical burst-tonic motoneurons project-
ing to cyclovertical muscles during horizontal and vertical SP eye movements and 
found that these neurons were similarly modulated during vertical SP and during the 
inappropriate cross-axis vertical component that was observed during horizontal 
SP. Joshi and Das (2011) also reported a similar result from medial rectus motoneu-
rons for the cross-axis horizontal component observed during vertical 
SP.  Fundamentally, these studies provided neurophysiological evidence that the 
mechanism behind pattern strabismus was neural (Walton et al. 2017).

In an attempt to understand the central mechanisms behind the apparent discon-
jugacy between the two eyes due to cross-axis movements associated with pattern 
strabismus, Walton and colleagues have conducted a series of behavioral, electrical 
stimulation, neural recording, and mathematical modeling studies of cross-axis 
movements during saccades (Walton et al. 2013; 2014b; Walton and Mustari 2015; 
Walton and Mustari 2017). In a behavioral study of vertical and oblique saccades, 
they determined that saccade disconjugacy was due to a disconjugacy in both sac-
cade amplitude and saccade direction. This finding was later corroborated in studies 
with human patients (Ghasia et al. 2015; Shaikh and Ghasia 2015). Electrical stimu-
lation in the paramedian pontine reticular formation (PPRF – a critical structure for 
generation of horizontal saccadic eye movements containing the excitatory burst 
neurons) of strabismic monkeys resulted in disconjugate eye movements with both 
horizontal and vertical components, suggesting that the PPRF was not organized in 
the same manner as in a normal monkey (Walton et al. 2013). The electrical stimula-
tion study was followed up by a neural recording study in the PPRF by the same 
authors, and they found that the PPRF neurons often showed preferred directions 
that deviated from the horizontal axis (Walton and Mustari 2015). These findings 
led to the hypothesis that horizontal and vertical saccade control signals are mixed 
in the PPRF, therefore leading to cross-axis movements and A/V pattern strabismus. 
Electrical stimulation and recording studies have also been attempted in the SC of 
animals with strabismus, and although the stimulation leads to disconjugate sac-
cades, the consensus is that the topographic motor maps within the SC are still rela-
tively “normal,” i.e., are offset by the magnitude of ocular deviation but are otherwise 
aligned for the viewing and deviated eyes (Fleuriet et al. 2016; Economides et al. 
2018). This suggests that the disconjugacies leading to A/V pattern strabismus are 
not localized to the SC.

A fundamental assumption necessary to simulate A/V patterns is that there is 
cross-talk between horizontal and vertical systems (Walton et al. 2017). Recently, 
Walton and colleagues used control systems modeling to simulate the saccade dis-
conjugacies observed in their monkeys with A/V pattern strabismus (Walton and 
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Mustari 2017). Among the three models that they tested, they favor a hypothesis 
wherein the cross-talk between the horizontal and vertical systems is distributed 
across several nodes in the visual-oculomotor system. An important node where 
cross-talk may manifest is the neural integrator since cross-axis movements are 
present in all eye movements and not just saccades. Additional experiments are 
necessary to establish the role of the neural integrator in A/V pattern strabismus.

6  Visual Suppression and Fixation-Switch Behavior 
in Strabismus

An interesting behavioral observation in humans and monkeys with strabismus is 
fixation-switch behavior (van Leeuwen et al. 2001; Das 2009). Thus, during binocu-
lar viewing conditions, strabismic subjects will choose to fixate targets with a spe-
cific eye depending on the spatial location of the target and may switch fixation 
depending on the target step. Strabismus with this property is also called alternating 
strabismus. The spatial patterns of fixation support the idea that fixation-switch 
behavior follows from visual suppression of a portion of the temporal retina in exo-
tropes and a portion of the nasal retina in esotropes. However, this is likely to be 
only a partial explanation since targets appearing on the fovea or portions of tempo-
ral retina immediately adjacent to the fovea in an exotrope (nasal retina in an eso-
trope) are still acquired by the “closer” eye (Economides et al. 2012, 2014; Agaoglu 
et al. 2014). Fundamentally, spatial patterns of fixation in alternating strabismus are 
such that exotropes will fixate targets on the right with the right eye and targets on 
the left with their left eye and the boundary at which fixation switch occurs is 
approximately in between the visual axes of the two eyes, i.e., at approximately half 
the strabismus angle (Agaoglu et al. 2014). Figure 6 shows an example of multiple 
saccade trials in which the strabismic animals were viewing binocularly. In the exo-
trope, targets on the left are acquired by the left eye and targets on the right are 
acquired by the right eye. Targets that are in between the visual axes of the two eyes 
may be acquired by either eye. The reverse pattern is observed in the esotrope. 
Targets on the left are acquired by the right eye and targets on the right are acquired 
by the left eye. Once again, targets that are in between the visual axes of the two 
eyes may be acquired by either eye. In the presence of amblyopia, this boundary of 
right eye versus left eye fixation is shifted toward the amblyopic eye. The ability to 
switch fixation and the spatial location at which fixation switch occurred may also 
been used as a marker for the presence of amblyopia (Dickey et al. 1991).

Psychophysical experiments in human exotropes have also confirmed that 
regions of temporal retina adjacent to the fovea are in fact not suppressed 
(Economides et  al. 2012, 2014). Other experiments in esotropic monkeys have 
shown that portions of nasal retina adjacent to the fovea are not suppressed (Agaoglu 
et  al. 2014). The human psychophysical experiments that were fundamentally 
detection-based and the monkey experiments that were fundamentally saccade- 
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based did not provide information on whether depth of visual suppression varies 
across the retina and whether this might influence target acquisition behavior. 
Agaoglu and colleagues conducted an experiment in which they showed that motion 
information provided to the fovea of the deviated eye was indeed processed, albeit 
weakly, and the motion-evoked optokinetic response could be further modulated by 
changing the contrast of the visual stimulus (Agaoglu et al. 2015).

The neural circuit by which fixation-switch behavior is driven has not yet been 
determined. One hypothesis is that target selection areas such as the frontal eye 
fields, lateral intraparietal area, and the SC are involved in selecting which eye 
should acquire the target and in generating an appropriately sized and directed sac-
cade. Recently, Economides and colleagues recorded from cells in the SC of mon-
keys with surgically induced exotropia (Economides et  al. 2018). Their primary 

Fig. 6 Saccade behavior under binocular viewing conditions in esotrope (Panels a, c, e) and exo-
trope (Panels b, d, f) illustrating spatial patterns of fixation switch. Rightward eye positions are 
positive, while leftward eye positions are negative. The red traces are right eye position, the blue 
traces are left eye position, and the black line is the target position. Panels (a) and (b) illustrate a 
target step that elicits no fixation switch, i.e., the left eye is fixating the target before and after the 
target step. Panels (c) and (d) illustrate a target step for which every trial results in a fixation 
switch, i.e., the left eye is fixating the target before the target step and the right eye is fixating the 
target after the target step. Panels (e) and (f) illustrate a target step for which only some trials elicit 
a fixation switch. (Figure reproduced from Agaoglu et  al. 2014  – copyright Association for 
Research in Vision and Ophthalmology)
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finding was that visual receptive fields in the strabismic monkeys have similar reti-
notopic organization as the normal. There was no evidence for anomalous corre-
spondence, and also both eyes were normally binocularly responsive, i.e., no 
evidence for suppression of non-fixating eye. Additional studies of various cell 
types in the SC (visuomotor and motor cells) are necessary to determine whether the 
target selection circuitry is responsible for acquiring targets with either eye.

7  Neural Plasticity Following Surgical Treatment 
of Strabismus

The most common treatment strategy for strabismus is the surgical manipulation of 
EOMs to realign the eyes. Surgical approaches have varying levels of success and 
permanence, and often patients have to undergo multiple procedures to resolve 
residual misalignment (Scheiman and Ciner 1987; Scheiman et al. 1989; Louwagie 
et al. 2009; Mohney et al. 2011).

The failure of strabismus correction surgery could be due to adaptive changes 
following treatments that occur at the periphery (muscle remodeling) or within cen-
tral brain areas (central neural adaptation). Adaptive changes at the level of the 
EOMs have been reported following surgical manipulation. As described earlier in 
this chapter, a study by Scott showed that sarcomere lengths were altered in the 
horizontal EOM following surgical manipulation (Scott 1994). Christiansen and 
McLoon studied the effects of resection surgery in rabbit EOM and found that there 
was an increase in satellite cell activation in both the treated muscle and its antago-
nist muscle along with the incorporation of new myonuclei, all indicators of muscle 
remodeling in response to the surgery (Christiansen and McLoon 2006).

However, changes in inherent EOM contractility may not provide a complete 
description of adaptive changes that influence the strabismus angle following treat-
ment as the brain could also adapt innervation patterns following surgery. A recent 
series of studies investigated the behavioral and neuronal plasticity following a 
 typical resect-recess strabismus correction surgery in two adult monkeys with an 
exotropia previously induced by prism-rearing (Pullela et al. 2016, 2018). Figure 7a 
shows the longitudinal change in alignment starting from day 1 after the surgery of 
one of the study animals. In the two animals in the study, misalignment was reduced 
by ~70% immediately after surgery but had regressed toward pre-surgical values by 
6 months after surgery. Other than misalignment, changes in dynamic saccade and 
SP gains were identified, but these were relatively small in magnitude (Pullela 
et al. 2016).

Longitudinal recording of population neuronal activity within oculomotor and 
abducens nuclei before and after surgical correction showed some interesting pat-
terns of neural adaptation. Figure 7b shows the data from one of the study animals, 
in which there was a short-term (within the first month) increase in the population 
neural innervation to the recessed lateral rectus muscle. In the other monkey (not 
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shown), there was a short-term (also within one month of treatment) reduction in the 
population neural innervation to the resected medial rectus muscle. Both of these 
forms of neural adaptive changes act to drive the eyes toward exotropia, or in other 
words, these adaptive changes are “fighting” the intent of the treatment, resulting in 
a relapse to pre-surgical values of strabismus angle (Fig. 7a). The neuronal drive to 
horizontal recti recovered by six months, but the angle of misalignment was still 
relapsed, suggesting that there were also adaptive changes in the muscle that 
occurred over the longer term of ~6 months. Note that the presence of changes in 
neural drive from motor nuclei does not mean that this area is the site of adaptation. 
It is likely that central areas of the brain, perhaps vergence circuits, are the site for 
neural adaptation. In this study, adaptive changes were also observed in the neural 
drive to the untreated eye, suggesting that premotor areas of the brain that project to 
both eyes are the site to adaptation.

The counterproductive neural and muscle adaptive changes that were observed 
only directly explain cases when strabismus surgery fails. Although not proven, it is 
likely that adaptation within these same mechanisms is responsible for the mainte-
nance of the aligned state when the surgical treatment results in long-term success. 
When strabismus surgery succeeds, it is likely that residual binocular vision pro-
vides the necessary central adaptive signal that changes patterns of innervation from 
motor nuclei to the EOM to levels appropriate to maintain alignment.

Fig. 7 Longitudinal changes in eye alignment (Panel a) and population neuronal drive (Panel b) 
following strabismus correction surgery in an exotropic monkey. Panel (a): Each data point in the 
plot shows the alignment data on days that neuronal data were also acquired. Data point before “0” 
on the time axis (x-axis) is the average strabismus angle prior to surgery. The plot shows that 
immediately after surgery, there is a significant reduction in strabismus angle that reverted toward 
pre-surgical values by about 6 months after surgery. Panel (b) shows the average population neu-
ronal activity of neurons within the oculomotor nuclei (purple bars) and the abducens nuclei (green 
bars) projecting to the muscles of the deviated treated eye when the untreated eye is viewing a 
straight-ahead target at timepoints “Pre” (before surgical treatment), “P1” (within the first month 
after treatment), and “P6” (~6 months after treatment). Note the increase in neuronal drive within 
the abducens nuclei at P1 that effectively acts to negate the intent of surgery. The reversal in align-
ment observed in Panel A over the first month is likely due to this “negative” adaptive neural effect 
observed in the abducens neuron responses. (Adapted from Pullela et  al. 2018  – copyright 
Association for Research in Vision and Ophthalmology)
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8  Future Area of Investigation: Proprioception 
and Strabismus

Although great strides have been made in understanding neurophysiological mecha-
nisms underlying strabismus, there are still significant knowledge gaps and one of 
them is in the role that proprioception might play in the development and mainte-
nance of strabismus. There is some evidence that proprioception plays a role in 
ocular alignment, but the mechanism is not understood.

EOM stretch or proprioceptive signals are present in a number of regions of the 
brain, including the oculomotor nucleus, cerebellum, vestibular nuclei, and nucleus 
prepositus hypoglossi, and most recently have been identified within neurons in 
area 3a of primary somatosensory cortex (Fuchs and Kornhuber 1969; Tomlinson 
and Schwarz 1977; Ashton et  al. 1988; Kimura et  al. 1991; Wang et  al. 2007). 
Lesions of the ophthalmic division of the trigeminal nerve in normal adult monkeys 
did not produce immediate changes in saccades, pursuit, or the vestibulo-ocular 
reflex, but in animals with unilateral EOM palsy, trigeminal nerve lesion produced 
eye misalignment and disconjugate eye movements over a period of weeks (Lewis 
et al. 1994, 1999, 2001). Also supporting a role of proprioception in eye alignment, 
patients undergoing multiple strabismus correction surgeries showed changes in 
visual localization (Steinbach and Smith 1981). Spatial localization deficits were 
also found in a patient with a congenital trigeminal-oculomotor synkinesis (often 
associated with strabismus), suggesting aberrant proprioceptive signaling (Lewis 
and Zee 1993). Support for a proprioceptive role in alignment has also come from 
studies in a monkey model for superior oblique palsy (SOP) created by sectioning 
the trochlear nerve transcranially at the level of the cavernous sinus (Shan et  al. 
2007a, b; Tian et al. 2007). Immediately after the procedure, the animals showed 
characteristic misalignment of human SOP (Shan et  al. 2008). There was also a 
short-term reduction in misalignment, followed by a gradual increase, despite 
patching (blocking vision) one or both eyes after surgery, suggesting that proprio-
ceptive mechanisms may be responsible for changes in alignment (Quaia et  al. 
2008; Shan et al. 2011). A consensus hypothesis has emerged, suggesting that effer-
ence copy is primarily necessary for online control of eye movements, while pro-
prioception contributes to the long-term calibration of efference copy and could 
contribute to the calibration of eye alignment and binocular coordination of eye 
movements (Steinbach 1986, 1987; Lewis et al. 1994; Donaldson 2000).

Some early studies in the cat have also suggested a role for ocular proprioception 
in the development of visual cortical properties including binocular vision (see 
Buisseret (1995) for review). Orientation selectivity in area 17 is impaired in kittens 
whose EOMs are paralyzed during visual exposure (Buisseret and Gary-Bobo 1979) 
and can be selectively impaired in dark-reared kittens by detaching specific EOMs, 
suggesting that active eye movements (possibly stretch of EOMs) are necessary for 
normal development (Gordon and Gummow 1975; Gary-Bobo et al. 1986). A study 
in paralyzed and monocularly occluded 4-week-old kittens also suggested that 
visual stimulation and active eye movements are both needed to produce binocular-
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ity in visual cortex (Freeman and Bonds 1979). Loss of cortical binocularity even 
occurs in adult cats after surgical immobilization of one eye (Fiorentini and Maffei 
1974), and this appears to be due to the paralysis itself, rather than abnormal visual 
input (Maffei and Fiorentini 1976). Studies by Trotter and colleagues showed that 
sectioning of the ophthalmic division of the trigeminal nerve leads to a significant 
reduction in the number of area 17 cells with binocular fields, with greatest loss 
appearing in kittens treated at 5–7 weeks old (near the peak of their critical period) 
(Trotter et al. 1987). Most cells in area 17 of adult cats that were raised with a tri-
geminal section performed at 5–12 weeks of age also showed significant deficits in 
response to interocular phase disparity stimuli, which is a better test of binocular 
function (Trotter et al. 1993). Although difficult to test precisely in cats, studies of 
stereoscopic vision and disparity detection show behavioral deficits that mirror the 
cortical binocularity deficits (Fiorentini et al. 1985; Fiorentini et al. 1986; Graves 
et al. 1987).

It should be noted that there is controversy on the identity of the proprioceptive 
receptor in the EOM and the pathway by which proprioceptive signals reach central 
brain areas. The palisade endings held much promise as the proprioceptive receptor, 
which incidentally were found to send signals to central brain areas via the oculo-
motor nerves and not the trigeminal nerve (Lienbacher et al. 2011). If EOM proprio-
ception signals are conveyed by the oculomotor nerve, then the interpretation of 
studies that employed section of the ophthalmic division of the trigeminal nerve as 
a way to disrupt proprioception is called into question. However, subsequent find-
ings that palisade endings contained boutons with cholinergic vesicles, which are 
sometimes associated with postsynaptic acetylcholine receptors, have led to the 
interpretation that palisades are motor, not sensory (Lukas et al. 2000; Blumer et al. 
2009; Zimmermann et al. 2013). In essence, the proprioceptive receptor in the EOM 
and how these signals are conveyed to central brain areas such as primary somato-
sensory cortex are still unknown. Therefore, pathways and mechanisms of 
 proprioception in normal oculomotor control will also have to be investigated in 
parallel in order to interpret its possible role in strabismus.
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peripheral or central vestibular deficits. In this chapter, we will discuss state-of-the- 
art clinical practice strategies. We will focus on incremental vestibular ocular reflex 
(VOR) adaptation, with specific focus on the influence of training target contrast on 
the adaptive process, the influence of position and velocity error signals driving the 
adaptive process, and the role of active versus passive head rotation. We will then 
discuss the important effects of aging on VOR adaptation. Finally, we will summa-
rize new developments in vestibular rehabilitation and provide a succinct review of 
vestibular rehabilitation in atypical medical populations.

Keywords VOR adaptation · Incremental velocity error signal · Head impulse · 
Active head rotation

A. A. Migliaccio 
Balance and Vision Laboratory, Neuroscience Research Australia, Sydney, NSW, Australia 

University of New South Wales, Sydney, NSW, Australia 

Department of Otolaryngology – Head and Neck Surgery, Johns Hopkins University, 
Baltimore, MD, USA 

M. C. Schubert (*) 
Laboratory of Vestibular NeuroAdaptation, Department of Otolaryngology – Head and Neck 
Surgery, Johns Hopkins University School of Medicine, Baltimore, MD, USA 

Department of Physical Medicine and Rehabilitation, Johns Hopkins University,  
Baltimore, MD, USA
e-mail: mschube1@jhmi.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31407-1_9&domain=pdf
mailto:mschube1@jhmi.edu


168

1  Current Best Practice

Vestibular rehabilitation (VPT) is recognized as a critical component addressing the 
impairments of patients with disorders to the peripheral vestibular labyrinth and the 
pathways that mediate its afference. Meta-analysis evidence supports that VPT 
should be the primary intervention when treating vestibular hypofunction and 
benign paroxysmal positional vertigo (Hillier and McDonnell 2011, 2016; 
McDonnell and Hillier 2015; Hilton and Pinder 2004). For this chapter, we will 
focus on new advances in VPT as related to the treatment of vestibular hypofunc-
tion. In particular, we will focus on gaze stability training, which represents the 
uniquely “vestibular” component of VPT. While balance exercises are also critical 
for rehabilitation in vestibular labyrinth and nerve hypofunction, it is the gaze sta-
bility component that distinguishes VPT as most valuable.

The current standard of care in delivering VPT involves the prescription of gaze 
and gait stability exercises, which evidence shows improves visual acuity during 
head rotation, reduces fall risk, and improves both static and dynamic balance 
(Herdman et al. 2003, 2007, Hall et al. 2004; Schubert et al. 2008a). Clinical prac-
tice guidelines (CPG) are now available that specify clinicians prescribe a home 
exercise program of gaze stability exercises for a minimum of three times per day 
for a total of 12 minutes per day in patients with acute/subacute vestibular hypo-
function (Hall et al. 2016). For patients with chronic vestibular hypofunction, the 
recommendations are a minimum of 20  minutes per day (Hall et  al. 2016). 
Unfortunately, compliance performing these exercises is relatively poor (Meldrum 
et al. 2012; Huang et al. 2014).

2  Incremental VOR Adaptation

The angular vestibulo-ocular reflex (VOR) maintains images stable on the retina 
during rapid head rotations by rotating the eyes in the opposite direction to the head. 
Typically, the gain of the VOR is unity, that is, eye velocity magnitude is equal to 
head velocity magnitude. In this case, eye velocity divided by head velocity equals 
1. However, after an injury to the peripheral vestibular organ or nerve, the VOR 
becomes weakened and does not generate an eye velocity of equal magnitude to the 
head velocity, in which case the gain is less than 1 (Halmagyi et al. 1990; Aw et al. 
1996). When the VOR is injured, retinal image slip occurs that results in gaze insta-
bility during rapid head movements.

Rehabilitation exercises attempt to improve gaze instability during active head 
movements by increasing or “adapting up” the VOR gain and enlisting other ocu-
lomotor systems (Schubert et  al. 2006, 2008a). However, the amount of VOR 
gain adaptation that occurs from these exercises is minimal, with little evidence 
that the VOR gain to passive head rotation changes at all (Herdman et al. 2007). 
In 2008, Schubert et  al. developed the incremental velocity error method 
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(Schubert et al. 2008a) for VOR adaptation. This method tasks subjects to make 
active head rotations while viewing a laser-projected target that moves in the 
opposite direction of the head at a fraction of the head velocity (Fig. 1; US Patent 
# 9782068; Todd et al. 2018). The target velocity then gradually increases over a 
period of 15 minutes until it reaches the head velocity (still oppositely directed).

We recently showed unilateral VOR short-term adaptation is possible in humans 
(Migliaccio and Schubert 2013). Nine normal subjects underwent the IVE protocol 
for rotations to one side (adapting side), but for rotations toward the other (non- 
adapting) side, the visual stimulus was removed. The result was a significant VOR 
gain increase toward the adapting side for both active (23%) and passive (11%) 
head rotations, suggesting that VOR short-term adaptation was the main mecha-
nism minimizing retinal image slip (Fig. 2). In a later study, we showed that unilat-
eral VOR adaptation in patients with an isolated peripheral vestibular lesion was 
possible for rotations toward the side(s) with VOR hypofunction (Migliaccio and 
Schubert 2014). The increase in VOR gain toward the ipsilesional ear was less con-
sistent in patients compared to controls, but this may have been a compliance issue. 
Two of the six patients quickly learned the adaptation training exercise, i.e., within 
5 minutes, and performed the training without complication. During active head 
impulses, both these subjects had significant adaptation toward the ipsilesional 
adapting side (+43.2% and + 39.2%) and minimal adaptation toward the non-adapt-
ing side (−14.3% and − 5.6%) (Fig. 3). These increases were greater than those 

Fig. 1 Motion of the laser target during a training session where the left side is being adapted. The 
laser target appears stationary on the wall (gain of 1) for all rightward rotations. For leftward rota-
tions, the VOR gain demand for epoch one is set to 1. The gain demand increases every epoch by 
0.1. The dashed line shows the path of the laser target as seen by a stationary observer. For instance, 
during epoch 1, the laser appears to remain stationary. By epoch 10, the laser draws a long line on 
the wall in the opposite direction to the head – a gain of 1.9. (Modified from Todd et al. 2018)
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seen in previous studies on bilateral and unilateral incremental adaptation training 
in unilateral vestibular hypofunction (UVH) subjects (Schubert et al. 2008b) and 
normal subjects (Migliaccio and Schubert 2013), respectively. Out of the remaining 
four, two learned the adaptation training exercise reasonably well but were incon-
sistent in terms of rotating their head with the correct velocity profile and keeping 
their eyes on the laser target. Notwithstanding, there was evidence of unilateral 
adaptation in these subjects also. The remaining two patients found the training task 
too difficult and could not proceed with the experiment. This study determined that 
the undesirable VOR gain increase (8%) toward the non-adapting side during active 
head rotations in Migliaccio and Schubert (2013) occurred because the target was 
extinguished during head rotations toward the non-adapting side. This unwanted 
adaptation was prevented when a stationary target was presented during head rota-
tions toward the non-adapting side, thereby introducing an asymmetrical training 
error signal for bilateral head rotation (Migliaccio and Schubert 2014).

Fig. 2 The active VOR measured during each training epoch for a typical subject. The active VOR 
gain for head impulses toward the adapting side steadily increased from 0.9 to 1.14 during unilat-
eral incremental training. In contrast, the gain toward the non-adapting side did not vary during the 
training. Best-line fits (adapting side – thick-dashed black; non-adapting side – thin-dashed black) 
for the training data across all subjects (n  =  9) show that there was a significant relationship 
between gain and training epoch number only for head impulses toward the adapting side. (From 
Migliaccio and Schubert 2013)
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Gimmon et  al. examined whether the right and left VOR gains could be  
synchronously adapted in opposing directions (Gimmon et al. 2018). To do so, they 
used three separate VOR adaptation sessions, randomized such that the VOR was 
adapted up-bilaterally, down-bilaterally, or mixed (one side up, opposite side down). 
Each subject made active (self-generated) head impulse rotations for 15 min while 
following the IVE method. VOR training demand changed by 10% every 90 sec-
onds. The results revealed the human VOR can be simultaneously driven in opposite 
directions suggesting functionally independent VOR circuits for each side of head 
rotation. It appears, therefore, that the brain relies on the salient error signal to drive 
bilateral VOR adaptation. This fits with the credit assignment theory, which states 
that resource assignment toward motor learning occurs when the brain considers the 
error signal accurate and thus worthy of resource expenditure (Kording et al. 2007). 
In the case of a bilateral error signal, the VOR from each side can be driven inde-
pendently; in the case of unilateral adaptation, the brain presumes the error signal to 
be accurate and therefore makes effort toward bilateral adaptation.

3  The Influence of Training Target Contrast on VOR 
Adaptation

Like the VOR, smooth pursuit and optokinetic systems seek to stabilize images on 
the retina using an image slip error signal (e.g., Cohen et al. 1981; Büttner and 
Büttner-Ennever 2006). Studies have shown that visual contrast affects the per-
ceived velocity of a stimulus and the smooth pursuit following gain (= eye/target 

Fig. 3 Comparison of ipsilesional (adapting side) active VOR gain pre- and post-adaptation train-
ing. In this UVH patient, the gain increased from 0.79 ± 0.07 to 1.10 ± 0.08, a gain increase of 
~40%. In this same patient, the contralesional non-adapting gain went from 0.90 ± 0.5 preadapta-
tion to 0.85 ± 0.8 post-adaptation, a ~5% decrease that was not significant. (From Migliaccio and 
Schubert 2014)
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velocity) (Thompson 1982, 1983). Visual contrast also affects the slow-phase 
velocity of optokinetic nystagmus such that it increases with increasing contrast 
for a given speed (Sumnall et al. 2003). For both smooth pursuit and optokinetic 
nystagmus, contrast must pass a certain threshold for the detection of image 
motion. As contrast increases, the internal estimate of stimulus speed recon-
structed from prior retinal (movement of the retinal image) and extraretinal signals 
(efference copy and other proprioceptive cues) becomes more accurate 
(Waddington and Harris 2015).

In a recent study, we examined the effect of visual target contrast on human 
unilateral VOR adaptation (Mahfuz et  al. 2017). When the visual target during 
visual- vestibular mismatch training had contrast levels between 1.5 k and 1.4 M, 
the VOR gain increase due to adaptation training did not change, suggesting that at 
these levels, the effect of contrast on VOR adaptation had saturated. When target 
contrast was reduced to 261, the active and passive VOR gain increase toward the 
adapting side was no longer significant and was similar to the non-adapting side, 
suggesting that 261 was below the threshold needed for adaptation to occur. 
Modeling suggested that the contrast threshold for VOR adaptation to occur was 
250 and that a contrast level of above 1000 was required for robust VOR adaptation 
(Fig. 4). Compare these values to the maximum contrast level obtained from a typi-
cal LCD monitor (24″ 1920 x 1080 resolution VS243 Asus, Taiwan) of 37.7 in an 
otherwise dark room.

Low image contrast may explain why classic human studies using normal light-
ing and magnifying or minifying lenses with full fields of view to drive VOR adap-
tation required long periods of training to significantly affect the VOR gain (Gauthier 
and Robinson 1975; Gonshor and Jones 1976). Increasing contrast to 1.5  k was 
sufficient for robust and rapid VOR adaptation to occur (Mahfuz et  al. 2017). 
However, it is unlikely that an increase in contrast is the only factor. A prior study 
under similar lighting conditions to the maximum contrast level in Mahfuz et al. 
(2017) found that incremental adaptation training, rather than “all at once” training 
(as occurs during classic lens training), resulted in significantly larger gain increases 
(Schubert et al. 2008b), suggesting that visual contrast is but one of several factors 
affecting VOR adaptation. Contrast might also explain why many patients with 
incomplete vestibular hypofunction often have slow and incomplete recovery of 
VOR gains despite long exposure to the normal visual environment that typically 
drives the VOR gain to unity. We suggest that visual target contrast should be an 
important consideration during VOR adaptation/rehabilitation training. These data 
suggest that optimal VOR gain training can be achieved using a bright target (as 
emitted by a typical laser pointer) in low ambient lighting, i.e., the typical lighting 
of a room with curtains closed and lights turned off. With critical rehabilitation 
implications, this study also established the incremental VOR gain adaptation 
method can be achieved in conditions of incomplete dark (Fig. 5, <8 lux).
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4  Position and Velocity Error Signal Driving VOR 
Adaptation

Retinal image movement is the likely feedback signal that drives VOR modification/
adaptation for different viewing contexts. However, it was not clear whether a reti-
nal image position or velocity error was used primarily as the feedback signal. In a 
recent study, we examined the effect of varying the retinal image position error 
update rates (frequencies) to understand the role of visual feedback in human VOR 
adaptation (Fadaee and Migliaccio 2016).

Using the human unilateral incremental VOR adaptation technique, the study 
showed that adaptation declined as the retinal image position error signal used to 

Fig. 4 Scatterplot of VOR gain percentage increase toward the adapting side (after pooling active 
and passive gains) versus the contrast level plot on a log10 scale. Two-segment piecewise regression 
(R2 = 0.26) determined a knot at 836, indicating that at this contrast level, there was a significant 
difference between the two lines, respectively, modeling the data below and above this contrast 
level. Three-segment analysis revealed a lower knot at 854 and an upper knot at 1.3 M. Four- 
segment modeling (R2 = 0.28) revealed three knots: 225 (lower), 1197 (middle), and 1.2 M (upper). 
Overall, our analysis suggests there was a transition period starting at ~225 and ending at ~1000 
(i.e., between 836 and 1197) where the VOR gain percentage increase gradually increased. Below 
225, there was no significant (but constant) adaptation, and above 1000, there was maximal adapta-
tion. (From Mahfuz et al. 2017)
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Fig. 5 Mean (± SD) adapting (black bars) and non-adapting (gray bars) side pre- to post- adaptation 
training VOR gain increase as a percentage for the active (top row) and passive (bottom row) VOR 
across all subjects (n = 12) for each contrast level. In parentheses, beside each contrast level is the 
ambient light level in lux and the target brightness as a percentage of maximum laser power. 
Statistical analysis indicates there is a significant difference in percentage gain increase between 
the adapting and non-adapting sides at all contrast levels above and equal to 1.5 k (left side of verti-
cal dashed line). (* denotes a significant increase (t-test between adapting and non-adapting-side 
percentage increase, p < 0.05)). (From Mahfuz et al. 2017)

Fig. 6 (continued) increased from ~1 to ~1.2 during unilateral incremental training at 50  Hz. 
Between epochs 2 and 10, the difference in gain between the adapting and non-adapting side (gray 
traces) became increasingly significant with increasing epoch number. Similarly, adaptation train-
ing at 20 Hz initially showed a trend of increasing difference between adapting and non-adapting-
side gains, which became significant for epochs 7 to 10. In contrast, adaptation training at 15 Hz 
results in minimal unilateral adaptation as a group, so that the difference between sides is no longer 
a function of increasing epoch number (*p < 0.05, **p < 0.01, and ***p < 0.001). (From Fadaee 
and Migliaccio 2016)

drive adaptation became less frequent, i.e., as the update rate decreased from 50 (the 
target position was updated once every 20 ms) to 15 Hz. For 50 and 20 Hz update 
rates, there was a significant increase in VOR gain toward the adapting side for both 
the active and passive VOR, whereas at 15 Hz, there was no longer any adaptation 
(Fig. 6).
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Fig. 6 The active VOR measured during each training epoch across all subjects (pooled data, 
mean ± SD) at three laser target position update rates (50 Hz [n = 13], 20 Hz [n = 12], and 15 Hz 
[n = 9]). The active VOR gain for head impulses toward the adapting side (black traces) steadily 
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Unlike strobe lighting, the visual stimulus during training in this study provided 
both a position and a velocity error signal because although the laser target position 
(in-space) update rate was a programmable variable, the laser target itself was 
always on, providing constant visual input. Consequently, when target position was 
updated during each head impulse, it drove adaptation to increase the VOR gain (> 
1), but when target position was not updated (i.e., laser position did not change dur-
ing most of the head impulse), it essentially drove the gain toward unity (gain = 1). 
In other words, the position and velocity errors drove the VOR gain to change in 
opposite directions. In this study, the active VOR gain increased by ~23% at 50 Hz 
update rate, which is the same as that observed at the 1000 Hz update rate used 
previously (Migliaccio and Schubert 2013). Similarly, in this study, the passive 
VOR gain increased by ~10% at 20  Hz update rate (i.e., two position cues per 
impulse), which is similar to the ~11% increase observed at the 50 times greater 
(1000  Hz) update rate used previously (Migliaccio and Schubert 2013). These 
 findings suggest that a position error signal too can provide an effective adaptive 
drive for the VOR.

5  Active Versus Passive Head Rotation and VOR Adaptation

The majority of VOR training stimuli used in prior VOR adaptation studies have 
consisted of predictable head motion, either via self-generation or whole-body sinu-
soidal passive head rotation (Hattori et al. 2000; Solomon et al. 2003; Shelhamer 
et al. 1994; Paige and Sargent 1991; Gauthier and Robinson 1975; Schubert et al. 
2008b; Migliaccio and Schubert 2013 and 2014, Fadaee and Migliaccio 2016). The 
passive head impulse is unpredictable in direction and timing (Halmagyi and 
Curthoys 1988) and is considered to be a more physiologically relevant stimulus 
than a single-frequency sinusoidal stimulus (as would be obtained from chair test-
ing) due to its high-frequency content (up to 6 Hz). Additionally, the VOR must be 
responsive to unpredictable head motion, particularly at frequencies greater than 
1 Hz (and velocities >100°/s) where the VOR becomes the main vision-stabilizing 
mechanism. Below 1 Hz (and velocities <100°/s), other vision-stabilizing systems 
such as smooth pursuit and the optokinetic reflex are likely to play the major role 
(Meyer et  al. 1985). Finally, motor learning within the VOR is context specific 
(human: Shelhamer et  al. 1992; primate: Yakushin et  al. 2003; Schubert et  al. 
2008c), which suggests that adaptation will be greatest when the VOR training and 
testing conditions are the same. The training context might therefore result in differ-
ences in retention of VOR adaptation depending on the similarity between training 
and testing conditions.

We recently examined the effects of passive versus active head movement train-
ing contexts on VOR adaptation and its short-term (1 hour) retention (Mahfuz et al. 
2018). The results from this study suggest that in humans, the magnitude of unilat-
eral VOR adaptation after active or passive head impulse training is the same for 
both the active and passive VOR. In other words, the active or passive head rotation 
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context of the training had no effect on the VOR gain increase, suggesting that most 
of the adaptation observed, regardless of whether the stimulus was active or passive, 
was occurring in the central vestibular pathways common to both the active and 
passive VOR, as opposed to the nonoverlapping pathways. Similarly, the training 
context did not affect retention of VOR adaptation. The only factor that significantly 
affected retention over the 1 hour immediately after training was the brief exposure 
to a stationary fixation target before each head impulse during VOR testing (Fig. 7).

Findings from this study suggest that as long as active head impulses have simi-
lar velocity profiles to passive head impulses, then optimal VOR training can be 
performed with active only head rotations, eliminating the need for expensive and 
bulky equipment (e.g., a rotary chair) or human assistance to deliver passive head 
impulses. Evidence from this study supports recent Cochrane meta-analysis studies 
that provide strong recommendations for vestibular rehabilitation providers to pre-
scribe gaze stability exercises using active head rotation (Hillier and McDonnell 
2011, 2016; McDonnell and Hillier 2015). Additionally, recent evidence suggests 
active head rotation training improves postural control (Matsugi et al. 2017). The 
only factor that affected short-term retention was the duration of exposure to a de- 
adaptation stimulus, which in this study drove the VOR gain down to unity. 
Presumably, retention would not be lost in vestibular patients whose ipsilesional 
VOR gain was increased due to training, but still below unity, because of the lack of 
a de-adaptation stimulus. In this case, real-world visual conditions would drive the 
VOR gain up to unity in vestibular patients and reinforce the training, rather than 
down to unity, and cancel the training as was the case in the healthy subjects used in 
this study.

6  The Effect of Aging on VOR Adaptation

Aging can have a profound impact on vestibular system function, as can be appreci-
ated from the prevalence of vestibular-related disorders in the elderly. By the age of 
70–80 years, a significant percent of our population has vestibular dysfunction – 
which is linked to increased dizziness and risk of falls (Agrawal et al. 2009). The 
prevalence of vestibular vertigo in this age group is three times that for young adults 
(< 30 years) (Neuhauser and Lempert 2009). Some of these symptoms are thought 
to be, in part at least, a consequence of senescence of the vestibular periphery 
(Ishiyama 2009). For example, approximately 40% of patients referred for fall risk 
assessment were found to have VOR deficits including abnormal gain, phase lead, 
and asymmetries (Jacobson et al. 2008). Aging has been shown to associate with 
loss of vestibular hair cells, vestibular afferents, and cells in the central vestibular 
nuclei (Johnsson 1971; Bergstrom 1973; Ross et al. 1976; Rosenhall 1973; Richter 
1980; Lopez et  al. 1997; Alvarez et  al. 1998; Merchant et  al. 2000; Velazquez- 
Villasenor et al. 2000; Park et al. 2001; Rauch et al. 2001).

We recently examined the effects of aging on the VOR and VOR adaptation in 
30-month-old mice (equivalent to an 80-year-old human; Yuan et  al. 2009)  
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Fig. 7 Normalized active (rows 1 and 3) and passive (rows 2 and 4) VOR gain percentage increases 
after active (top two rows) and passive (bottom two rows) VOR training toward the adapting side 
only. VOR gains were measured every 10 (first boxplot between dashed lines), 20 (second boxplot 
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(Khan et al. 2017). This study showed that the baseline VOR gain for aged mice was 
significantly lower to controls during high-frequency, high-acceleration, transient 
head rotations (Khan et al. 2017). The study found that aging minimally affected the 
static counter-tilt response and sinusoidal VOR gain but significantly affected VOR 
adaptation, particularly for gain-decrease adaptation training (Fig. 8).

It is possible that vestibular plasticity mechanisms behind VOR adaptation and 
compensation normalize VOR function as structural losses to the vestibular system 
occur with aging. Presumably, there is a threshold of vestibular loss below which 
these plasticity mechanisms can no longer mask the underlying vestibular system 
deficit. This might explain why human VOR function is steady up to age 70, fol-
lowed by a steep decline (Matiño-Soler et al. 2015). If VOR plasticity can compen-
sate for potentially large vestibular losses due to aging, one could ask why does the 
behavioral VOR in patients with partial lesions to their vestibular organs not fully 
recover? The reason could be due to the sudden onset of the lesion. Our prior studies 
have shown that significant VOR adaptation can be induced in a short period of time 
if the VOR-adapting stimulus challenges the VOR gain to change in small incre-
ments (Schubert et  al. 2008b; Migliaccio and Schubert 2013, 2014; Fadaee and 
Migliaccio 2016; Mahfuz et al. 2017, 2018). In contrast, when the required adaptive 
change is large, for example, when the VOR gain must double, then VOR adaptation 
becomes more difficult and less optimal (Gauthier and Robinson 1975; Schubert 
et al. 2008b). Unlike most other injuries, structural degradation due to aging is a 
gradual process, and so small losses in vestibular system function might be more 
easily accommodated by the VOR.

Some of this loss in VOR adaptation is likely explained by degeneration of the 
vestibulocerebellum, which plays a major role during VOR-dependent adaptation. 
Purkinje cells in the cerebellar flocculus are well positioned to encode information 
used to induce plasticity (Ito 1982; Lisberger and Pavelko 1986; Lisberger and 
Fuchs 1978). It has been postulated that gain-increase and gain-decrease VOR 
adaptation occurs through two distinct cerebellar mechanisms, with the former 
involving long-term depression (LTD) and the latter long-term potentiation (LTP) 
at Purkinje cells in the cerebellar flocculus, although other pathways and sites in the 
VOR circuitry are also implicated (Schonewille et  al. 2011; Titley and Hansel 
2016). Age- related degeneration of Purkinje cells could explain the Khan et  al. 
(2017) results, if Purkinje cell death affected these two mechanisms differently. It 
is known that Purkinje cells in the cerebellum are particularly affected by aging 
with their number decreasing with age (Andersen et al. 2003; Rogers et al. 1984; 
Woodruff-Pak et al. 2010; Zhang et al. 2010). In humans, the decline in Purkinje 

Fig. 7 (continued) between dashed lines), or 60 minutes (third boxplot between dashed lines) for 
60 minutes after adaptation training. In addition, the VOR gain was tested every 10 minutes, but 
the visual fixation light before the start of each impulse was only provided at testing times 0 and 
60 minutes after adaptation training (fourth boxplot between dashed lines). Each box shows the 
median and goes from the first to the third quartile with whiskers denoting the maximum and mini-
mum values. Taken together, these data suggest that the number of times the VOR is tested after 
training affects retention more so than the time lapsed after training. Gains measured immediately 
after active training and 60 minutes later with no other testing between these times (fourth boxplot) 
showed no significant loss in retention. (From Mahfuz et al. 2018)
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Fig. 8 (a) Comparison of post-adaptation VOR gain for gain-increase (×1.5) (filled circles) and 
gain-decrease (×0.5) (open circles) adaptation training in young (top panel) and aged mice (bottom 
panel). The baseline VOR response is shown as dashed lines (mean). For both young and aged 
mice, the difference between VOR gains post gain increase and gain decrease after adaptation 
training was maximal when tested at the training velocity (20 o/s; left column). The effect of gain- 
increase adaptation was significant for both young and aged mice, whereas gain-decrease adapta-
tion was only significant for young mice. The vertical dashed line represents the adaptation training 
frequency 0.5 Hz. (b) Comparison of gain-increase (×1.5) (filled circles) and gain-decrease (×0.5) 
(open circles) adaptation pooled across frequencies for each stimulus peak velocity (20, 50, and 
100 o/s) in young (left panel) and aged mice (right panel). The mean baseline VOR response is 
shown by the dashed line. The vertical dashed line denotes the adaptation training velocity. VOR 
gain-decrease adaptation was ~85% lower in aged mice compared to young mice. VOR gain- 
increase adaptation was also significantly reduced in aged mice, albeit by a lesser extent of ~30%. 
(From Khan et al. 2017)
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cell population is less marked before age 60 but becomes pronounced afterward 
(Hall et al. 1975). Intriguingly, we observed a similar asymmetrical effect on VOR 
adaptation and compensation in alpha-9-knockout mice (these have an impaired 
cholinergic efferent vestibular system) (Hübner et al. 2015, 2017). Notably, cholin-
ergic  neurotransmission in the cerebellar flocculus has also been implicated in 
impaired gain-decrease VOR adaptation (Prestori et al. 2013). These findings raise 
the possibility of an involvement of the cholinergic system in the age-related 
changes in VOR adaptation.

7  New Developments in Vestibular Rehabilitation

7.1  Ipsilesional-Only Rotation

A recent case study used ipsilesional passive head rotation to reduce VOR gain 
asymmetry in a patient with a unilateral vestibular hypofunction (Binetti et  al. 
2017). The authors report that until applying the following method, the patient was 
unable to recover. The authors applied 10 epochs of 15 passive ipsilesional-only 
head impulses while the patient attempted to keep eyes focused on a stationary tar-
get (i.e., times one VOR exercise). The patient rested 30  seconds between each 
training epoch. This was repeated for five consecutive days. The authors used video 
HIT equipment to ensure head velocities were greater than 120 d/s. After training, 
the ipsilesional VOR gain improved 24% (pre 0.57 ± 0.11, post 0.71 ± 0.10). At 6- 
and 12-month follow-up, the patient reported no further vestibular symptoms.

7.2  Galvanic Vestibular Stimulation

Preliminary studies using galvanic vestibular stimulation suggest it may be able to 
improve postural stability in standing or while walking (Mulavara Fiedler et  al. 
2011; Pal et al. 2009). More recently, applying weak, nonlinear electrical signals 
that are imperceptible to human sensory threshold (stochastic resonance  – SR) 
holds some promise at improving vestibular function and imbalance. Serrador et al. 
showed an improved gain of ocular counter roll (OCR) in elderly with an initially 
reduced OCR gain (Fig. 9). In those elderly with healthy OCR gain, the application 
of SR was negligible for the OCR (Serrador et al. 2018). Wuehr et al. used SR to 
reduce the variability of stride time, stride length, and base of support in patients 
with bilateral vestibular loss compared to sham control (Wuehr et  al. 2016). 
Furthermore, the authors report most of the patients noted an improved sensation of 
walking balance most pronounced during slow gait speed.
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7.3  Auditory Feedback

Encouraging, though preliminary, evidence suggests auditory feedback may 
improve both balance and gait. A case series study suggests that patients with bilat-
eral vestibular hypofunction and hearing impairment used hearing to improve both 
duration standing on foam and gait speed (Shayman et al. 2017).

7.4  Transcranial Cerebellar Direct Current Stimulation

Sixteen patients with chronic dizziness (> 6 months) due to UVH (e.g., vestibular 
neuritis, Ramsay Hunt syndrome) were treated for five days each performing three 
25 min sessions of vestibular rehabilitation exercises every 4 hours. Subjects were 
randomized to the Sham group (VPT only) or Stim group (Koganemaru et al. 2017). 
On the first day only, the Stim group received 20 minutes of transcranial cerebellar 
direct current stimulation (tcDCS, 2 mA of electrical constant direct current). The 

Fig. 9 OCR of one subject to 0.125 Hz during ±25° passive roll tilt during both no stimulation and 
SN trials. The bottom panel demonstrates the gain calculations from the linear regression. This 
subject demonstrated a significant increase in OCR from control (left side) to stimulation (right 
side). (From Serrador et al. 2018)
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tcDCS was applied via electrodes placed 2 cm below the inion, medial to the mas-
toid apophysis. Those subjects receiving the tcDCS showed significantly improved 
dizziness handicap inventory (DHI) scores for the physical and functional domains, 
in addition to the total scores compared with the VPT-only group.

7.5  Home Computerized Dynamic Visual Acuity

Crane and Schubert developed a home training device based on computerized 
dynamic visual acuity testing that involved wearing a rate sensor and interactive 
online software that subjects accessed using their own computers and internet ser-
vice. The training asked subjects to move their heads and identify letters that flashed 
on the monitor only during rapid head rotation (>100 d/s) (Crane and Schubert 
2018). Data revealed that subjects who previously tried vestibular rehabilitation but 
had no appreciable improvement in their dizziness handicap inventory (DHI) 
showed significantly improved DHI scores after completing 4 weeks of the home 
therapy regimen. Initial mean DHI was 42 (range, 32–56) and post DHI (4 weeks) 
was 11.5 (p < 0.004; range, 0–16). Three of the subjects continued to do the home 
treatment and noted a further reduction in DHI (range, 2–6; p < 0.002).

7.6  Virtual Reality

There remains an impression that virtual reality (VR) applications hold great prom-
ise as an exciting and better method to deliver vestibular rehabilitation. However, 
recent studies that have directly compared physical therapy outcomes using VR 
versus traditional VPT reveal no advantage in using virtual reality (Alahmari et al. 
2014; Smaerup et al. 2017; Micarelli et al. 2017). As technology advances, VR cer-
tainly may offer unique training regimens, but for now, it appears to offer only a 
more engaging rehabilitation experience at best.

7.7  Atypical Medical Populations

More recently, VPT has been used in nontraditional medical populations that include 
stroke, attention deficit disorder, and headache. Using a controlled and randomized 
design, patients with hemorrhagic or ischemic strokes with onset less than 6 months 
were randomized into either VPT or traditional CVA rehab groups (Mitsutake et al. 
2017). The VPT group included VOR gaze stability and gait stability exercises; the 
CVA group performed exercises focused on muscle strength, posture and gait exer-
cises, range of motion, and walking indoors and outdoors. After 3  weeks of 
 treatment, the VPT group showed a significantly improved fall risk score (assessed 
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by the Dynamic Gait Index) and ability to move their head quickly and read letters 
(assessed by the gaze stability test), compared to the CVA group.

Children with attention deficit disorder and concurrent vestibular impairment 
were randomized into a VPT or control group (Lotfi et al. 2017). The VPT group did 
45 min of exercise two times per week for 12 weeks that include gaze stability, 
postural stability, and daily living activities. The control group received no interven-
tion. After 12 weeks, choice reaction time and spatial working memory significantly 
improved only for those children in the VPT group. The authors concluded that the 
severity of vestibular pathology should be assessed in children with ADHD and that 
inclusion of such children into a VPT program can improve their cognitive abilities.

Finally, a study compared the effect of VPT to reduce headache, reduce fall risk, 
and reduce dizziness in two types of sufferers – vestibular migraine and tension type 
(Sugaya et al. 2017). The VPT improved headache, fall risk, dizziness, and psycho-
logical factors as measured by the Hospital Anxiety and Depression Scale and 
Somatosensory Catastrophizing Scale. What was novel was the improvement of 
symptoms in the patients with tension-type headache. Although this study con-
firmed patients with vestibular migraine had the greater reduction in symptoms, 
literature already has confirmed benefit in this patient population (Whitney et al. 
2000; Vitkovic et al. 2013).

8  Conclusion

Vestibular rehabilitation will remain useful and first line of defense in treating the 
functional deficits associated with reduced vestibular sensation. Dosing amounts for 
VPT remain unknown, though exciting new technologies such as incremental VOR 
adaptation holds promise that more efficient delivery is possible.
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Positional Downbeat Nystagmus

Jeong-Yoon Choi and Ji-Soo Kim

Abstract Positional downbeat nystagmus is one of the common forms of central 
positional nystagmus. It has been reported in various structural, metabolic, or 
degenerative disorders affecting the inferior cerebellum. According to the temporal 
characteristics, it can be divided into the paroxysmal form that is usually evident 
after lying down or straight head-hanging (backward pitch rotation) and the persis-
tent form that is mostly observed in the static prone head position. The paroxysmal 
form of central positional downbeat nystagmus may be ascribed to a pathologically 
enhanced post-rotational cue. In contrast, the persistent form has been explained by 
hyperactive otolith-ocular reflex or by a bias in estimated gravity direction in the 
head coordinate frame. Positional downbeat nystagmus may be observed in benign 
paroxysmal positional vertigo. Characteristics of the nystagmus and associated 
neuro-otological findings may allow differentiating central from peripheral posi-
tional downbeat nystagmus.

Keywords Positional nystagmus · Central positional nystagmus · Downbeat 
nystagmus · Benign paroxysmal positional vertigo

1  Introduction

Positional nystagmus emerges when the head orientation is changed in relation to 
gravity direction (Buttner et al. 1999; Choi et al. 2015). The changes in head posi-
tion in relation to gravity are inevitably accompanied by rotational head motion that 
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stimulates the semicircular canals. In addition, there is an alteration of the estimated 
gravity direction in the head coordinate frame even though the gravity direction 
remains unchanged in the earth coordinate frame. During both tilt and translation, 
the otolith organs relay the same gravito-inertial acceleration (GIA) signal. This 
inherent ambiguity can be resolved by a “tilt-estimator circuit” in which informa-
tion from the semicircular canals about head rotation is combined with otolith infor-
mation about linear acceleration through the velocity-storage mechanism (see 
Fig. 1) (Laurens and Angelaki 2011). As a result, any erroneous signal from the 
semicircular canals, otolith organs, or the central vestibular system may generate 
positional nystagmus.

Previously, the terminology “positioning” was introduced to discriminate 
the vertigo and nystagmus that are induced by certain head motion (rotation and 

Fig. 1 Changes in gravito-inertial acceleration (GIA) during positioning. In either static head 
upright or supine position, there is no inertial component. Therefore, the GIA relayed from the 
otolith purely represents the gravity (g). Although the gravity direction remains constant irrespec-
tive of head positions in the earth coordinate frame (upper column), it is subjected to change 
according to head position in the head coordinate frame (g’) (middle column). During both tilt and 
translation, the otolith organs are known to relay the same GIA signal. This inherent ambiguity is 
believed to be resolved by a “tilt-estimator circuit” in which information from the semicircular 
canals about head rotation is combined with otolith information about linear acceleration through 
the velocity-storage mechanism (low column). Thus, the central vestibular system updates the 
direction of internally estimated gravity using the rotational cue relayed from the canals during 
each positioning
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 translation) from the “positional” vertigo and nystagmus that are observed in certain 
head positions (Buttner et al. 1999). Even though this distinction was discarded and 
both terms were integrated into “positional” in a recent paper on the nomenclature 
of vestibular symptoms (Bisdorff et al. 2009), we may infer the actual stimuli of 
positional nystagmus from the duration, i.e., “paroxysmal (transient)” vs. “persis-
tent” (Bisdorff et al. 2009). Even though positional nystagmus mostly refers to the 
nystagmus that is observed only in head positions other than upright, any modula-
tion of spontaneous nystagmus, i.e., augmentation or attenuation, by changes in 
head position may be ascribed to positional nystagmus.

Among the several types of positional nystagmus, positional downbeat nystag-
mus has drawn attention since it is one of the common forms of central positional 
nystagmus (Macdonald et al. 2017). However, positional downbeat nystagmus may 
be observed in either central or peripheral vestibular disorders. Thus, differentiation 
of central from peripheral form of positional downbeat nystagmus is important in 
clinical practice (Buttner et al. 1999; Choi et al. 2015). From the neurophysiological 
aspect, positional downbeat nystagmus may provide information on how the central 
vestibular system handles the canal and otolith information during head motion. As 
mentioned above, positional downbeat nystagmus may be paroxysmal or persistent 
(Choi et al. 2015).

2  Central Positional Downbeat Nystagmus

One of the fundamental functions of the central vestibular system is to refine the 
information on rotational velocity relayed from the semicircular canals and to esti-
mate the gravity direction accurately in the head coordinate frame (Laurens and 
Angelaki 2011). Therefore, in central vestibular dysfunction, the source of posi-
tional downbeat nystagmus would be the inaccurately estimated rotational velocity 
or gravity direction (Choi et al. 2015, 2018). Of interest, the paroxysmal form of 
central positional downbeat nystagmus was more prominent in the lying down or 
straight head-hanging positions, while the persistent form was mostly observed in 
the prone (nose-down) position in the previous studies (Marti et  al. 2002; Choi 
et al. 2018).

3  Paroxysmal Form of Central Positional Downbeat 
Nystagmus

This type of nystagmus is characterized by a short-lasting, usually within 30 sec-
onds, prominent downbeat nystagmus (see Fig. 2). It is usually provoked by chang-
ing the positions from upright to supine or straight head-hanging (Leigh and Zee 
2015). The nystagmus develops immediately after the positional changes and 
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declines rapidly with a time constant of about 5  seconds. The rotational axis of 
downbeat nystagmus is closely aligned with the vector sum of the rotational axes of 
the canals inhibited during the positioning (Buttner et al. 1999; Choi et al. 2015). It 
can emerge in the absence of primary downbeat nystagmus or be added to pre- 
existing primary downbeat nystagmus (Choi et al. 2015).

This nystagmus has mostly been recognized and studied in patients with Chiari 
malformation or tumors or strokes involving the posterior fossa (Baloh and Spooner 
1981; Barber 1984; Yee et al. 1984; Cho et al. 2017). It has also been reported in 
various degenerative or metabolic disorders such as spinocerebellar ataxia type 6 
(Yabe et al. 2003; Kim et al. 2013), multisystem atrophy (Lee et al. 2009; Kim et al. 
2013), episodic ataxia type 2 (Jen et al. 2004, 2007), and anti-epileptic drug intoxi-
cation (Oh et al. 2006; Choi et al. 2014b). Paroxysmal positional downbeat nystag-
mus may appear in paraneoplastic or parainfectious autoimmune cerebellitis (Choi 
et al. 2014a, c), after heat stroke (Jung et al. 2017), in X-linked adrenoleukodystro-
phy (Kim et al. 2016a), and even in essential tremor (Kim et al. 2016b).

Based on these reports, paroxysmal positional downbeat nystagmus has been 
ascribed to brainstem and cerebellar dysfunction. However, benign paroxysmal 
positional vertigo may also present positional downbeat nystagmus (Bertholon et al. 
2002; Lopez-Escamez et  al. 2006; Cambi et  al. 2013). Furthermore, positional 
downbeat nystagmus can be observed even in normal subjects during straight head- 
hanging or upside-down position (Bisdorff et al. 2000; Kim et al. 2000). However, 
the temporal characteristics of positional downbeat nystagmus require further eluci-
dation in normal subjects and in patients with benign paroxysmal positional vertigo.

In the paroxysmal type of central positional downbeat nystagmus while lying- 
down or straight head-hanging (backward head rotation), the location of the respon-
sible lesions and the mechanism remain unclear, but dysfunction of the inferior 
cerebellar vermis such as the nodulus and uvula has been speculated (Choi et al. 
2015). A recent study has invoked enhanced post-rotational cue to explain this type 
of nystagmus (Choi et al. 2015; Choi and Kim 2017). Of the two types of vestibular 

Fig. 2 Paroxysmal positional downbeat nystagmus in a nodular lesion. In a patient with posterior 
inferior cerebellar artery infarction (a, b) involving the nodulus, straight head-hanging invokes 
prominent downbeat nystagmus. The peak slow phase velocity (SPV) of the positional downbeat 
nystagmus is about 40°/s, and the estimated time constant (Tc) for decay is 5.4 seconds (c)
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afferents (regular vs. irregular) (Goldberg and Fernandez 1971), the irregular 
 afferents have a medium to large axonal caliber, more linkage with the calyx type of 
hair cells, and moderate to high adaptive properties (Leigh and Zee 2015). Hence, 
the irregular vestibular afferents may be engaged in the velocity-storage circuitry 
(Leigh and Zee 2015). The adaptive properties of the irregular afferents are charac-
terized by transient up- or downregulation of the resting discharge following the 
acceleration or deceleration period (Goldberg and Fernandez 1971). Therefore, the 
irregular afferents can generate a post-rotational cue even in normal subjects (i.e., 
forward rotational cue after straight head-hanging) and drifts in the internally esti-
mated gravity direction (Laurens and Angelaki 2011). This post-rotational cue, 
however, is dampened rapidly by the rotational feedback signals originating from 
the difference between the otolith inputs and the estimated gravity direction (Laurens 
and Angelaki 2011). The nodulus and uvula inhibit the vestibular activity through 
the reciprocal connections with the vestibular nucleus. Thus, the lesions involving 
the nodulus and uvula may enhance the responses of the neurons within the vestibu-
lar nuclei to the irregular afferents and produce prominent post-rotational cue that 
cannot be corrected by the rotational feedback signals in a real-time manner (see 
Fig. 3) (Angelaki and Perachio 1993; Clendaniel et  al. 2001). Consequently, the 
enhanced forward rotational cue after backward head rotation may generate parox-
ysmal downbeat nystagmus with a time constant of about 5 seconds (Choi et al. 
2015), which is similar to the time constant of the vertical vestibulo-ocular reflexes 
(Bertolini and Ramat 2011).

Fig. 3 Hypothetical explanation of central paroxysmal positional downbeat nystagmus. 
Abbreviations: GIA gravito-inertial acceleration, g’ internally estimated gravity, NU nodulus and 
uvula
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4  Persistent Positional Downbeat Nystagmus in Central 
Lesions

Patients with cerebellar dysfunction often show downbeat nystagmus with the head 
upright, which may be explained by asymmetry of the vertical smooth pursuit or 
vestibulo-ocular reflex (Zee et  al. 1974; Baloh and Spooner 1981; Gresty et  al. 
1986) or by impaired gaze-holding mechanism in the pitch plane (Zee et al. 1980). 
There have been several reports on the intensity of downbeat nystagmus that changes 
according to the static head positions, augmented in the nose-down (prone) and 
attenuated in the nose-up (supine) positions (Gresty et al. 1986; Marti et al. 2002). 
Moreover, in some patients, downbeat nystagmus while head upright changes into 
upbeat nystagmus on assuming supine position (Helmchen et al. 2004). These pat-
terns of modulation are opposed to those observed in paroxysmal positional down-
beat nystagmus and request additional inference on the mechanisms engaged in 
positional modulation of primary downbeat nystagmus. In various static head posi-
tions, the gravity direction differs only in the head coordinate frame. Thus, one 
explanation for positional modulation of downbeat nystagmus would be that the eye 
velocity bias is generated by the effort to re-align the eye position along the gravity 
direction in the earth coordinate frame and this bias modulates the primary down-
beat nystagmus in each head position (Marti et al. 2002). Hence, downbeat nystag-
mus may be enhanced by upward eye velocity bias generated in the nose-down 
position and reduced by downward eye velocity bias in the nose-up position. Indeed, 
the modulation of downbeat nystagmus induced by changing the head orientation 
relative to gravity fits on a sinusoidal waveform centered at upright position (Marti 
et al. 2002). This pattern of modulation was also observed in healthy subjects with 
a downscaled intensity (Marti et al. 2002). Downbeat nystagmus has mostly been 
ascribed to dysfunction of the flocculus and tonsil (Hufner et al. 2007). Therefore, 
the enhanced positional modulation in patients with downbeat nystagmus was 
explained by hyperactive otolith-ocular reflex due to floccular or nodular dysfunc-
tion (Precht et al. 1976; Snyder and King 1996). Since re-aligning the eye position 
along the gravity has been considered the function of the nodulus and uvula (Wearne 
et al. 1998; Paige and Seidman 1999), however, the performance of these structures 
should be remained to an extent to be able to keep the eye orientation according to 
this explanation.

Recently persistent form of central apogeotropic nystagmus has been ascribed to 
a bias in the estimated gravity direction due to lesions involving the nodulus and 
uvula (Choi et al. 2018). According to this preposition, the rotational feedback sig-
nals generated by the difference between the actual and estimated gravity generate 
persistent apogeotropic nystagmus when the head is turned to either side while 
supine and the bias is toward the nose in this position. Likewise, downbeat nystag-
mus may be simulated when the bias is toward the chin of the head while supine 
or prone.
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5  Positional Downbeat Nystagmus in Peripheral Lesions

In peripheral vestibular lesions, positional downbeat nystagmus may occur due to a 
false rotational cue generated by movements of detached otoconia in the semicircu-
lar canals during and after the positioning.

In a study on 50 patients with positional downbeat nystagmus, 12 (24%) with an 
idiopathic cause were assumed to have lithiasis of the anterior semicircular canal 
(Bertholon et al. 2002). In those patients, the positional downbeat nystagmus was 
observed in the straight head-hanging as well as during Dix-Hallpike maneuver in 
either direction and was accompanied by a weak torsional component. The develop-
ment of positional downbeat nystagmus during Dix-Hallpike maneuver in either 
direction was ascribed to the more vertically oriented anterior than posterior semi-
circular canal in the head upright position. Thus, even during the Dix-Hallpike 
maneuver in the affected side, the otolithic debris in the anterior canal may gravitate 
and induce the vertigo and nystagmus (Bertholon et al. 2002). In another study on 
80 patients with benign paroxysmal positional vertigo, 14 (17.5%) showed posi-
tional downbeat nystagmus during straight head-hanging or Dix-Hallpike maneu-
vers, possibly due to lithiasis of the anterior semicircular canal (Lopez-Escamez 
et al. 2006). The duration of these positional downbeat nystagmus ranged from 7 to 
50  seconds. During the follow-up, the nystagmus mostly disappeared within 
30 days. Another study also showed a similar finding that the positional downbeat 
nystagmus induced in the anterior canal lithiasis lasts about 40  seconds during 
straight head-hanging or Dix-Hallpike maneuvers and disappears mostly within a 
month (Cambi et al. 2013). Its association with the posterior canal lithiasis prior to 
or after the diagnosis of positional downbeat nystagmus strongly supports anterior 
canal lithiasis (Cambi et al. 2013).

Given the orientation of the anterior canal while sitting or supine, migration of 
the canalith from the anterior (the segment between the cupula and isthmus) to the 
posterior portion (the segment between the isthmus and common crus) of the long 
arm (from the cupula to common crus) can hardly occur during straight head- 
hanging or Dix-Hallpike maneuvers. Thus, the positional downbeat nystagmus in 
benign paroxysmal positional vertigo has also been ascribed to anterior canal cupu-
lolithiasis or canalolithiasis in the short arm (the segment between the utricle and 
cupula) (Buki 2014). Indeed, the utricle is located above the cupula of the anterior 
semicircular canal when the head is placed below the horizontal line. Thus, the 
fragile or already dislodged otoconia debris within the utricle would fall onto the 
cupula or into the short arm of the anterior canal during straight head-hanging. In 
this case, positional downbeat nystagmus can be either persistent or paroxysmal 
(Buki 2014).

Cupulolithiasis of the posterior canal is another hypothesis to explain positional 
downbeat nystagmus. During straight head-hanging, the otoconia pulled by the 
gravity may deflect the cupula toward the utricle when the otoconia is placed in the 
inferior portion of the cupula and generate inhibitory pattern of persistent downbeat 
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nystagmus. In this instance, the absence of spontaneous nystagmus during upright 
position is explained by adaptation to the prolonged cupular deflection (Buki 2014). 
Positional downbeat nystagmus may be observed after treatment of the typical type 
of posterior canal lithiasis (Oh et al. 2018). After removing most of the otoconia 
chunks with repositioning maneuvers, a small amount of debris remained in the 
long arm of the posterior canal may migrate in the ampullopetal direction during 
subsequent positional maneuvers and cause positional downbeat nystagmus.

Taken all together, positional downbeat nystagmus may be observed in benign 
paroxysmal positional vertigo even though the suggested mechanisms remain 
largely hypothetical.

6  Differential Diagnosis of Positional Downbeat Nystagmus: 
Central Versus Peripheral

In patients with positional downbeat nystagmus, especially when the nystagmus 
is prominent during straight head-hanging or Dix-Hallpike maneuver, the pres-
ence of latency or the duration of induced nystagmus may not help differentiat-
ing central from peripheral etiologies (Lopez-Escamez et al. 2006; Cambi et al. 
2013; Choi et al. 2015). However, positional downbeat nystagmus due to central 
lesions often accompanies apogeotropic positional nystagmus during supine roll 
test (Choi et  al. 2015). Therefore, central mechanism(s) should be suspected in 
positional nystagmus that occurs in the direction of head motion during more than 
one positional maneuver. In this instance, careful examination may disclose other 
central signs, such as gaze-evoked nystagmus, saccadic dysmetria, perverted head-
shaking nystagmus, or limb and truncal ataxia. In isolated positional downbeat 
nystagmus, especially when paroxysmal and symptomatic, canalith repositioning 
maneuvers for the anterior canal type should be attempted first (Leigh and Zee 
2015), and central pathologies involving the nodulus or uvula should be suspected 
when the vertigo and nystagmus are refractory to those maneuvers (Kronenbuerger 
et al. 2018).
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Slow Saccades

Kelsey Jensen and Aasef Shaikh

Abstract Rapid and yoked eye movements made to direct the target over fovea, 
saccades, are critical aspects of visual scanning behavior. Elegant physiological, 
anatomical, and computational studies have described the complex circuitry of sac-
cadic eye movements. These basic science examinations have facilitated our ability 
to confidently localize central pathology affecting the saccade generation. 
Amplitude, velocity, duration, direction, latency, and accuracy are traditional mea-
sures of saccadic eye movements. The visually guided saccades are very commonly 
studied eye movements. In this chapter, we will outline pertinent anatomy and phys-
iology of saccades. We will also discuss disorders affecting the velocity of visually 
guided saccades. Finally, we will discuss the mechanistic underpinning of slowing 
of saccade velocity in context of these neurological disorders.

Keywords Saccade · Cerebellum · Basal ganglia · Degenerative disorder · Eye 
movement

1  Introduction

Saccades are rapid movements of both eyes that position the fovea at an object of 
interest, thereby increasing visual acuity of the object. These movements require 
coordination and precision, and the complex circuitry involved in producing them 
can offer insight into a variety of pathologies affecting the central nervous system. 
There are many different types of saccades. Visually guided saccades are simultane-
ous movements directed toward an intended target and internally generated. 
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Reflexive saccades are aptly named re-fixations made toward an unexpected target. 
In contrast, memory-guided saccades are made in the direction of a remembered 
target. Lastly, antisaccades are of an equal but opposite amplitude from a target and 
suppress movement in the direction of the target. Each saccade type is generated via 
its distinct circuitry, although they share a final common pathway in the brainstem. 
They all require precision in amplitude, timing, and velocity. Disturbances of the 
eye or orbital muscles typically affect all three parameters, whereas central patholo-
gies may affect only one or two of them. This means that subtle changes in saccades 
have utility in understanding the central pathologies affecting them.

Of the different saccade types, visually guided saccades are the best understood, 
making them a valuable tool for localization and diagnosis of neurological disorders 
affecting them. They also provide a useful metric for assessing response to treat-
ment. This chapter will cover the neuroanatomy and physiology of visually guided 
saccades, as well as cerebellar and neurodegenerative disorders that affect the veloc-
ity of these saccades.

2  Generation of Visually Guided Saccades

2.1  Cerebral Cortex

Visually guided saccades begin in the cerebral hemisphere in two distinct pathways 
that converge on the superior colliculus (Munoz 2002; Pierrot-Deseilligny 
et al. 2004).

In the first pathway, the frontal eye field (FEF), supplementary eye field (SEF), 
and dorsolateral prefrontal cortex (dlPFC) generate the initiating signal and project 
to the caudate nucleus (Fox et al. 1985; Pierrot-deseilligny et al. 1991; Berman et al. 
1999; Hikosaka et al. 2000). This results in direct inhibition by the caudate nucleus 
on the substantia nigra pars reticulata (SNpr) (Hikosaka et al. 2000; Nambu et al. 
2002). Inhibition of the SNpr by the caudate nucleus results in activation of the 
superior colliculus, which is otherwise under tonic GABAergic inhibition by the 
SNpr (Fisher et al. 1986; Francois et al. 1984; Handel and Glimcher 1999; Hikosaka 
and Wurtz 1983). This cessation of inhibition on the superior colliculus results in 
saccade initiation. The caudate nucleus also sends fibers through the external seg-
ment of the globus pallidus to the subthalamic nucleus (Hikosaka et al. 2000).

In the second pathway, the parietal eye field (PEF) located in the posterior pari-
etal cortex initiates saccades (Munoz 2002; Pierrot-Deseilligny et  al. 2004). The 
PEF both projects onto and receives input from the FEF and also projects to the 
superior colliculus (Müri et al. 1996; Pouget 2015). The communication between 
the PEF and FEF appears to be important in visual processing, whereas the path 
from PEF to superior colliculus is believed to impact the expression of saccades 
(Pouget 2015).
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Damage to these cortical structures does not directly impair saccade velocity, 
although chronic lesions may cause a decrease in amplitude and impaired latency in 
saccades (Schiller et al. 1980; Rivaud et al. 1994).

2.2  Superior Colliculus

The superior colliculus, a layered midbrain structure, receives input from both the 
frontal and parietal circuits involved in saccade generation and integrates both excit-
atory cortical input and inhibitory input from the SNpr (Pouget 2015; Hanes and 
Wurtz 2001; Baloh et al. 1975; Leigh and Kennard 2004). Input from the striate, 
extrastriate, and parietal cortex, as well as from the frontal lobes, is relayed to a 
motor map with information about eye movement parameters occupying the ventral 
layers of the superior colliculus (Illing and Graybiel 1985; Sparks and Hartwich- 
Young 1989; Moschovakis et  al. 1996; May 2005). Primate studies using direct 
stimulation of cells within the superior colliculus have demonstrated neuronal pop-
ulations located in deeper layers of the superior colliculus that are directly involved 
in saccade initiation (Schiller and Stryker 1972; Sparks 1978). These neurons proj-
ect to the midbrain and pontine reticular formation, which house premotor struc-
tures engaged in the generation of saccades.

The superior colliculus is believed to play a part in movement initiation and 
determination of saccadic velocity, as well as in selecting a target to focus on 
(Krauzlis 2004; Bell 2005; Hanes et al. 2005).

2.3  Cerebellum

The cerebellum receives input from the cortical eye fields via the pontine nuclei and 
the superior colliculus (Büttner and Büttner-Ennever 2005; Yamada and Noda 1987; 
Thielert and Thier 1993; Dicke et al. 2004; Noda et al. 1990). The nucleus reticu-
laris tegmenti pontis (NRTP) of the midbrain sends projections to the medial 
cortico- nuclear zone in the dorsal vermis of the cerebellum (Ohtsuka and Noda 
1995). This structure sends fibers to the caudal part of the fastigial nucleus deep 
within the cerebellum, a region that is also known as the fastigial oculomotor (FOR). 
It also receives input from the FEF and superior colliculus (Noda et al. 1990). The 
FOR then sends projections to omnipause neurons (OPNS), excitatory burst neu-
rons (EBNs), and inhibitory burst neurons (IBNs) as well as to the thalamus, supe-
rior colliculus, and reticular formation (May et  al. 1990). FOR stimulates burst 
neurons during contralateral saccades and provides inhibition during ipsilateral sac-
cades (Fuchs et al. 1993; Kleine et al. 2003).

The cerebellum plays an important role in the accuracy of saccades, calibration 
of amplitude, and saccadic pulse-step match (Optican and Robinson 1980; Ritchie 
1976; Barash et al. 1999; Straube et al. 2001).
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2.4  OPNs

OPNs are glycinergic tonic inhibitors of the horizontal and vertical saccade burst 
generators, located in the nucleus raphe interpositus of the midline pons (Yamada 
and Noda 1987; Noda et al. 1990; Ohtsuka and Noda 1995; Selhorst et al. 1976; 
Robinson 1974). The OPNs receive projections from the fastigial oculomotor (FOR) 
nucleus located in the deep cerebellum, as well as from the superior colliculus 
(Yamada and Noda 1987; May et al. 1990; Fuchs et al. 1993; Kleine et al. 2003). 
The tonic activation of these neurons results in saccade suppression, and electrical 
stimulation can stop a saccade in its tracks (Zee et  al. 1981; Ron and Robinson 
1973) – inhibition of OPNs results in the initiation of a saccade.

2.5  Premotor Burst Complex

EBNs responsible for both horizontal and vertical saccades are located in different 
midbrain nuclei (Horn a et al. 1994; Horn et al. 1996; Van Gisbergen et al. 1981). 
These neurons are only active during saccades and determine saccadic eye velocity 
through the strength in firing rate (Horn et  al. 1996; Van Gisbergen et  al. 1981; 
Scudder et al. 2002). EBNs located in the paramedian pontine reticular formation 
are responsible for conveying information to oculomotor neurons regarding hori-
zontal saccades, while EBNs located in the medial longitudinal fasciculus control 
vertical saccades (Scudder et al. 2002).

3  Neurodegenerative Disorders Affecting Visually Guided 
Saccades

3.1  Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder affecting the basal ganglia 
that are characterized by the triad of resting tremor, rigidity, and bradykinesia, along 
with postural instability (Factor and Weiner 2004). PD affects numerous forms of 
eye movement, including memory-guided saccades, convergence insufficiency, and 
gaze restriction (DeJong and Jones 1971; Herishanu and Sharpe 1981; Rascol et al. 
1989; Rottach et al. 1996a; Terao et al. 2011; Otero-Millan et al. 2013). Visually 
guided saccades in patients with PD are marked by hypometria, especially in large 
amplitude (great than 20 degrees) saccades (Terao et al. 2011). The result of this 
hypometria is a conversion to shift gaze toward the target, resulting in a “staircase” 
appearance of the saccade (Kimmig et  al. 2002; Blekher et  al. 2009). While the 
actual velocity of the saccade may not be altered, the time it takes for the inefficient 
saccade to reach the target lengthens (Shaikh et  al. 2011). In patients that have 
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asymmetric parkinsonism, hypometria of saccades is also asymmetric and worse on 
the more affected side (Choi et  al. 2011). Patients with PD also appear to have 
increased latency in saccadic initiation with verbal instruction, when compared to 
healthy controls (Chambers and Prescott 2010). However, saccades made to random 
visual targets are not altered (Lueck et al. 1990).

PD patients show increased variability in peak saccade velocity, with decreased 
velocity seen only in advanced cases of the disease (Rottach et al. 1996b; White 
et al. 1983; Vidailhet et al. 1994).

3.2  Atypical Parkinsonism Syndromes

Atypical parkinsonism syndromes include progressive supranuclear palsy (PSP), 
dementia with Lewy bodies, and corticobasal degeneration (CBD). Saccadic distur-
bances have also been demonstrated in these disorders.

PSP is a tauopathy that causes supranuclear gaze and bulbar palsies, as well as 
postural instability and axial rigidity (Steele et al. 1964; Williams et al. 2008). It 
also causes hypometria and slowing of saccades, most prominent in the vertical axis 
(Shaikh et al. 2017). PSP can be distinguished from PD and other forms of atypical 
parkinsonism by the higher horizontal velocity of saccades when compared with the 
vertical component (Rottach et al. 1996a). This causes abnormally pronounced cur-
vature of oblique saccades in PSP patients. As the disease progresses, vertical sac-
cades are lost entirely, and the vertical gaze palsy is complete (Chen et al. 2010). 
While horizontal saccades are faster relative to their vertical counterpart, they are 
often hypometric early in the disease and gradual slow as the disease progresses 
(Bhidayasiri et al. 2001). These changes in saccade function correlate to anatomical 
changes found on autopsy in typical forms of PSP.  Affected areas of the brain 
include the substantia nigra pars compacta of the basal ganglia, mesencephalon, 
diencephalon, and the brainstem reticular formation (Juncos et  al. 1991; Collins 
et al. 1995; Halliday et al. 2000).

Dementia with Lewy bodies, caused by aggregations of alpha-synuclein within 
neurons, is characterized by parkinsonism, cognitive impairment, visual hallucina-
tions, autonomic dysfunction, a fluctuating mental state, and sleep disorders 
(Capouch et al. 2018; McKeith et al. 2005; Walker et al. 2015). It causes both slow-
ing and hypometria of horizontal and vertical saccades (Kapoula et al. 2010). There 
is also increased latency of saccade initiation, decreased latency of visually guided 
saccades, and increased directional errors during an antisaccade task in these 
patients (Kapoula et al. 2010; Mosimann et al. 2005).

CBD is another tauopathy that presents with asymmetric limb rigidity, dystonia, 
bradykinesia, myoclonus, tremor, postural instability, and gait changes with addi-
tional cortical features (Kompoliti et al. 1998; Mahapatra et al. 2004). The slowed 
velocity of saccades in CBD is occasionally found, while saccade latency is consis-
tently increased (Rottach et al. 1996a; Vidailhet et al. 1994; Mahapatra et al. 2004).
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3.3  Huntington’s Disease

Huntington’s disease (HD) is caused by a CAG triplet repeat disorder resulting in a 
defect in the protein huntingtin. This autosomal dominant disorder results in degen-
eration of the frontal lobe and caudate nucleus, resulting in behavior changes, cho-
reoathetosis, and cognitive decline in patients with the disease (Vonsattel et  al. 
1985; Andrew et al. 1993; Walker 2013). Saccade abnormalities serve as a good 
marker in Huntington’s disease (Lasker et al. 1987). Early in the disease, saccades 
have increased latency and hypometria as well as slowed velocity in either the hori-
zontal or vertical planes (Kirkwood et al. 2000; Antoniades et al. 2010; Leigh et al. 
1983; Collewijn et al. 1988; Lasker et al. 1988).

4  Cerebellar Disorders

4.1  Spinocerebellar Ataxia Type 2

Spinocerebellar ataxia type 2 (SCA 2), an autosomal dominant disorder character-
ized by progressive cerebellar ataxia, action tremor, dysarthria, and early neuropa-
thy, is caused by an unstable polyglutamine expansion within ataxin-2 (Pulst et al. 
1996; Wadia 1998; Wadia and Swami 1971). This disorder also causes slowing of 
saccades, which correlates strongly with the size of polyglutamine expansion and 
inversely with ataxia severity (Velázquez-Pérez et  al. 2004). In contrast, disease 
duration, patient gender, and age of onset do not correlate with the extent of saccade 
slowing (Velázquez-Pérez et al. 2004). Interesting, saccadic slowing can be present 
before other clinical manifestations of SCA 2, thereby making slowing of saccades 
a useful early marker for this disease (Velázquez-Pérez et al. 2009). Saccade veloc-
ity also has utility as a sensitive and specific disease activity marker and as a sur-
rogate for disease severity (Rodríguez-Labrada et  al. 2016; Seifried et  al. 2005). 
Eventually, the progression of saccade slowing leads to a complete horizontal and 
vertical gaze palsy (Klostermann et al. 1997).

Quantitative brain MRI has demonstrated reduced volumes in the cerebellum, 
pons, midbrain, and frontal lobes of patients with SCA2 (Politi et al. 2016). Saccade 
slowing in SCA2 may therefore not be primarily due to cerebellar dysfunction, as 
brainstem abnormality affecting burst generation may be the key driver of slowing 
(Politi et al. 2016; Rufa and Federighi 2011). This is further supported by the sig-
nificant cell and synaptic density loss found in the mesencephalic area containing 
EBNs in patients with SCA2, as this area leads to adequate saccade burst intensity 
(Geiner et al. 2008).

K. Jensen and A. Shaikh



209

4.2  Spinocerebellar Ataxia Type 3

Spinocerebellar ataxia type 3 (SCA3) is an autosomal dominant disorder caused by 
a CAG triplet expansion on chromosome 14 that is also known as Machado-Joseph 
disease (Haberhausen et al. 1995; Matilla et al. 1995; Ranum et al. 1995). It presents 
with progressive gait, stance, limb, and truncal ataxia as well as dysarthria, dystonia 
and somatosensory deficits, occasional parkinsonism, and dysphagia (Twist et al. 
1995; Maruyama et al. 1997; Riess et al. 2008). Eye movement abnormalities seen 
in SCA3 include optokinetic or gaze-evoked nystagmus, impaired smooth pursuit, 
saccadic dysmetria, and dysfunction of the horizontal vestibulo-ocular reflex 
(Dawson et al. 1982; Hotson et al. 1987; Rivaud-Pechoux et al. 1998; Gordon et al. 
2003; Gordon et  al. 2014; Ghasia et  al. 2016). Limitation of vertical gaze, most 
commonly in the upward direction, may also be seen (Murofushi et al. 1995). Very 
commonly, abduction ophthalmoplegia with sparing of adduction is present in 
SCA3 (Murofushi et al. 1995). Saccades demonstrate dynamic overshoot in some 
SCA3 patients but have low peak velocity in patients without dynamic overshoot 
(Caspi et al. 2013).

MRI of SCA3 patients shows diffuse atrophic changes that specifically affect the 
cerebellar vermis, superior cerebellar peduncle, pontine tegmentum, and frontal 
lobes (Murata et al. 1998; Tokumaru et al. 2003). The reticulotegmental nucleus of 
the pons and omnipause neurons of nucleus also have degeneration on histopathol-
ogy (Rüb et al. 2003, 2004). Slowing of saccades may be due to degeneration of 
mesencephalic neurons responsible for burst generation (Rüb et al. 2003, 2008).

4.3  Wernicke’s Encephalopathy

Wernicke’s encephalopathy, characterized by the classic triad of ophthalmoplegia, 
changes in mental status, and gait ataxia, is caused by thiamine deficiency (Sechi 
and Serra 2007). It is frequently associated with alcohol abuse but may also be seen 
following gastrointestinal surgery or disorders and other causes of malnutrition 
(Sechi and Serra 2007). Gaze-evoked and upbeat nystagmus are early ocular motor 
findings that may switch to downbeat nystagmus with convergence (Shin et  al. 
2010; Kim et al. 2012). Early on patients may experience impairment in the hori-
zontal vestibulo-ocular response. As the disease progresses, this leads to abduction 
impairment, horizontal and vertical gaze palsies, and internuclear ophthalmoplegia 
that eventually becomes complete ophthalmoplegia (Cogan and Victor 1954; Cox 
et al. 1981; Delapaz et al. 1992). Wernicke’s encephalopathy has rarely been associ-
ated with slowing of saccades (Hamann 1979). Without thiamine repletion, 
Wernicke’s disease can progress to Korsakoff syndrome which is characterized by 
severe memory loss and psychiatric symptoms. Korsakoff syndrome may include 
significant abnormalities of eye movement, which include impairment of smooth 
pursuit, hypometria, and slowed and inaccurate saccades (Kenyon et al. 1984a, b). 
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An increased number of directional errors on an antisaccade task may also be seen 
in these papers (Van Der Stigchel et al. 2012).

Wernicke’s encephalopathy affects extracerebellar brainstem regions, including 
those responsible for burst generation, and is not predominantly cerebellar (Kim 
et al. 2012; Halliday et al. 1993). Impairment of saccade burst generation is, there-
fore, the likely cause of the rare saccadic slowing that can be seen in Wernicke’s 
encephalopathy. Wernicke’s encephalopathy may also affect the substantia nigra, in 
atypical cases, which could affect saccades through lack of tectal inhibition 
(Kalidass et al. 2012). In these cases, parkinsonism would be expected to accom-
pany the slowed saccades.

4.4  Syndrome of Anti-GAD Antibody

Glutamic acid decarboxylase (GAD) is responsible for catalyzing the conversion of 
glutamic acid to γ-aminobutyric acid (GABA) (Watanabe et al. 2002). Autoantibodies 
directed against this important enzyme (anti-GAD Ab) have been found in patients 
with insulin-dependent diabetes mellitus, epilepsy, stiff-person syndrome, and late- 
onset cerebellar ataxia (Solimena et al. 1988, 1990; Abele et al. 1999; Vianello et al. 
2002). Patients with anti-GAD Ab may also have eye movement abnormalities that 
include downbeat nystagmus, loss of downward smooth pursuit, impaired ocular 
pursuit and cancellation of vestibulo-ocular reflex, prolonged saccade latency, sac-
cadic dysmetria, and saccadic oscillations (Antonini et al. 2003; Economides and 
Horton 2005; Zivotofsky et al. 2006; Shaikh and Wilmot 2016). There have been 
some reports of periodic alternating nystagmus and opsoclonus myoclonus seen in 
this syndrome as well (Tilikete et al. 2005; Markakis et al. 2008).

The saccade abnormalities seen in this syndrome could be multifactorial. 
Frequent hypometria, resulting in frequent interruptions of saccades with otherwise 
normal velocity, is a classic cerebellar phenomenon (Goffart et al. 1998).

5  Slow Saccades in Cerebellar Disorders

The prompt cessation of the inhibition on burst neurons is responsible for the high 
velocities of saccades (Enderle and Engelken 1995). Sustained inhibition of omni-
pause neurons is responsible for the persistent inhibition of excitatory burst neu-
rons. When a saccade is initiated, OPN inhibition is halted, and there is an abrupt 
increase in excitatory burst neuron firing, resulting in a rapid saccade velocity 
(Shaikh et  al. 2007, 2010; Enderle and Wolfe 1987; Miura and Optican 2006). 
Multiple malfunctions along this pathway can cause slowing of saccades. OPN 
malfunction can lead to a slowing of saccades in the vertical and horizontal direc-
tion. Excessive excitatory burst neuron activity (as predicted in the syndrome of 
anti-GAD antibody) also leads to saccade slowing by decreasing the efficacy of 
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OPN inhibition (Shaikh and Wilmot 2016). However, decreased excitability of 
excitatory burst neurons also leads to slow saccade velocity via ineffective burst 
generation. This kind of deficit would be expected in patients with SCA2, SCA3, 
and Wernicke’s encephalopathy.

Slowing of saccades in chronic cerebellar disorders may be due to a multitude of 
factors. The effect of structural changes resulting in slowing and degeneration of 
saccade burst neurons may in part explain inefficient velocity command generation. 
On the other hand, neuroeconomics is at the root of another possible explanation. 
Cerebellar disorders negatively affect destination gaze stability leading to increased 
endpoint variability. In attempting to optimize saccade accuracy, saccade velocity 
may be sacrificed hence measurable slowing. In reaching its destination, a goal- 
directed movement, such as a saccade, might have limitless trajectories. However, 
optimization of trajectory position and saccade speed must occur to minimize the 
trade-off between time and accuracy (Fitts 1954).

It has been suggested that the most important component of trajectory planning 
lies in minimizing the variance of eye position in the presence of constant, biologi-
cal noise in the circuitry generating saccades. The amount of noise in the final com-
mon pathway leading to motor neuron activity determines deviation from the 
intended saccadic path. Over the course of a saccade, these deviations are amassed, 
leading to variability in the end position of the eye. The original control signal gen-
erating the movement does not determine the amount of noise present; however 
rapid movements can rapidly minimize accumulated error (Wolpert et  al. 1995). 
There continues to be a trade-off in the system, as rapid movement requires larger 
control signals, which leaves more room for variability in the ultimate destination. 
Consequently, inaccuracy of movement causes dysmetria that requires further cor-
rection (Meyer et al. 1988).

Low control signals decrease the speed of the movement but enhance accuracy. 
Signal-dependent noise forces a compromise between movement accuracy, dura-
tion, and speed. It has been proposed that this is achieved through the temporal 
profile of neural command, which minimizes variability of the desired position with 
concurrent adjustment of saccade velocity. Patients with cerebellar disorders have 
higher endpoint variability because of a multitude of co-existent deficits. These defi-
cits include saccadic intrusions, dysmetria, and nystagmus. In order to achieve the 
best possible endpoint accuracy, these patients have compromised saccade velocity. 
Saccade velocity is therefore frequently reduced in cerebellar disorders and a useful 
metric for clinicians diagnosing and treating these diseases.
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1  Introduction

Saccades are rapid, ballistic eye movements by which gaze is shifted between visual 
targets. Saccades and the other functional classes of eye movements, including 
smooth pursuit, vestibular-ocular reflexes (VOR), and vergence evolved to serve 
visual fixation by placing and maintaining the fovea, the specialized retinal region 
with the highest density of cone photoreceptors, on objects of visual interest. Each 
class of eye movement utilizes the so-called “final common pathway” of the ocular 
motor cranial nerve nuclei and motoneurons (e.g., abducens, trochlear, and oculo-
motor), the neuromuscular junction, and the extraocular muscles; however, each 
class of eye movements has distinct premotor, or supranuclear, neural circuits that 
send signals to the final common pathway.

The range of saccadic eye movements encompasses intentional goal-directed 
saccades, e.g., looking left and right before crossing the street (volitional); high-
level frontally driven saccades to the remembered location of a previously present 
visual target (memory-guided); reactive saccades toward suddenly appearing stim-
uli, e.g., a person entering a doorway (reflexive); and the primitive reflexive fast eye 
movement components of optokinetic nystagmus (OKN). Saccades may be patho-
logically disrupted by many diseases and mechanistically in many forms, encom-
passing disorders of latency (i.e., time between visual stimulus onset and saccade 
initiation), accuracy, trajectory, and velocity; comprehensive coverage of which 
may be found elsewhere (Leigh and Zee 2015). Specific saccade deficits indicate 
dysfunction of distinct neuronal populations and assist with the first objective in 
clinical neurology – to localize the structures involved in a disease process (Leigh 
and Riley 2000). The focus here will be on centrally mediated neuroanatomic dis-
ruptions and disease states that lead to pathological slowing of saccades. Slowing of 
saccades may also occur in the context of peripheral ocular motor conditions affect-
ing extraocular muscles or cranial nerves; however, these are not considered further 
in this review. Prior to consideration of centrally mediated pathological saccadic 
slowing, normal saccade anatomy and physiology with a focus on brainstem struc-
tures relevant to saccade generation and saccade slowing will be reviewed.

2  Normal Saccade Physiology and Anatomy

2.1  Saccade Characteristics and Physiology

Extensive knowledge has been gained over recent decades about anatomic and 
pathophysiologic mechanisms governing eye movements, including saccades  – 
with rich interdisciplinary exchange between basic science nonhuman physiology, 
biological modeling, and the effects of human disease as it pertains to neurological 
structures involved in eye movement control (Leigh and Zee 2015; Horn and Leigh 
2011). Saccades place high demands upon brain circuitry relative to other slower 
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eye movements, as saccades must be fast (up to 600°/sec) and of brief duration (less 
than 100 msec) to avoid visual disruption. Saccades also require a high degree of 
accuracy to bring the images of target items to the small fovea. Normal saccades 
occur in a single smooth motion with a single-peaked velocity waveform (Fig. 1a). 
Despite the ideal of high saccadic accuracy and precision and the capacity of the 
saccadic system to achieve these under optimal laboratory conditions (Kowler and 
Blaser 1995), normal saccades may undershoot an intended target by a small amount 
and require a small secondary “corrective” saccade to land the eye on target (Fig. 1b) 
(Aitsebaomo and Bedell 1992; Pelisson and Prablanc 1988).

Fig. 1 (a) Representative position (top) and velocity (bottom) traces of a normal 10-degree hori-
zontal saccade. The upward deflection of the position trace represents a rightward eye movement. 
The light gray line on the position trace indicates the beginning of the saccade, at which time the 
velocity exceeds a threshold defining saccade onset. The duration of time between target and sac-
cade onset is the saccade latency. (b) Representative position (top) and velocity (bottom) traces of 
a 10-degree horizontal saccade with a large primary saccade and secondary corrective saccade to 
bring the eye to target in a healthy individual. Downward deflections of the position trace represent 
leftward eye movements. (c) Main sequence relationship of peak velocity versus amplitude for 
normal horizontal saccades. Data is fit with an exponential equation: peak veloc-
ity = Vmax × (1 – e−A/C), where Vmax is the asymptotic peak velocity, A is the amplitude, and C is 
a constant defining the exponential rise. The 5th and 95th prediction intervals are also plotted
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Saccades obey “main sequence” relationships between saccade amplitude and 
peak velocity, and between saccade amplitude and duration, by which saccade 
velocity and duration increase in a stereotypical manner with increasing saccade 
amplitude (Fig.  1c) (Bahill et  al. 1975; Boghen et  al. 1974; Baloh et  al. 1975). 
Velocity increases linearly with increasing amplitude for small saccades but reaches 
a saturation point for large saccades. A high degree of intrasubject and intersubject 
variability occurs for a saccade of a given amplitude (Boghen et al. 1974), and fac-
tors such as mental state, level of alertness, and degree of target illumination may 
play a role in this variation (Bronstein and Kennard 1987; Leigh and Kennard 2004). 
Normal peak velocity ranges may also differ depending on the technique utilized for 
eye movement recording (i.e., infrared video versus scleral search coil versus elec-
trooculography) (Boghen et  al. 1974), by directionality and starting eye position 
(i.e., abducting versus adducting horizontal saccades, centripetal versus centrifugal 
saccades) (Pelisson and Prablanc 1988; Schneider et  al. 2011; Frost and Poppel 
1976), and by the frequency with which saccades are made (Lueck et al. 1991); 
thus, establishment of normative laboratory values for saccades in all directions is 
critical to proper definition and detection of pathological saccade slowing in neuro-
logical disease. Additional information may be revealed by examination of the 
shape, or skewness (Van Opstal and Van Gisbergen 1987), of the velocity profiles of 
saccades that reflects the ratio between the accelerating and decelerating portions of 
the movement. The acceleration phase of a saccade tends to be constant regardless 
of saccade size, whereas the deceleration component becomes prolonged as saccade 
amplitude increases. Thus, small saccades have a symmetrical velocity profile, and 
large saccades appeared skewed (Van Opstal and Van Gisbergen 1987).

In order to meet the demands ensuing from the requirements of saccade brevity 
and speed and to overcome the elastic inertia imposed by the intraorbital tissues, 
initiation of a saccade requires a high-frequency burst of neuronal discharge called 
the pulse in the agonist motoneuron that leads to vigorous agonist muscle contrac-
tion (Robinson 1970). Simultaneous with the excitatory pulse agonist innervation, 
the antagonist muscle relaxes due to a pause in discharge of its innervation source. 
Following the pulse, an exponential slide occurs, and neuronal discharge to the ago-
nist muscle is transitioned to a lower level of tonic activity called the step to main-
tain the eyes in the new orbital position (Robinson 1970; Scudder et al. 2002). Each 
ocular motoneuron fires in this pulse-slide-step pattern (Scudder et al. 2002).

2.2  Saccade Anatomy

Anatomic structures involved in initiation, termination, and dynamic control of 
saccadic eye movements are diffusely distributed and include cortical, brainstem, 
and cerebellar regions. Excitatory inputs from cortical frontal, parietal, and supple-
mentary eye fields and inhibitory inputs from the basal ganglia are received by the 
superior colliculus (SC). SC is the primary saccade initiation command source, 
with unilateral intermediate and deeper SC layers sending excitatory signals to 
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contralateral brainstem reticular formation premotor saccade generation circuitry 
(Figs. 2 and 3) (Scudder et al. 2002; Raybourn and Keller 1977). A cortical spa-
tially encoded saccade command is transformed into a temporally encoded pulse-
step motor command.

The pulse of neural activity required for saccade initiation is executed by excit-
atory burst neurons (EBN), which fire just before a saccade occurs and are located 
in the brainstem reticular formation (Fig. 2) (Van Gisbergen et al. 1981; Horn 2006; 
Horn et al. 2003a; Strassman et al. 1986a). EBN also send signals to neural integrators, 

Fig. 2 Location of saccade premotor structures on a nonhuman primate mid-sagittal brainstem 
diagram. Premotor excitatory (green triangles) and inhibitory (red triangles) burst neurons are 
located in the pons and medulla for horizontal saccades and in the midbrain for vertical saccades. 
Omnipause neurons (yellow oval) are intermingled with the sixth cranial nerve rootlets. 
Abbreviations: PC posterior commissure, riMLF rostral interstitial medial longitudinal fasciculus, 
INC interstitial nucleus of Cajal, MB mammillary body, MRF mesencephalic reticular formation, 
CN III oculomotor nerve fascicle, III oculomotor nucleus, IV trochlear nucleus, CN IV trochlear 
nerve fascicle, CN VII facial nerve fascicle, MLF medial longitudinal fasciculus, PPRF parame-
dian pontine reticular formation, VI abducens nucleus, CN VI abducens nerve rootlets, NPH 
nucleus prepositus hypoglossi, Med RF medullary reticular formation. (Figure adapted from 
Büttner and Büttner-Ennever 2005)
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which give rise to the step innervation. Neural integrators for horizontal eye move-
ments include the medial vestibular nucleus and nucleus prepositus hypoglossi 
(Langer et al. 1986), whereas vertical neural integration occurs in the interstitial 
nucleus of Cajal (INC). For horizontal saccades, EBN are located in the caudal 
paramedian pontine reticular formation (PPRF) just rostral to the abducens nucleus 
(Horn et al. 1995). For vertical and torsional saccades, EBN are located in the ros-

Fig. 3 Schematic of the 
anatomic connections of 
neurons of the horizontal 
burst generator. Excitatory 
(filled circles) and 
inhibitory (open triangles) 
connections. Confidence in 
the connection is reflected 
in line thickness, from 
heavy solid (confirmed) to 
thin dashed (hypothesized). 
Abbreviations: cMRF 
central mesencephalic 
reticular formation, EBN 
excitatory burst neuron, 
IBN inhibitory burst 
neuron, LLBN long-lead 
burst neuron, trig trigger, 
MN motoneuron, nph 
nucleus prepositus 
hypoglossi, OPN 
omnipause neuron. 
(Reprinted by permission 
from Springer Nature: 
Scudder et al. 2002)
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tral interstitial medial longitudinal fasciculus (riMLF) (Horn and  Büttner-Ennever 
1998; Moschovakis et al. 1991a, b). A few also lie within the INC (Moschovakis 
et al. 1991a, b). Inhibitory glycinergic burst neurons (IBN) that relax antagonist 
muscles during horizontal saccades are located in the medullary reticular formation 
just caudal to the abducens nucleus (Fig. 2) (Scudder et al. 1988; Strassman et al. 
1986b; McElligott and Spencer 2000). GABAergic IBN for vertical saccades are 
located in the midbrain predominantly in the area of INC in monkey (Horn et al. 
2003a) and in both the INC and riMLF in cats (Spencer and Wang 1996). EBN and 
IBN are also termed short-lead or medium-lead burst neurons.

For horizontal saccades, EBN project to ipsilateral agonist motoneurons and 
IBN project to contralateral antagonist motoneurons to generate an ipsilateral sac-
cade (Fig. 3) (Strassman et al. 1986a, b; Scudder et al. 1988). For example, for a 
rightward saccade, right PPRF EBN send excitatory signals to the right abducens 
nucleus which activates the motoneurons destined for the right lateral rectus and 
the interneurons destined to decussate in the medial longitudinal fasciculus and 
ascend to activate the motoneurons in the left medial rectus oculomotor subnu-
cleus. Right IBN simultaneously send inhibitory signals to inhibit the left EBN and 
left abducens nucleus and, consequently, the left lateral rectus and right medial 
rectus. The right IBN also inhibit the left IBN, thereby preventing inhibition of the 
activated right lateral rectus. Ultimate activation in this neural pathway leads to 
contraction of the right lateral rectus and left medial rectus and inhibition of the left 
lateral rectus and right medial rectus and evokes a rightward saccade. For vertical 
saccades, EBN project bilaterally to elevator muscle (e.g., superior rectus and infe-
rior oblique) motoneurons but unilaterally to depressor muscle (e.g., inferior rectus 
and superior oblique) motoneurons (Moschovakis et  al. 1990; Bhidayasiri et  al. 
2000). Midbrain EBN also promote ipsidirectional rapid torsional eye movements 
(Villis et al. 1989; Suzuki et al. 1995).

Except during saccades, EBN and IBN are tonically and directly inhibited by 
glycinergic omnipause neurons (OPN) located in the nucleus raphe interpositus 
(RIP) in the caudal pons just off the midline on each side and intermingled with the 
abducens rootlets (Fig. 2) (Büttner-Ennever et al. 1988; Keller 1977; Horn et al. 
1994). OPN project directly to PPRF EBN to inhibit horizontal saccades and to 
riMLF EBN to inhibit vertical and torsional saccades (Fig.  3) (Strassman et  al. 
1987; Nakao et al. 1980; King et al. 1980; Langer and Kaneko 1983; Ohgaki et al. 
1989). Just prior to a saccade, OPN firing ceases and inhibition is maintained 
through most or all of the saccade duration, possibly due to activity of putative 
inhibitory latch neurons that receive signals from EBN (Fig.  3) (Optican et  al. 
2008; Keller and Missal 2003; Yoshida et al. 1999). OPN resume firing just before 
the end of a saccade, though many resume firing after saccade end; thus, the precise 
mechanism of saccade termination may be either OPN reactivation or more likely 
contralateral IBN firing via activation by the ipsilateral caudal fastigial nucleus 
(cFN), which chokes the ipsilateral saccade drive signal (Optican et  al. 2008; 
Optican and Quaia 2002).
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3  Basic Science of Slow Saccades – Insights from Nonhuman 
Studies

Based on the anatomy of the EBN, it is anticipated that lesions in the PPRF EBN for 
horizontal saccades would affect horizontal saccade function and lesions in the 
riMLF EBN for vertical and torsional saccades would affect vertical and torsional 
saccade function. Indeed, unilateral pharmacologic inactivation of the PPRF eradi-
cates ipsidirectional horizontal saccades, and bilateral inactivation eradicates hori-
zontal saccades in both directions (Henn et  al. 1984). Unilateral pharmacologic 
inactivation of the riMLF leads to a mild deficit of downward saccades and loss of 
ipsidirectional torsional fast phases (Bhidayasiri et  al. 2000; Villis et  al. 1989; 
Suzuki et al. 1995), whereas bilateral inactivation eradicates vertical and torsional 
saccades (Suzuki et al. 1995). Bilateral pharmacologic inactivation of the caudal 
PPRF also leads to vertical saccade slowing, in addition to impairment of horizontal 
saccades in both directions (Henn et al. 1984). This impairment of vertical saccades 
is likely related to lesional effects on OPN.

OPN electrical stimulation during a saccade will interrupt the saccade mid-flight 
(Keller 1977). It might be hypothesized that inactivation of OPN would precipitate 
spontaneous saccades if their role is solely as an all-on or all-off gate to inhibit burst 
neurons. However, pharmacologic inactivation of omnipause neurons leads to sac-
cade slowing without a change in saccade latency (Henn et al. 1984; Kaneko 1996; 
Soetedjo et al. 2002), which suggests that the OPN lesion reduces the EBN firing 
rate. Thus it is proposed that the OPN play a direct role in saccade generation, in 
part by creating a post-inhibitory rebound depolarization in EBN induced by sudden 
release from OPN inhibition that may facilitate early saccade acceleration (Miura 
and Optican 2006). Indeed, saccade modeling of neuronal conductance incorporat-
ing loss of EBN post-inhibitory rebound depolarization from OPN dysfunction 
reproduces the saccade slowing induced by OPN lesioning experiments (Miura and 
Optican 2006, 2003; Enderle and Engelken 1995). With modeling, post-inhibitory 
rebound depolarization was reduced in EBN due to reduction of low-threshold cal-
cium and NMDA currents resulting from the reduced presence of glycine from OPN 
(Miura and Optican 2006). Slowing of vertical saccades from pontine lesions has 
also been seen in human clinical disease states (Hanson et al. 1986; Rufa et al. 2008; 
Johnston et al. 1993). Inhibition of OPN occurs in nonhuman primates and humans 
during blinks and transient eyelid closure (Mays and Morrissee 1993), and saccade 
slowing and depression of OKN quick-phase velocities, in turn, accompany blinks 
(Goossens and Van Opstal 2000; Rambold et al. 2002; Rottach et al. 1998; Shaikh 
et al. 2010). Reduction in saccade peak acceleration also occurs with eye closure, 
further supporting a direct OPN role in saccade generation secondary to reduction 
of EBN post-inhibitory rebound depolarization (Shaikh et al. 2010).

Saccade slowing has been reported with lesions in structures other than EBN 
and OPN, most notably the SC and central mesencephalic reticular formation, 
which plays an important role in vertical saccades (Bhidayasiri et al. 2000, 2001; 
Hikosaka and Wurtz 1985, 1986; Schiller et  al. 1980; Waitzman et  al. 2000). 
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Functional deafferentation of the SC with the GABA agonist muscimol (Hikosaka 
and Wurtz 1985) and functional removal with lidocaine (Hikosaka and Wurtz 1986) 
lead to reductions in saccadic velocities, possibly by effects on OPN leading to 
incomplete release of OPN inhibition and subsequent reductions in EBN burst fre-
quency. Paired frontal eye field and SC lesions more substantially reduce saccadic 
velocities than SC lesions alone (Schiller et al. 1980).

4  Translational Neurology of Slow Saccades – Clinical 
Disorders

4.1  Clinical Assessment and Classic Features

A wide range of pathologic etiologies can cause slow saccades, including degenera-
tive, inflammatory, neoplastic and paraneoplastic, ischemic, metabolic, and heredi-
tary conditions (Table 1) – the clinical features of which have been recently reviewed 
(Lloyd-Smith Sequeira et al. 2017). What they hold in common is the implication 
that clinical saccade slowing generally indicates direct EBN involvement, either of 
horizontal or vertical neuronal populations or both, and/or OPN disease. As in non-
human lesioning studies, human unilateral PPRF lesions involving EBN predomi-
nantly lead to loss of ipsidirectional saccades, whereas bilateral lesions lead to 
bilateral conjugate horizontal saccadic gaze palsy. Human lesions affecting riMLF 
EBN lead to vertical saccade palsy. It might be expected that unilateral riMLF 
lesions would predominantly impact downward saccades, given the unilateral pro-
jection of innervation to motoneurons for downward saccades and bilateral projec-
tion for upward saccades (Moschovakis et  al. 1990; Bhidayasiri et  al. 2000). 
However, reported human lesional effects do not adhere precisely to this physiol-
ogy, and unilateral or more global up and down deficits have been reported with 
unilateral lesions (Ranalli et al. 1988; Onofrj et al. 2004; Deleu et al. 1989). This is 
likely because human lesions are rarely restricted to a single nucleus, often affecting 
nearby structures simultaneously, and may extend beyond the limits of the lesion 
seen on neuroimaging.

Saccades are tested at the bedside by asking the patient to make rapid eye move-
ments between two stationary targets in the horizontal and vertical planes. A rule of 
thumb in the clinic is that the examiner’s eye should not be able to follow the 
patient’s eye through the trajectory of a saccade. If the patient’s eye can be followed 
(Video 1), saccades are pathologically slow (Fig. 4). By the time saccade slowing is 
detectable with the examiner’s unaided eye in the clinic, saccade velocity has likely 
fallen severely below lower normal limits of saccades on the main sequence peak 
velocity to amplitude relationship curve. Detection of subclinical or very mild slow-
ing that may have diagnostic implications may be missed on bedside exam and be 
detectable solely with quantified ocular motor recordings.
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Clinical saccade slowing typically indicates a brainstem-mediated supranuclear 
gaze palsy, which may be more accurately called a supranuclear saccade palsy. If 
slowing occurs predominantly in either the horizontal or vertical direction relative 
to the other, alteration of the trajectory, or “round-the-house,” saccades may occur 

Table 1 Etiologic causes of slow saccades and supranuclear saccadic gaze palsy

Neurodegenerative: progressive supranuclear palsy (PSP, classic cause, vertical predominant), 
Huntington’s disease (Leigh et al. 1983; Collewijn et al. 1988), corticobasal degeneration 
(Shiozawa et al. 2000; Rinne et al. 1994) (if saccade slowing occurs, it is typically later in 
disease course and less severe than in PSP (Rivaud-Pechoux et al. 2000)), multiple system 
atrophy (Murphy et al. 2005), Lewy body dementia (Fearnley et al. 1991; de Bruin et al. 1992), 
primary pallidal degeneration (Gordon et al. 2004), amyotrophic lateral sclerosis (Averbuch- 
Heller et al. 1998; Ushio et al. 2009; Donaghy et al. 2010; Moss et al. 2012; Okuda et al. 1992)
Genetic/metabolic: Niemann-Pick type C (Rottach et al. 1997; Abel et al. 2009; Salsano et al. 
2012; Solomon et al. 2005) (classic cause, vertical – down worse than up (Rottach et al. 1997; 
Cogan et al. 1981)), Gaucher disease type 3 (Benko et al. 2011; Pensiero et al. 2005; Schiffmann 
et al. 2008) (classic cause, horizontala), genetic Parkinson’s disease with leucine-rich repeat 
kinase 2 (LRRK2) mutations (Spanaki et al. 2006), Kufor-Rakeb syndrome (Williams et al. 
2005b), Wilson’s disease (Kirkham and Kamin 1974), dominant and recessive spinocerebellar 
ataxias (Zee et al. 1976; Burk et al. 1999; Velazquez-Perez et al. 2004; Rufa and Federighi 2011; 
Wadia et al. 1998; Geiner et al. 2008; Rosini et al. 2013) (SCA, classically SCA2b – horizontal, 
slowing reported with other SCAs including 1,3,6,7, and 28 (Klostermann et al. 1997; Oh et al. 
2001; Ying et al. 2005; Wu et al. 2017; Moscovich et al. 2015; Zuhlke et al. 2015; Christova 
et al. 2008)), episodic ataxia type 2 (Kipfer et al. 2013), late-onset Tay-Sachs (Rucker et al. 
2004), cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (Erro et al. 2014), mitochondrial disease (Gupta et al. 1995), kernicterus 
(Hoyt et al. 1978), medications (Thurston et al. 1984; Rothenberg and Selkoe 1981) (e.g., 
anticonvulsants, benzodiazepines)
Vascular: midbrain infarction (Onofrj et al. 2004; Deleu et al. 1989; Green et al. 1993; Hommel 
and Bogousslavsky 1991; Büttner-Ennever et al. 1982) (vertical), pontine infarction (horizontal), 
post-cardiac or aortic surgeryc (Hanson et al. 1986; Eggers et al. 2008, 2015a; Bernat and 
Lukovits 2004; Antonio-Santos and Eggenberger 2007; Solomon et al. 2008a, b; Mokri et al. 
2004; Nandipati et al. 2013; Kim et al. 2014)
Paraneoplastic (Tan et al. 2005; Baloh et al. 1993)/autoimmune: Anti-Ma1 and Ma2 antibodies 
(Dalmau et al. 2004) (vertical), anti-glutamic acid decarboxylase (GAD) and anti-glycine 
receptor (GlyR) antibodies (Warren et al. 2002; Economides and Horton 2005; Tilikete et al. 
2005; Pittock et al. 2006; Oskarsson et al. 2008; Peeters et al. 2012; Sarva et al. 2016), 
anti-IgLON5 antibodies (Dale and Ramanathan 2017; Gaig et al. 2017), demyelinating disease 
(Rufa et al. 2008; Quint et al. 1993; Nerrant and Tilikete 2017)
Prion disease: Creutzfeldt–Jakob disease (Wallach et al. 2017; Bertoni et al. 1983; Grant et al. 
1993; Shimamura et al. 2003; Josephs et al. 2004; Prasad et al. 2007; Rowe et al. 2007; Petrovic 
et al. 2013) (CJD, vertical predominant)
Infection: Whipple disease (Lee 2002; Coria et al. 2000; Louis et al. 1996; Knox et al. 1995; 
Adams et al. 1987; Averbuch-Heller et al. 1999), infectious encephalitis

aSaccade speed may be utilized as a treatment outcome measure (Pensiero et al. 2005; Schiffmann 
et al. 2008)
bSaccade dysfunction correlates with number of polyglutamine repeats (Velazquez-Perez et  al. 
2004)
cSuspected to have a vascular ischemic etiology, though direct evidence of ischemia is lacking in 
most cases
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Fig. 4 Main sequence relationships of peak velocity versus amplitude (upper plots) and duration 
versus amplitude (lower plots) for vertical (a) and horizontal (b) saccades in a patient with ultimate 
autopsy diagnosis of progressive supranuclear palsy. Saccades are slow with prolonged duration, 
with vertical saccades more severely affected than horizontal saccades. See Video 1 for bedside 
saccade examination at the time of quantitative recordings shown here. Not shown: 4 years follow-
ing the saccades shown here, saccades were re-recorded, and progressive slowing of saccades was 
demonstrated just prior to death; however, the range of eye movements remained full with no range 
limitation in vertical or horizontal directions

(Crespi et al. 2016; Eggink et al. 2016; Rottach et al. 1996; Garbutt et al. 2004). For 
example, if vertical saccades are selectively slowed, assessment of vertical saccades 
may result in a laterally curved vertical saccade trajectory. Examination of diagonal/
oblique saccades may result in an initial horizontal movement that is then followed 
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in its latter portion by a slowed vertical movement toward the target, as has been 
shown in patients with Niemann-Pick type C (NPC) which severely and selectively 
affects vertical saccades (Fig. 5a) (Rottach et  al. 1997). Upon completion of the 
horizontal component of the saccade and prior to completion of the vertical compo-
nent of the saccade, horizontal oscillations may occur (Fig. 5b) (Rottach et al. 1997). 
Saccade slowing may be accompanied by impaired range of vertical or horizontal 
eye movements (Video 2) that may be more severe during saccade testing than dur-
ing smooth pursuit testing and can be improved by the use of larger visual targets 
(Seemungal et al. 2003). However, saccade slowing with a full range of eye movements 

Fig. 4 (continued)
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J. C. Rucker et al.



235

is often seen and is equally indicative of a brainstem-mediated supranuclear saccade 
palsy (Fig. 4 and Video 1) (Hardwick et al. 2009). Bedside exam should include 
assessment of smooth pursuit and VOR, as a brainstem-mediated supranuclear sac-
cade palsy will typically affect saccades to a greater extent than smooth pursuit, and 
impaired ocular motor range should be overcome with VOR (Video 2) until very 
late in the disease course, since vestibular pathways have different supranuclear 
inputs to the ocular motor nuclei than saccade premotor pathways. Assessment of 
OKN is particularly useful in early detection of a supranuclear saccade palsy, given 
that saccades and OKN quick phases share the same brainstem neural circuitry for 
generation (Garbutt et al. 2003). Loss of saccadic OKN fast phases may indicate 
early EBN disease and might be more easily seen at the bedside than very subtle 
early saccade slowing. With a midbrain supranuclear saccade palsy involving the 
riMLF, torsional quick phases may also be lost since riMLF EBN control both verti-
cal and torsional fast eye movements.

Of critical importance to accurate neurological localization and diagnosis is 
differentiation between a brainstem-mediated supranuclear saccade palsy and 
cortically mediated ocular motor apraxia (Table  2). With the former, anatomic 
localization of the eye movement disorder is generally confined to brainstem EBN 
and OPN. The hallmarks include saccade slowing and loss of OKN fast phases 
with or without ocular motor range limitation, smooth pursuit ocular motor range 
superior to that obtained with saccades if range limitation is present, and ocular 
motor range limitations overcome by VOR. Ocular motor apraxia (OMA), in con-
trast, localizes to cortical eye fields and basal ganglionic circuits and is, therefore, 
less precisely localizing than clinically detectable saccade slowing (Leigh and 
Riley 2000). OMA is a disorder of impaired initiation of voluntary eye move-
ments with retained reflexive eye movements. Hallmark features include pro-
longed latency of voluntary saccades that have normal speed once generated, 
difficulty with initiation and maintenance of smooth pursuit, and normal primitive 
reflexive VOR and OKN (Video 3) (Rottach et al. 1996). Patients with OMA tend 
to utilize head thrusting and blinking behaviors to facilitate voluntary eye move-
ments; however, these behaviors are not pathognomonic for OMA and occur also 
in some brainstem- mediated supranuclear saccade palsies with saccade slowing 
(Eggers et al. 2008, 2015a). The majority of human disease states that lead to a 
supranuclear gaze palsy cause either a brainstem saccadic gaze palsy or 
OMA.  However, Huntington’s disease (HD) classically causes both simultane-
ously in the same patient, along with distractibility manifested as inability to  
suppress saccades to novel-appearing stimuli (Leigh et  al. 1983; Lasker et  al. 
1987). Increased saccadic latencies particularly for voluntary saccades to com-
mand are a manifestation of OMA, whereas saccadic slowing represents dysfunction 
of EBN or their inputs (Leigh et al. 1985). Further, saccadic slowing may be more 
common in mildly affected HD patients who have disease onset at age less than 
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30 years, and increased saccadic latencies may be more common in patients with 
disease onset after age 30 years (Lasker et al. 1988), as well as in patients over 30 
who have genetically confirmed preclinical HD (Golding et al. 2006). Distractibility 
is common in all patients with HD (Lasker et al. 1988).

Performance of quantified ocular motor recordings in clinical patients greatly 
enhances accurate identification of saccade slowing and has the capacity to iden-
tify early subclinical saccade slowing (Figs. 4a and 6). Eye movement recordings 
with large field OKN stimuli may also precipitate saccadic quick phases that can 
be examined for slowing in the context of advanced supranuclear gaze palsy when 
larger saccades can no longer be initiated (Garbutt et al. 2004; Garbutt and Harris 
2000). Similar to saccades, OKN quick phases obey “main sequence” relation-
ships between saccade amplitude and peak velocity, and between saccade ampli-
tude and duration, by which saccade velocity and duration increase in a 
stereotypical manner with increasing saccade amplitude. However, velocity pro-
files differ, with slightly higher peak velocities for saccades than OKN quick 
phases in both the horizontal (Garbutt et  al. 2001) and vertical (Garbutt et  al. 
2003) planes.

Table 2 Clinical features of brainstem saccadic gaze palsy versus cortical ocular motor apraxia

Brainstem saccadic gaze 
palsy Cortical ocular motor apraxia

Saccades Slow with normal or limited 
range of motion

Impaired initiation, typically with normal 
speed, range of motion may appear 
impaired, but full range can be elicited 
often with stronger visual stimulus (i.e., 
$20 bill)

Smooth pursuit Normal or, if range limitation 
present, range less severely 
impaired than with saccades

Impaired initiation and fixation 
maintenance during pursuit

Optokinetic 
nystagmus

Absent quick phases Normal

Head thrust/blinks 
to initiate saccades

Uncommona Common

Overview Affects saccades most 
predominantly

Affects voluntarily initiated eye 
movements, spares reflexive eye 
movements

Localization Brainstem saccadic burst 
neurons

Cortical eye fields

Etiologic example Progressive supranuclear 
palsy

Balint’s syndrome with bilateral parietal 
brain lesions

aHead thrusting and blinking to facilitate saccades occasionally occur with brainstem saccadic 
gaze palsy and are especially reported with post-cardiac or aortic surgery saccadic palsies (Hanson 
et al. 1986; Eggers et al. 2015a)
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4.2  Progressive Supranuclear Palsy: Insights into Saccade 
Slowing and Translation to the Clinic – EBN Versus OPN

The prototypical disorder of gradually progressive vertical saccade slowing in 
humans is progressive supranuclear palsy (PSP), which has an incidence of up to 18 
cases per 100,000 people (Coyle-Gilchrist et al. 2016; Takigawa et al. 2016). PSP is 
a neurodegenerative tauopathy that, in its classic form of Richardson’s syndrome 
(PSP-RS) (Williams and Lees 2009; Steele et al. 1964), shares some clinical fea-
tures with idiopathic Parkinson’s disease (PD) but is more rapidly progressive and 
not responsive to levodopa treatment (Goetz et al. 2003; Litvan et al. 1996; Diroma 
et  al. 2003). The hallmark feature is slowing of vertical saccades that typically 
occurs early in the disease course. It has been a common clinical misconception that 
involvement of downward saccades is more common than upward saccades in PSP 
(Chen et al. 2010). Slowing of both downward and upward saccades is common. 

Fig. 6 Vertical greater than horizontal saccade slowing in a patient with progressive supranuclear 
palsy. Bedside examination revealed a 50% limitation in the range of elevation of each eye, full 
depression of each eye, vertical greater than horizontal saccade slowing, and absent vertical opto-
kinetic quick phases. (a) Representative position (top) and velocity (bottom) traces of a severely 
slow horizontal saccade directed toward a target jump of nearly 40 degrees. The upward deflection 
of the position trace represents a hypometric rightward eye movement. (b) Representative position 
(top) and velocity (bottom) traces of a severely slow and hypometric vertical saccade directed 
toward a target jump of 20 degrees. For comparison with a normal saccade position and velocity 
profile, see Fig. 1a
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Limitation of upward ocular motor range is more common than simultaneous range 
limitation in both vertical directions, and both of the prior are more common than 
selective downward range limitation (Chen et al. 2010). Early in the disease course, 
horizontal saccades are also slowed but much less so than vertical saccades. Late in 
the disease course, saccades and smooth pursuit may be lost both vertically and 
horizontally, though VOR still tends to overcome the range limitations. In end-stage 
disease, even the VOR may be lost.

Saccade slowing in PSP could potentially be attributed to either EBN or OPN 
dysfunction, though most evidence points to early direct riMLF EBN involvement 
(Bhidayasiri et al. 2001). Midbrain regions containing riMLF neurons have been 
shown to be affected neuropathologically (Hardwick et al. 2009; Steele et al. 1964; 
Juncos et al. 1991; Daniel et al. 1995), as has the RIP containing OPN, presumably 
late in the disease course (Revesz et al. 1996). Marked vertical more than horizontal 
saccade (Figs. 4 and 6) slowing implicates direct riMLF EBN dysfunction, espe-
cially given its presence in a patient cohort with a median disease duration of 3 years 
(Bhidayasiri et al. 2001; Chen et al. 2010). Further supporting riMLF EBN dysfunc-
tion are experiments utilizing the Mueller paradigm, which combines a saccadic eye 
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movement with a vergence movement (Bhidayasiri et al. 2001). Given that OPN 
govern the timing of, and are turned off during, both saccades and vergence move-
ments, rapid completion of a saccade during a combined saccade-vergence move-
ment leads to an interval of time during which OPN are off while the saccade is 
completed and the slower vergence movement continues to occur. Horizontal ocular 
oscillations of saccadic origin typically occur during this interval (Ramat et  al. 
1999). PSP patients generate these oscillations similar to healthy control subjects, 
indicating that OPN are off; however, vertical saccades are still pathologically slow, 
suggesting that OPN involvement is not the primary mechanism of vertical saccade 
slowing in early PSP (Bhidayasiri et al. 2001). Similar horizontal oscillations may 
occur during oblique saccade testing when vertical saccade palsy leads to earlier 
completion of the horizontal than the vertical component of an oblique saccade 
(Fig. 5b) (Rottach et al. 1997). Combination of saccades with blinks or sustained 
eye closure, which also turn off OPN (Mays and Morrissee 1993), can cause tran-
sient horizontal ocular oscillations in healthy individuals as well (Rottach et  al. 
1998; Shaikh et al. 2007, 2010). When this occurs in PSP patients, there is no change 
in vertical saccade velocity, again suggesting that the primary pathology involves 
the riMLF rather than the OPN (Bhidayasiri et al. 2001). Though large amplitude 
saccades fall below the limits of normal in PSP, small saccades less than 5 degrees 
in patients with early PSP (mean disease duration of less than 2 years) tend to have 
normal velocity (Averbuch-Heller et  al. 2002). This leads to questions regarding 
whether a frequency-dependent saturation in the riMLF (i.e., EBN discharge nor-
mally for small saccades but discharge intensity saturates for large saccades) or 
abnormal feedback control of EBN due to SC involvement early in PSP may play a 
role in this size differential effect (Averbuch-Heller et al. 2002).

A second form of PSP, PSP with parkinsonism (PSP-P), was recognized as a 
distinct phenotype in 2005 (Williams et al. 2005a). PSP-P typically mimics PD in 
that it presents with asymmetric parkinsonism with tremor and partial levodopa 
responsivity, has a more rapid course than PD but a more indolent course than 
PSP-RS, and does not develop clinical ocular motor involvement until much later 
in the disease course (Respondek et al. 2014). In a series of pathologically proven 
PSP-P, none had supranuclear gaze palsy in the first 2 years of disease, but over 
70% developed it as a later clinical feature (Williams et al. 2005a). Interestingly, 
some of these patients are considered for years to have idiopathic Parkinson’s dis-
ease until they reach a point when progression occurs more rapidly than anticipated 
and saccade slowing begins and may gradually progress to a more complete supra-
nuclear gaze palsy (Williams and Lees 2010). Despite the absence of clinically 
detectable saccade slowing early in the course of PSP-P, video-oculography has 
demonstrated pathological subclinical vertical greater than horizontal saccadic 
slowing in patients with PSP-P that does not statistically differ from that seen in 
patients with PSP-RS. Saccade slowing in both PSP-P and PSP-RS, in contrast, is 
significantly different than the normal saccadic velocities seen in PD, which are the 
same as in healthy controls (Fig. 7) (Pinkhardt et al. 2008). In this study, 20-degree 
vertical saccade peak velocities reached less than 30% of normal in PSP-RS patients 
and less than 35% of normal in PSP-P patients with no difference in either group 
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between upward and downward saccades; 20-degree horizontal saccade peak 
velocities reached 60% of normal in PSP-RS and 70% of normal in PSP-P. Thus, 
eye movement recordings of saccade peak velocities cannot differentiate PSP-RS 
from PSP-P but can differentiate PSP-P and PSP-RS from PD (Pinkhardt et  al. 
2008). Other than PSP-RS and PSP-P, additional variant PSP phenotypes are 
described in which eye movement involvement is less frequent, though the preva-
lence of supranuclear gaze palsy has been shown to increase in all PSP types with 
increasing disease duration (Fig. 8) (Respondek et al. 2014).

The importance of early establishment of the diagnosis of PSP, for which early 
detection of subclinical saccade slowing is very high yield, has increased substan-
tially in recent years, given the advent of clinical trials of new anti-tau-directed 
therapies (Boxer et al. 2017; West et al. 2017). PSP diagnostic criteria have recently 
been revised and include ocular motor dysfunction as one of four functional domains 
of core clinical features (the others being postural instability, akinesia, and cognitive 
dysfunction) (Hoglinger et al. 2017). Certainty levels with regard to ocular motor 
dysfunction are graded: (1) vertical supranuclear gaze palsy, (2) slow velocity of 
vertical saccades, and (3) frequent macro-square wave jerks or “eyelid opening 
apraxia.” Vertical supranuclear gaze palsy is defined as “a clear limitation in the 
range of voluntary gaze in the vertical more than in the horizontal plane, affecting 
both up- and downgaze, more than expected for age, which is overcome…with the 
vestibulo-ocular reflex; at later stages, the vestibulo-ocular reflex may be lost, or the 

Fig. 8 Frequency of supranuclear gaze palsy as a function of time after disease onset in the differ-
ent PSP-predominance types in 100 definitive PSP cases. Abbreviations: PSP progressive supra-
nuclear palsy, RS Richardson’s syndrome, OMD ocular motor dysfunction, CBS corticobasal 
syndrome, PI postural instability, FTD frontotemporal dementia, P parkinsonism. (Reprinted by 
permission from John Wiley and Sons: Respondek et al. 2014)
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maneuver prevented by nuchal rigidity” (Hoglinger et al. 2017). Slow velocity of 
vertical saccades is defined as “decreased velocity (and amplitude) of vertical 
greater than horizontal saccadic eye movements; this may be established by quanti-
tative measurements of saccades, such as infrared oculography, or by bedside test-
ing; gaze should be assessed by command (“look at the flicking finger”) rather than 
by pursuit (“follow my finger”), with the target >20 degrees from the position of 
primary gaze; to be diagnostic, saccadic movements are slow enough for the exam-
iner to see their movement…; a delay in saccade initiation is not considered slow-
ing; findings are supported by slowed or absent fast components of vertical 
optokinetic nystagmus…“ (Hoglinger et al. 2017). Prior diagnostic criteria included 
vertical gaze palsy and slowing of saccades; however, such precise definition details 
were not included. This new detailed instruction set for recognition of saccadic gaze 
palsies and slowed saccades represents definite advancement in diagnostic applica-
tion of the ocular motor examination and will facilitate earlier and more sensitive 
PSP diagnosis. However, these new criteria still do not take into account that true 
vertical saccade slowing in the presence of other clinical features of PSP (i.e., early 
falls with postural instability, parkinsonism), even in the presence of full ocular 
motor range, has identical localization and prognostic significance as supranuclear 
palsy with vertical range limitation (Leigh and Riley 2000). Indeed, some patients 
with pathologically proven PSP have progressive saccade slowing over time but 
never develop a vertical range limitation prior to death (Hardwick et al. 2009).

4.3  Observations from Other Clinical Disorders

 Selective Involvement of Up Versus Down Burst Neurons

Predominant impairment of either horizontal or vertical saccades implies involve-
ment of different populations of EBN and informs neurological differential diagno-
sis. For example, the ocular motor hallmark of spinocerebellar atrophy type 2 
(SCA2) is selective slowing of horizontal saccades (Zee et  al. 1976; Burk et  al. 
1999; Velazquez-Perez et  al. 2004; Rufa and Federighi 2011; Wadia et  al. 1998; 
Geiner et al. 2008), whereas PSP and NPC (Rottach et al. 1997; Abel et al. 2009; 
Salsano et al. 2012; Solomon et al. 2005; Cogan et al. 1981) cause vertical greater 
than horizontal saccade slowing. This is due to selective vulnerability of saccade 
burst neurons (or their connections) to the disease process and, indeed, horizontal 
EBN in the PPRF in SCA2 (Geiner et al. 2008) and vertical EBN in the riMLF in 
NPC (Solomon et al. 2005) have been shown via immunohistochemical techniques 
to be selectively affected. Though the precise mechanisms of selective vulnerability 
of horizontal versus vertical EBN populations in a specific disease may not be fully 
understood, at least these are two distinct neuronal populations that are located at 
different brainstem levels.

More difficult to explain is the mechanism of selective vulnerability of either 
downward or upward saccades in conditions such as NPC, which has a more  
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profound effect on downward saccades (Rottach et al. 1997; Cogan et al. 1981), 
and motor neuron disease in which upward worse than downward saccade involve-
ment has been shown (Averbuch-Heller et al. 1998). Hypotheses to explain this 
downward saccade selective vulnerability in NPC include possible additional 
damage to the axons of riMLF neurons responsible for downward saccades or a 
less robust projection of the unilateral riMLF downward saccade neurons to the 
oculomotor nucleus than the bilateral projections serving upward gaze (Solomon 
et al. 2005). riMLF neuronal loss has been demonstrated in motor neuron disease, 
interestingly with “...loss of 60% of the riMLF neurons result(ing) in about 
80–90% decrease in velocity for upward saccades but only about 40–60% decrease 
of velocity for downward saccades…” (Averbuch-Heller et al. 1998). Hypotheses 
to explain relative upward saccade involvement in motor neuron disease include 
the following: (1) upward and downward EBN may have unique neurochemical 
properties, (2) less neuronal activation may be required to elicit downward than 
upward saccades, (3) downward EBN may be more numerous and thus better pre-
served in this disease than upward EBN, or (4) concurrent damage to medium-lead 
burst neurons for upward saccades in the posterior commissure may exist 
(Averbuch-Heller et al. 1998).

 Expanding Anatomic Mechanisms: Inhibitory Burst Neurons 
and Perineuronal Nets

Most clinical disorders involving saccade slowing directly implicate EBN with or 
without OPN involvement via selective directionality of the saccade disorder or via 
direct pathological evidence. Careful attention to the details of eye position and 
velocity traces generated by eye movement recordings may offer additional insights. 
For example, saccade slowing of some large saccades occurs in late-onset Tay- 
Sachs (LOTS) (Rucker et al. 2004), and saccade slowing may rarely occur with a 
selective saccade palsy after cardiac or aortic surgery, most typically after aortic 
valve surgery requiring cardiopulmonary bypass and hypothermic circulatory arrest 
and usually with normal MRI of the brain (Hanson et al. 1986; Eggers et al. 2008, 
2015a; Bernat and Lukovits 2004; Antonio-Santos and Eggenberger 2007; Solomon 
et al. 2008a, b). In addition to slow saccades, many patients with these disorders 
generate a “staircase” (Rucker et al. 2004; Solomon et al. 2008b) series of small 
saccades to reach the target (Fig. 9), suggesting that EBN firing is prematurely and 
intermittently inhibited during the course of an intended large saccade. This leads to 
transient decelerations mid-saccade (Fig. 9), during which the eyes may (Solomon 
et al. 2008b) or may not (Rucker et al. 2004) come to a complete stop. Generation 
of premature saccade “choke” signals by IBN is considered to be the probable 
mechanism of transient decelerations in these “staircase” saccades (Optican et al. 
2008; Solomon et al. 2008b; Rucker et al. 2011).

Early in a normal rightward saccade, left ocular motor vermis Purkinje cells 
cease firing, thereby allowing the left fastigial nucleus to excite the right IBN, 
which in turn facilitates the saccade by inhibiting the antagonist muscles (Optican 
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and Quaia 2002). Toward the end of a rightward saccade, right ocular motor ver-
mis Purkinje cells cease firing, thereby allowing the right fastigial nucleus to 
excite the left IBN, which chokes the saccade drive. With “staircase” saccades, 
loss of cerebellar ocular motor vermis Purkinje cell inhibition on ipsilateral fasti-
gial nucleus neurons may lead to premature contralateral IBN “choke” signals, 
while an intact EBN/OPN network continues to drive completion of the eye move-
ment to the target. Indeed, in both LOTS and iatrogenic surgical ischemic brain 
injury, pathology has confirmed severe loss of Purkinje cells in the ocular motor 
vermis (Welsh et al. 2002; Rucker et al. 2008). Further supporting this concept of 
the effects of Purkinje cell loss is autopsy confirmation of unaffected EBN and 
OPN in a patient who died 8 years after the development of post-aortic surgery 
selective saccade palsy (Eggers et al. 2008, 2015a). Despite this, the story may not 
be so straightforward, as brainstem regions involved in saccade generation may 
also be pathologically abnormal in these conditions, with neurons in the OPN 
region showing massive inclusions in LOTS (Rucker et al. 2008) and a different 
case of post-cardiac surgery selective saccade palsy showing PPRF neuronal 
necrosis and astrocytosis (Hanson et al. 1986).

Given discrepant and non-uniform pathologic findings in the EBN and OPN in 
post-cardiac or aortic surgery saccadic palsy, an alternative hypothesis to direct 
EBN injury as the cause of saccadic slowing is injury to perineuronal nets (Eggers 
et  al. 2015a). These nets are networks of chondroitin sulfate proteoglycans that 
ensheath the highly metabolically active and fast-firing EBN and OPN neurons 

Fig. 9 Representative record of horizontal saccades made by a patient with late-onset Tay-Sachs 
disease. The eye position trace shows hypometric, multistep saccades. The velocity record shows 
transient decelerations during which eye velocity transiently declines, but not to zero, and then 
increases again (indicated by ∗). (Reprinted by permission from Wolters Kluwers: Rucker et al. 
2004)
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(Horn et  al. 2003b) and are thought to provide a supportive specialized  
microenvironment in the extracellular matrix that may serve several roles, including 
synaptic contact support, homeostasis of local ions, and neuronal protection (Eggers 
et al. 2015a; Hartig et al. 1999). Perineuronal nets have been shown to be highly 
vulnerable to ischemic injury (Hobohm et al. 2005) and, indeed, perineuronal nets 
have also been shown to demonstrate severe loss and fragmentation in a patient with 
post-aortic surgery saccadic gaze palsy in whom EBN and OPN, themselves, were 
histologically normal with synapse preservation (Eggers et al. 2015b).

5  Conclusions

Saccadic slowing is most often due directly to metabolic and or structural dysfunc-
tion of brainstem EBN and/or OPN, though various other mechanisms may also be 
involved, such as disruption of inputs to these structures or injury to the supportive 
surrounding extracellular perineuronal nets. A wide range of human disease states 
may cause saccadic slowing, and careful attention to the details of the ocular motor 
disorder can assist with diagnosis and prognosis and provide ample opportunities 
for advancement in the neuroscientific understanding of neuroanatomic and neuro-
physiologic ocular motor control.
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Fusion Maldevelopment (Latent) 
Nystagmus: How Insights from Nonhuman 
Primate Experiments Have Benefitted 
Clinical Practice

Lawrence Tychsen

Abstract Binocular fusion is blending of corresponding images from each eye to 
form a single percept. Maldevelopment of fusion (binocular non-correspondence) 
in infancy causes a specific type of lifelong ocular instability: fusion maldevelop-
ment nystagmus (FMN). Because fusion maldevelopment – in the form of strabis-
mus and amblyopia – is common, FMN is the most prevalent pathologic nystagmus 
encountered in clinical practice. Experiments on nonhuman primates (NHP) with 
strabismus and amblyopia have revealed that loss of binocular connections within 
area V1 (striate cortex) in the first months of life is the necessary and sufficient 
cause of FMN. The severity of FMN increases with greater losses of V1 connec-
tions. No manipulation of brainstem motor pathways is required. The binocular 
maldevelopment originating in area V1 is passed on to downstream, extrastriate 
regions of cerebral cortex that drive conjugate gaze (notably MSTd). Conjugate 
gaze is stable when MSTd neurons of the right vs. left cerebral hemisphere have 
balanced, binocular activity. Fusion maldevelopment causes unbalanced, monocu-
lar activity. If input from one eye dominates and the other is suppressed, MSTd in 
one hemisphere becomes more active. Downstream projections to the ipsilateral 
nucleus of the optic tract (NOT) drive the eyes conjugately to that side. The unbal-
anced MSTd drive is evident as nasalward slow-phase nystagmus when viewing 
with either eye.

Experiments on NHPs have provided the functional-structural correlations 
needed to explain the pathophysiology of LN. The translational value of NHP stud-
ies cannot be overstated. The NHP studies provide pivotal facts necessary to explain 
one of the most common ocular motor disorders encountered by eye care providers 
worldwide. The NHP studies have motivated pediatric ophthalmologists to repair 
fusion earlier in infancy (Tychsen, J AAPOS 9:510–21, 2005), thereby preventing 
FMN or reducing its severity.
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1  FMN Signs, Terminology, and Adverse Effects

FMN is characterized by a conjugate, horizontal slow-phase drift of eye position 
that is directed nasalward with respect to the viewing eye (Tychsen 2007; Dell’Osso 
et al. 1979; Dell’Osso 1985). When viewing switches from eye to eye, the directions 
of the slow phases reverse instantaneously: leftward when the right eye is fixating 
and rightward when the left eye is fixating (Fig. 1). The severity of the nystagmus 

Fig. 1 Fusion maldevelopment nystagmus in child, as in NHP. RE viewing: viewing with the right 
eye (left eye covered), both eyes have a nasalward slow-phase drift with respect to the viewing RE, 
followed by temporalward fast phases. The movement of the two eyes is similar (conjugate). LE 
viewing: The direction of the nystagmus reverses instantaneously when viewing changes to the LE 
(RE covered), so that the slow phase is nasalward with respect to the viewing LE. BE viewing: 
Velocity of the slow phase and the amplitude of the fast phase reduce when both eyes (BE) are 
uncovered. In the child shown, the RE is dominant and the LE – though open – is suppressed par-
tially as a consequence of strabismus and/or amblyopia
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(and its conspicuity during clinical examination) increases when one eye is covered, 
hence the entrenched clinical term “latent nystagmus (LN).” When the nystagmus is 
evident with both eyes open, it was called “manifest LN (MLN).”

Infantile esotropia (convergent strabismus) is the leading clinical association 
with FMN.  But any disorder that perturbs development of binocular fusion in 
infancy causes FMN, such as monocular or severe binocular deprivation of spatial 
vision (amblyopia) (Tychsen and Vision 1992; Tusa et al. 2002). In 2001, the NIH 
Committee on Eye Movement and Strabismus (CEMAS) classification (N.E.I. / 
N.I.H. Committee 2001) recommended that the terms LN/MLN be replaced by the 
etiologic descriptor FMN.

FMN is distinguished easily during clinical examination from congenital (“idio-
pathic infantile”) nystagmus (CN, or the infantile nystagmus syndrome (INS)) by 
the feature of instantaneous reversal of direction with alternating fixation. By eye 
movement recording, it is distinguished also in waveform. The waveform of FMN 
is of decreasing velocity and linear trajectory, whereas that of CN/INS is of increas-
ing velocity and pendular trajectory (Dell’Osso et al. 1979). Eye movement record-
ings or high magnification inspection of patients with a slit-lamp biomicroscope or 
ophthalmoscope reveals a superimposed small torsional movement. A minority of 
patients (Dell’Osso 1985) and NHP (Wong and Tychsen 2002) with FMN may 
show a small pendular component.

Contributions to our understanding of the clinical features of LN have been made 
by Dell’Osso, Daroff, Abel, and their colleagues (Dell’Osso et al. 1979, 1983), who 
have also clarified the historical origins of FMN/LN’s various terms. In 1872 Faucon 
(Faucon 1872) first described what we now appreciate as MLN. In 1912, Fromaget 
and Fromaget (Fromaget and Fromaget 1912) introduced the term “nystagmus 
latent.” These early reports of LN were reviewed by Sorsby (Sorsby 1931) in 1931. 
The oxymoron “manifested latent” nystagmus was introduced by Kestenbaum 
(Kestenbaum 1961) in 1947, who emphasized that LN is often observed in patients 
with strabismus when they view with both eyes open.

FMN degrades visual acuity due to “retinal slip” (instability, oscillation) of 
gaze (Tychsen 2012; Pirdankar and Das 2016). The nystagmus-imposed degrada-
tion of visual function is superimposed on the disruptions caused by strabismus 
and/or amblyopia. Patients and NHP with FMN must use abnormal head postures 
(turns and tilts, ocular torticollis) to help damp FMN and stabilize vision. FMN 
also causes other subtypes of vertical and horizontal strabismus behaviors, adding 
to the baseline strabismus; in clinical parlance: “dissociated vertical and horizon-
tal deviations (DVD, DHD).” (Tychsen 2012; Pirdankar and Das 2016; Das 2016) 
The constellation of visual degradation, wandering eyes, subnormal binocularity, 
and odd head postures impacts quality of life (McLean et al. 2016). School per-
formance, sports participation, vocational choices, and psychosocial interactions 
are impaired.
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2  Innate Nasalward Visual Cortex Biases Disappear if 
Fusion Develops Normally

Behavioral studies have shown that the postnatal development of binocular sensory 
and motor functions in normal infant NHP parallels that of normal infant humans, 
but on a compressed time scale; 1 week of NHP development approximates 1 month 
of human (Atkinson 1979; Boothe et  al. 1985; O’Dell and Boothe 1997; Brown 
et al. 1998). Binocular disparity sensitivity and binocular fusion are absent in human 
and NHP neonates. Stereopsis emerges abruptly in humans during the first 
3–5 months of postnatal life (Fox et al. 1980; Birch et al. 1982, 1983, 1985; Gwiazda 
et  al. 1989) and in NHP during the first 3–5  weeks (O’Dell and Boothe 1997), 
achieving adult-like levels of sensitivity.

V1 horizontal axonal connections are key components of fusion development 
and maldevelopment (Fig. 2). Binocularity in NHP begins with horizontal connec-
tions between V1 ocular dominance columns (ODCs) of opposite ocularity (Hubel 
and Wiesel 1977; Tychsen and Burkhalter 1995; Tychsen et al. 2004). These con-
nections are immature in the first weeks of life, conveying crude, weak binocular 
responses (Chino et  al. 1996, 1997; Hatta et  al. 1998). Maturation of binocular 

Fig. 2 Neuroanatomic basis for binocular vision. Monocular retinogeniculate projections from 
the left eye (temporal retina-nasal visual hemifield) and right eye (nasal retina-temporal hemifield) 
remain segregated up to and within the input layer of ocular dominance columns (ODCs) in V1, 
layer 4C (striate visual cortex). Binocular vision is made possible by horizontal connections 
between ODCs of opposite ocularity in upper layers 4B and 2/3 (as well as lower layers 5/6, not 
shown). RE inputs, red; LE inputs, blue
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connections requires corresponding (synchronous) activity between right-eye and 
left- eye geniculostriate inputs (Lowel and Singer 1992; Lowel and Engelmann 
2002). Non-correspondence of inputs causes loss of horizontal connections over a 
period of days in V1 of kittens (Lowel and Singer 1992; Trachtenberg and Stryker 
2001). The inference from NHP experiments and clinical studies is that similar 
losses occur over a period of weeks in V1 of NHP and over a period of months in 
V1 of children. Binocular non-correspondence also promotes interocular suppres-
sion as a further hindrance to fusion (Fig. 3) (Tychsen 2007).

In the first months of life in humans and weeks of life in NHP, monocular 
motion VEPs reveal a nasotemporal asymmetry (Norcia et al. 1991; Norcia 1996; 
Brown and Norcia 1997; Birch et al. 2000). Monocular preferential-looking test-
ing reveals greater perceptual sensitivity to nasalward motion (Bosworth and Birch 
2003). Monocular pursuit and optokinetic tracking reveal biases favoring nasal-
ward target motion (Atkinson 1979; Naegele and Held 1982; Wattam-Bell et al. 
1987; Jacobs et al. 1994; Tychsen 2001). These nasalward motion biases are pro-
nounced before onset of sensorial fusion and stereopsis, but systematically dimin-
ish thereafter. They are retained in subtle form in normal adult humans and can be 
unmasked using contrived, monocular stimuli (van Dalen 1981; van Die and 

Fig. 3 Horizontal connections for binocular vision and ODC metabolic activity in V1 of normal 
NHP vs. NHP with FMN. V1 of normal primates is characterized by (a) a rich plexus of binocular 
connections between R- and L-eye ODCs in layers 2–4B and (b) uniform metabolic activity in 
R- and L-eye ODCs layer 4C. In NHP with FMN, the connections are predominantly monocular 
due to a paucity of binocular connections. Interocular suppression caused by binocular non- 
correspondence results in higher metabolic activity in ODCs of dominant eye, here shown as L 
eye. RE inputs and connections, red; LE, blue; binocular, violet
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Collewijn 1982). If normal maturation of binocularity is impeded by eye misalign-
ment or monocular deprivation, the nasalward biases persist and become pro-
nounced (Das 2016; Bosworth and Birch 2003; Schor and Levi 1980; Maurer et al. 
1983; Tychsen et  al. 1985; Tychsen and Lisberger 1986; Tychsen et  al. 1996a; 
Westall et al. 1998; Fawcett et al. 2000; Joshi et al. 2017). The nasalward gaze bias 
is the key feature of the fusion maldevelopment syndrome. Other common features 
are loss of stereopsis, interocular suppression, strabismus, amblyopia, and smaller 
amplitude torsional/vertical oscillations of the eyes.

3  Binocular Non-correspondence Starts the FMN Cascade

Clinical studies of children (Tychsen et al. 1985) and adults (Dell’Osso et al. 1979; 
1983; Tychsen and Lisberger 1986; Kommerell 1982) with FMN have inspired a 
series of behavioral, physiological, and neuroanatomic studies in NHPs who had 
FMN associated with naturally occurring (Tychsen and Burkhalter 1995; Tychsen 
et  al. 2004; Matsumoto et  al. 1991; Tychsen et  al. 1996b; Tychsen and Boothe 
1996; Tychsen et al. 1996c; Tychsen and Burkhalter 1997; Tychsen et al. 2000; 
Tychsen and Scott 2003) or experimentally induced (Tychsen 2007; Tusa et  al. 
2002; Das 2016; Joshi et al. 2017; Tusa et al. 1991; Tychsen et al. 1991, 1996d; 
Kiorpes et  al. 1996; Tychsen et  al. 1999; Horton et  al. 1999; Tusa et  al. 2001; 
Angelucci et  al. 2002; Richards et  al. 2008) infantile strabismus. The common 
finding of these experiments is that the prevalence and severity of FMN (Fig. 4) 
correlate systematically with the age of onset and duration of binocular non-corre-
spondence in infancy.

The most common clinical cause of binocular non-correspondence is strabis-
mus, which in human infants is overwhelmingly esotropic (convergent) (Tychsen 
1999). Early-onset esotropia exceeds exotropia by a ratio of 9:1. Esotropia is also 
the most common form of naturally occurring strabismus in NHPs (Kiorpes and 
Boothe 1981; Kiorpes et al. 1985). It may therefore be considered the paradigmatic 
form of strabismus in human and NHP.  However, any prolonged deprivation of 
normal binocular experience in early infancy can cause binocular non-correspon-
dence, including monocular or binocular deprivation (unilateral or bilateral ambly-
opia) (Tusa et al. 1991, 2001, 2002). An important fact to note is that loss of spatial 
vision is not required; the majority of human and NHP infants with strabismus 
alternate fixation initially and have no amblyopia (Panel AAOQOCCPO 1992). 
The necessary and sufficient factor is binocular non-correspondence, not lack of 
sharp visual acuity.
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4  Translational Value of FMN Experiments in NHP

Using an NHP model of infantile strabismus, we found that non-correspondence 
durations that exceed the equivalent of 3 months in human infant result in an FMN 
prevalence of 100% (Tychsen 2007; Richards et  al. 2008; Wong et  al. 2003). 
Perturbing these inputs from week 1 of life causes FMN, but delaying the perturba-
tion to the time of onset of normal fusion and stereopsis (the equivalent of age 
2–4 months in human) is equally effective (Foeller et al. 2008). The severity of the 
ocular motor defect  – measured as either slow-phase eye velocity or nystagmus 
intensity – increased systematically with duration of non-correspondence (Richards 
et al. 2008). The primate model allowed us to (a) impose strict periods of binocular 
non-correspondence and (b) record precisely large blocks of trials to compare the 
behavioral deficits. This information would be difficult or impossible to obtain from 
human infants in clinical trials. Extrapolated to humans, these results imply that 
timely surgery for infantile strabismus prevents or lessens nystagmus, while delayed 
surgery promotes nystagmus.

Fig. 4 Slow-phase eye velocity (SPEV) of FMN during monocular vs. binocular viewing as a 
function of duration of binocular non-correspondence in four groups of NHPs. NHPs were reared 
wearing prism goggles to induce optical strabismus for durations of 3, 12, or 24 weeks after birth. 
Control NHPs were reared with plano (no prism) goggles. All NHPs in the 12- and 24-week groups 
manifested permanent, convergent (esotropic) strabismus after cessation of goggle wear. The 
severity of SPEV FMN was more pronounced under conditions of monocular vs. binocular (both 
eyes open) viewing. Means ± SD; pooled responses of the right and left eye. (Adapted from 
(Kiorpes and Boothe 1981))
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The severity of FMN corresponds to the severity of loss of binocular connections 
between ODCs of opposite ocularity in visual area V1 and the severity of interocu-
lar suppression (Tychsen 2007; Tychsen et  al. 2008). Area V1 feeds forward to 
extrastriate areas (areas MT/MST) known to be important for gaze-holding and 
gaze-tracking, such as smooth pursuit, OKN, and the short-latency ocular following 
response (OFR) (Dursteler and Wurtz 1988; Komatsu and Wurtz 1988a; Kawano 
et al. 1994; Inoue et al. 1998).

5  Maldevelopment in V1 Is Passed on to Areas MT/MST

Visual areas V1, V2 (pre-striate cortex), MT (medial temporal), and MST (medial 
superior temporal) of the cerebral cortex are major components of the conjugate 
gaze pathway (Tusa and Ungerleider 1988). Each of these areas in normal primates 
contains directionally selective, binocular neurons (Poggio and Fischer 1977; 
Albright et al. 1984; Orban et al. 1986; DeAngelis and Newson 1999). MST in each 
cerebral hemisphere encodes ipsiversive gaze (Dursteler and Wurtz 1988; Newsome 
et al. 1988; Komatsu and Wurtz 1988b; Yamasaki and Wurtz 1991). MST in turn 
projects downstream to the brainstem visuomotor nuclei that generate eye move-
ments: the nucleus of the optic tract (NOT), medial vestibular nucleus, and intercon-
nected abducens and ocular motor nuclei (Tusa and Ungerleider 1988; Mustari et al. 
1994). In primates, subcortical inputs to NOT may play a minor role (Tychsen and 
Vision 1992; Tusa et al. 2002; Hoffmann and Distler 1992). But the dominant path-
way is cerebral – from MST to brainstem. The dominant role of the cortical path-
way, and the minimal role of a subcortical pathway, is reinforced by studies of 
children. Neuroimaging of visual cortex, combined with eye movement recordings, 
has shown absence of visually driven pursuit or OKN in cerebrally blind infants 
(Tychsen 1996; Werth 2007).

One mechanism for the gaze-holding asymmetry would be over-representation 
of nasalward neurons within visual areas V1 through MT in the immature/strabis-
mic cortex. However, directional and binocular responses of neurons in V1, V2, 
and MT have been investigated in infant monkeys, as well as in monkeys with 
early- onset strabismus, and no over-representation of neurons selective for nasal-
ward motion has been found (Hatta et  al. 1998; Tychsen et  al. 1999; Tychsen 
1996; Werth 2007). In the strabismic animals, binocular (excitatory) responses are 
reduced, and interocular suppression is increased (Watanabe et al. 2005; Mustari 
et al. 2008; Endo et al. 2000). These physiological abnormalities have neuroana-
tomic correlates. In V1 of strabismic monkeys, binocular connections are defi-
cient (Tychsen and Burkhalter 1995; Tychsen et  al. 2004), and interocular 
metabolic activity is suppressed (Tychsen and Burkhalter 1997; Horton et  al. 
1999; Wong et al. 2005).
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6  An Innate Nasalward Monocular Bias Is Engrained 
by Binocular Non-correspondence: Hypothetical Signal 
Flow for FMN

A key implication emerging from the NHP studies is that the visual cortex in each 
cerebral hemisphere is wired innately for nasalward motion. The innate wiring is 
monocular. To generate temporalward gaze-holding, signals must traverse binocu-
lar connections, unimpeded by interocular suppression. If normal binocularity fails 
to develop, the system remains predominantly monocular and asymmetric, inca-
pable of driving temporalward gaze-holding or robust, temporalward pursuit/OKN 
(Tusa et  al. 2002; Das 2016; Tychsen et  al. 1985; Tychsen and Lisberger 1986; 
Joshi et  al. 2017; Kiorpes et  al. 1996; Kiorpes and Boothe 1981; Mustari et  al. 
2008). FMN may be interpreted as an abnormal monocular bias added on to a nor-
mal, ipsiversive hemispheric gaze bias.

Figure 5 illustrates a mechanism for FMN, showing the circuit mediating gaze- 
holding in primates and the role of binocular connections. Shaded structures indi-
cate less active visual and motor neurons caused by occlusion of one eye and/or 
interocular suppression. The circuit on the left depicts the pathways and visuomotor 
component structures in a primate with FMN.

The flow is from top to bottom, starting from the monocular visual field of the 
fixating (or viewing) right eye. The nasal and temporal visual fields (VF) in pri-
mates are unequal in area, with a bias favoring the larger, temporal hemifield. 
Retinal ganglion cell fibers (RGC) from the nasal and temporal hemiretinas decus-
sate at the optic chiasm (chi), synapse at the lateral geniculate nucleus (LGN), and 
project to alternating, monocular right-eye (RE) and left-eye (LE) ODCs in V1. 
During development, RGCs from the nasal retina outnumber and establish connec-
tions earlier than those from the temporal retina (not shown). The LGN lamina cor-
responding to the nasal retina – lamina 1, 3, and 5 (also not shown) – contain more 
neurons and develop earlier than those from the temporal hemiretina, 2, 4, and 6. 
Within the LGN, the neurons remain monocular, with little or no binocular inter- 
laminar interaction.

The monocular bias, favoring nasal hemiretina inputs, is passed on to the ODCs 
of area V1. In each V1, ODCs representing the nasal hemiretina (temporal visual 
hemifield) occupy slightly more cortical territory (in the diagram are larger) than 
those representing the temporal hemiretinas (nasal hemifield), but each ODC con-
tains neurons sensitive to nasalward (in this case rightward) versus temporalward 

Fig. 5 (continued) motion are wired innately – through monocular connections – to the pursuit 
area. Normal: Binocular connections are present, linking neurons with similar orientation/direc-
tional preferences within ODCs of opposite ocularity (diagonal lines between columns). Viewing 
with the right eye, visual neurons preferring nasally directed motion project to the left hemisphere 
pursuit area; visual neurons preferring temporally directed motion project to the right hemisphere 
pursuit area. Temporally directed visual area neurons gain access to pursuit area neurons only 
through binocular connections. Call = corpus callosum, through which visual area neurons in each 
hemisphere project to opposite pursuit area. Bold lines = active neurons and neuronal projections. 
(Adapted from (Kiorpes and Boothe 1981))
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Fig. 5 Neural network diagrams showing visual signal flow for pursuit and gaze-holding in stra-
bismic vs. normal primates. Paucity of mature binocular connections explains behavioral asym-
metries evident as asymmetric pursuit/OKN and latent fixation nystagmus. Note that in all 
primates, pursuit area neurons in each hemisphere encode ipsilaterally directed pursuit. Signal 
flow is initiated by a moving stimulus in the monocular visual field, which evokes a response in 
visual area neurons (i.e., V1/MT). Each eye at birth has access – through innate, monocular con-
nections – to the pursuit area neurons (e.g., MSTd) of the contralateral hemisphere. Access to 
pursuit neurons of the ipsilateral hemisphere requires mature, binocular connections. FMN: 
Moving from top to bottom, starting with target motion in monocular visual field of right eye. 
Retinal ganglion cell fibers from the nasal and temporal hemiretinas (eye) decussate at the optic 
chiasm (chi), synapse at the lateral geniculate nucleus (LGN), and project to alternating rows of 
ODCs in V1 (visual area rectangles). In each V1, ODCs representing the nasal hemiretinas (tem-
poral visual hemifield) occupy slightly more cortical territory than those representing the temporal 
hemiretinas (nasal hemifield), but each ODC contains neurons sensitive to nasally directed vs. 
temporally directed motion (half circles shaped like the matching hemifield; arrows indicate direc-
tional preference). Visual area neurons (including those beyond V1 in area MT) are sensitive to 
both nasally directed and temporally directed motion, but only those encoding nasally directed
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(leftward) visual motion. Receptive field neurons in V1 and MT are simplified here 
as half circles to match their corresponding hemifields. The arrows indicate the 
directional preference of the neurons. Note that visual area neurons (including those 
beyond V1 in area MT) are sensitive to both nasalward and temporalward motion 
(Hatta et al. 1998; Kiorpes et al. 1996; Watanabe et al. 2005), but only those encod-
ing nasalward motion are wired innately, through monocular connections, to gaze 
(eye motion) neurons in area MST (congregated in the dorsal-medial portion or 
MSTd). MSTd in each cerebral hemisphere encodes ipsiversive gaze (Dursteler and 
Wurtz 1988; Newsome et al. 1988; Komatsu and Wurtz 1988b; Yamasaki and Wurtz 
1991), which is nasalward gaze in relation to the contralateral eye (leftward for 
MST in the left cerebral hemisphere and rightward for MST in the right hemi-
sphere) (Mustari et al. 2008).

The only difference between the FMN primate’s visual cortex and the normal 
primate’s visual cortex is a paucity of binocular horizontal connections (Tychsen 
et al. 2004, 2008) (compounded by interocular suppression (Tychsen et al. 1996c; 
Horton et al. 1999; Wong et al. 2005)). The paucity is depicted as a lack of diagonal 
right-eye ODC to left-eye ODC connections, absent in the FMN cortex (left side of 
figure) and present in the normal cortex (right side of figure). In the cortex of normal 
primates, access to MSTd for temporalward gaze requires binocular connections to 
homoversive neurons within neighboring ODCs that have opposite ocularity (LE 
ODC neurons when viewing with the RE). The pathway from V1/MT to MSTd 
requires efferent projections through the splenium of the corpus callosum (labeled 
as “call”) (Pasik and Pasik 1964; Hoffmann et al. 1992).

MSTd efferents project to the ipsilateral brainstem nucleus of the optic tract 
(NOT) (Mustari et  al. 1994; Mustari and Fuchs 1990) and to ipsiversive-related 
brainstem structures (medial vestibular nucleus, dorsolateral pontine nucleus, and 
ocular motor nuclei of cranial nerves 3 and 6).
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Pattern Strabismus: Where Does the Role 
of the Brain End and the Role of Muscles 
Begin?

Nataliya Pyatka and Fatema Ghasia

Abstract Pattern strabismus is a vertically incomitant horizontal strabismus  
comprising 50% of its infantile forms. High-resolution orbit imaging and contem-
porary physiology literature suggested the role of oblique muscle dysfunction as its 
pathophysiology. The role of the central nervous system was also outlined. Here, we 
will discuss contemporary theories with specific focus on pathophysiological con-
cepts including oblique muscle dysfunction, loss of fusion with altered recti muscle 
pull, displacements and instability in connective tissue pulleys of the recti muscles, 
vestibular hypofunction, and abnormal neural connections.

Keywords Strabismus · Extraocular muscle · Orbit · Brainstem · Cerebellum

1  Background

Vertically incomitant horizontal strabismus, which makes up about 12–50% of 
strabismus cases, has been described to have either “A” or “V” pattern based on 
the horizontal deviation from midline in downgaze or upgaze (Harley and Manley 
1969; Knapp 1959; Urist 1958; Costenbader 1964). In “A” pattern, horizontal 
deviation demonstrates more divergence in downgaze and more convergence in 
upgaze. In “V” pattern, divergence is more prominent in upgaze and convergence 
is more in downgaze. “A” and “V” patterns are clinically significant when the 
measurement difference between downgaze and upgaze is more than 10 and 15 
prism diopters (∆), respectively. Although the focus of this chapter will be on “A” 
and “V” pattern strabismus, it should be mentioned that other rarer patterns exist, 
including “X” where both downgaze and upgaze lead to divergence from primary 
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position, lambda (“λ”) where downgaze leads to exodeviation, and “Y” where 
upgaze leads to exodeviation.

Early theories proposed that dysfunction of vertical and horizontal recti muscles 
causes pattern strabismus (Urist 1951; Brown 1953). More recent theories argue 
that oblique muscle dysfunction leads to pattern strabismus since over-depression in 
adduction is seen in “A” pattern strabismus (possibly due to superior oblique over-
action or inferior oblique underaction). Similarly, over-elevation in adduction in 
“V” pattern may be due to inferior oblique overaction or superior oblique underac-
tion (Knapp 1959; Hertle 2002). However, in some cases of “A” and “V” pattern 
strabismus, there is no obvious oblique muscle dysfunction.

Several theories have been proposed to describe the cause of isolated extraocular 
muscle (EOM) dysfunction (Fig. 1). These theories focus on two general mecha-
nisms: peripheral and central. The peripheral mechanism hypothesis proposes that 
mechanical orbital factors lead to ocular misalignment based on the direction of 
gaze. On the other hand, the central mechanism hypothesis suggests that abnormal 
neurophysiology is the cause of pattern strabismus. Ultimately, pattern strabismus 
may be multifactorial, and both central and peripheral theories may be valid.

2  Mechanical (Peripheral) Etiology of Pattern Strabismus

Abnormal orientation of superior and inferior oblique muscles can cause pattern 
strabismus due to misdirected muscle force. Hence, “A” and “V” pattern strabismus 
is common in plagiocephaly, hydrocephalus, and craniofacial dysmorphisms (such 
as upslanting or downslanting palpebral fissures) (Fink 1955; Biglan 1990; France 
1975; Urrets-Zavalia et al. 1961). However, the mechanism may be more complex 
due dysfunction of other EOMs, such as the medial and lateral recti. Orbital mag-
netic resonance imaging (MRI) has revealed that the path of recti muscles is actually 
not straight, but instead inflected in the orbit on eccentric gaze due to EOM pulleys 
(Miller 1989).

The pulleys assure a smooth posterior muscle path during globe rotation and act 
as the “origin” of recti muscles (Demer et al. 1995, 1997). Each rectus muscle is 

Fig. 1 Proposed theories for the pattern strabismus

N. Pyatka and F. Ghasia



273

composed of two layers: orbital and global. The pulleys are attached to the orbital 
layers and therefore are moved posteriorly when the recti muscles contract. The 
global layer assists with rotation of the eye.

In vivo imaging and neurophysiological research support the role of pulleys in 
stabilizing posterior EOM paths (van den Bedem et al. 2005; Schutte et al. 2006; 
Demer 2006). Studies using MR imaging demonstrated that sharp rectus EOM path 
inflections and resistance to sideslips are supported by orbitally coupled connective 
tissues (Demer et al. 1995, 2000; Clark et al. 2000; Demer 2004; Kono et al. 2002). 
Furthermore, EOM path inflections persist even after globe enucleation or surgical 
transpositions (Detorakis et  al. 2003; Miller et  al. 1993). Moreover, experiments 
with nonhuman primates showed that pulleys can change EOM pulling direction 
upon eccentric gaze (Ghasia and Angelaki 2005; Klier et al. 2006).

Incomitant strabismus can be caused by pulley location displacement perpen-
dicular to the plane of action of the muscle, such as in horizontal displacement of 
vertical rectus muscle pulley (Demer et al. 1996; Clark et al. 1998). Clinical oblique 
dysfunction can be caused by heterotopic pulley displacement, especially in patients 
with connective tissue disorders (Oh et al. 2002; Miller and Folk 1975; Robb and 
Boger 3rd 1983). However, pattern strabismus is not present in all cases of cranio-
facial anomalies, bringing up the concern that pattern strabismus may have multiple 
etiologies such as dysfunction in central neurophysiology (Dickmann et al. 2012; 
Tychsen et al. 2008).

3  Neural (Central) Mechanisms of Pattern Strabismus

Abnormal neural connections may cause pattern strabismus by altering the direction 
of the EOM pull.

4  Loss of Fusion with Abnormal Torsion

Some have argued that loss of fusion can lead to pattern strabismus (Miller and 
Guyton 1994). One study compared patients with intermittent exotropia overcor-
rected with horizontal muscle surgery versus controls who maintained fusion post-
operatively. After 28 months, 43% of subjects with consecutive esotropia developed 
“A” or “V” pattern strabismus versus only 5% of controls (Miller and Guyton 1994). 
Therefore, it was proposed that loss of fusion results in torsional drift, similar to 
exotropic drift, as seen in cases of monocular sensory deprivation. Torsional drift 
alters recti muscles’ pulling direction, resembling oblique muscle overaction in the 
non-viewing eye. For instance, in “V” pattern strabismus, the roles of inferior rectus 
as partial adductor and superior rectus as partial abductor are altered due to a tonic 
torsional eye shift with clockwise torsion in the left eye and counterclockwise tor-
sion in the right (Fig.  2a). Hence, force vectors of the vertical recti are altered, 
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resulting in esoshift in downgaze and exoshift in upgaze, leading to “V” pattern 
strabismus. Similarly, lateral recti can act as partial depressors and medial recti as 
partial elevators, leading to vertical deviation on eccentric gaze imitating inferior 
oblique overaction (elevation in adduction) (Fig. 2b). However, prospective research 
has revealed abnormal torsion on fundoscopy years before inferior oblique overac-
tion (adduction in elevation) is seen in infants with esotropia (Eustis and Nussdorf 
1996). Therefore, the contribution of static torsion to the etiology of pattern strabis-
mus remains debatable.

5  Abnormalities in Supranuclear Circuits

Nonhuman primate research has revealed a role of abnormal supranuclear circuits 
in pattern strabismus (Das et al. 2005; Das and Mustari 2007; Joshi and Das 2011). 
Macaques develop “A” or “V” pattern strabismus if raised with alternate monocular 
occlusion (AMO) during the periods of visual development (Das et al. 2005). These 
animals exhibit improper cross-axis movement of the non-viewing eye in the plane 
orthogonal to the appropriate eye movement trajectory. For instance, the non- 
viewing eye has a simultaneous vertical component (in addition to horizontal move-
ment) during horizontal action task. As a result, the covered eye moves in an oblique 
trajectory (Das et al. 2005). This cross-coupled response likely leads to ocular mis-
alignment in eccentric gaze in pattern strabismus.

One possible etiology of cross-coupled movements may be altered recti pull due 
to peripheral eye pathology or abnormal static torsion. However, in animal models 
of strabismus, there is no evidence of neural correlate of vertical cross-coupled 
response in the activity of the horizontal motoneurons and vice versa. For example, 
in response to vertical cross-axis and vertical eye movements, research shows that 
only vertical (not horizontal) motoneurons fire (Das and Mustari 2007; Joshi and 
Das 2011). Therefore, this research disproves the altered recti pull hypothesis.

Consequently, other researchers hypothesized that cross-coupled responses may 
be due to crosstalk between the vertical and horizontal eye movement structures. 
The source of cross-coupled eye movements may be the projections from vertical 

Fig. 2 Abnormal muscle forces leading to abnormal pull causing “V” pattern strabismus
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and torsional eye movement structures to the medial rectus motoneurons (Ugolini 
et al. 2006). Of note, this theory is based on models of strabismic animals reared 
with AMO. However, unlike infants with strabismus, these animals do not exhibit 
the characteristic oculomotor deficits such as nasotemporal asymmetry of optoki-
netic nystagmus (OKN) or latent nystagmus (LN). The animals reared with AMO 
exhibit impaired binocularity despite having good visual acuity from each eye. On 
the other hand, when reared with prism goggles, animals develop image non- 
correspondence which interferes with normal binocular vision. Furthermore, if ani-
mals are reared with binocular lid suture without tarsal plate, they develop thin 
translucent eyelids for perceiving diffuse luminance but not spatial vision.

Research in monkeys reared with binocular deprivation has shown that OKN 
asymmetry and LN are the results of dysfunction in the nucleus of optic tract 
(NOT). LN in these monkeys can be terminated by inactivating the NOT with mus-
cimol injection (Mustari et al. 2001). At birth contralateral retina provides direct 
input to NOT (Hoffmann and Stone 1985). Normal visual experience allows for 
development of ipsilateral eye inputs from striate and extra-striate visual cortical 
areas (Hoffmann et  al. 1992; Mustari et  al. 1994). In monkeys with early-onset 
strabismus, binocular cells are absent in the NOT (Cynader and Hoffmann 1981; 
Distler and Hoffmann 1996).

Anatomically, striate cortex of animals reared with AMO has no binocular con-
nections between ocular dominance columns of opposite ocularity. However, other 
areas used for motion processing (such as sub-cortical area-NOT and extra-striate 
visual cortex-medial temporal area) have preserved binocular cells (Mustari et al. 
2001; Maunsell and Van Essen 1983; Tusa et al. 2002). Therefore, LN is not present 
in these monkeys. In contrast, animals reared with binocular lid suture without tar-
sal plate exhibit OKN asymmetry and LN due to the NOT being driven by the con-
tralateral eye with a sparsity of cells that respond to both eyes.

Prism goggles reared animals have strabismus, LN, and OKN asymmetry 
(Hasany et al. 2008; Richards et al. 2008). These animals do not develop binocular 
connections between ocular dominance columns of opposite ocularity in visual area 
V1 (Tychsen et al. 2010; Tychsen 2007). Future research should be done to address 
whether the cross-coupled responses seen in pattern strabismic animals reared with 
AMO are also evident in monkeys with prism goggles (infantile onset strabismus 
model) or those with binocular lid suture (media opacity model).

Research by Ghasia validated primate models of pattern strabismus in human 
subjects by quantitatively assessing eye movements in pattern strabismus to delin-
eate the role of neural circuits versus orbital etiologies (Ghasia et al. 2015). Cross- 
coupling of saccades was seen in all pattern strabismus patients with inferior 
oblique overaction with abnormal excyclotorsion. No correlation was found 
between the severity of cross-coupling and the amount of fundus torsion or the 
grade of oblique overaction. Therefore, cross-coupling could not be attributed 
strictly to the orbital etiology and is likely related to abnormalities in the abnormal 
saccade generators (Ghasia et al. 2015).

A recent study by Walton and Mustari tested three different models to simulate 
the known abnormalities of saccades in strabismus in order to determine where the 
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dysfunctional horizontal-vertical crosstalk occurs. They were able to predict the 
dynamics of saccades only with the model that was based on crosstalk occurring at 
multiple nodes (Walton and Mustari 2017).

Another study proposed that in strabismus brainstem, circuits specific to sac-
cadic eye movements are abnormal. Researchers found that microstimulation of 
pontine paramedian reticular formation (PPRF) in strabismic monkeys evoked dis-
conjugate movements. Furthermore, increased connections between PPRF and the 
vertical burst generator were present in pattern strabismus (Walton and Mustari 2015).

6  Vestibular Hypofunction Theory

Another study proposed that “A” pattern strabismus is a variant form of “skew devi-
ation” as evident in cerebellar or bilateral brainstem disease (Donahue and Itharat 
2010). In such case, brainstem lesions diminish the otolith-equivalent of the anterior 
semicircular canal signal. As a result, posterior semicircular canal’s otolith- 
equivalent would dominate. Thus, superior oblique and inferior rectus would be 
activated, and superior rectus and inferior oblique would be inhibited, leading to 
intorsion. These premotor inputs would cause relative overaction of superior oblique 
and resulting ocular tilt. This would precipitate increased head tilt and produce oto-
lith stimulation. Such responses are not present in “A” pattern strabismus, leading 
to the conclusion that “A” pattern must be a special form of skew deviation. The 
patients in this study had other neurological deficits (such as spina bifida, hydro-
cephalus, or neural tube defects) which may not be present in all cases of “A” pat-
tern strabismus (Donahue and Itharat 2010; Lee and Rosenbaum 2003).

7  Surgical Approach and Outcomes in Pattern Strabismus

Knowledge of the mechanism of pattern strabismus is important for successful 
surgical intervention. For instance, surgical weakening can correct overacting 
oblique muscles. On the other hand, if no oblique muscle dysfunction is seen clini-
cally, then pattern strabismus can be fixed with horizontal recti transposition. A 
study by Kushner found that rectus muscle transposition can lead to increased 
ocular torsion. Transposition surgery to address torsion may lead to pattern stra-
bismus (Kushner 2013). Therefore, abnormal torsion is less likely to be the driver 
of pattern strabismus.

Furthermore, strabismus surgery outcomes differ in pattern versus non-pattern 
exotropia. Postoperatively, the drift is less severe in patients with pattern intermit-
tent exotropia and under-corrected exotropia. Therefore, the underlying etiology of 
pattern versus non-pattern exotropia is likely different (Pineles et al. 2008, 2009).
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8  Conclusion

Multiple underlying mechanisms of pattern strabismus exist. In infants, the etiology 
is often abnormal neural connections. In patients that are older or have craniofacial 
anomalies, abnormal static torsion or orbital pulley instability often causes pattern 
strabismus.
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Department: An “ECG” for the Eyes 
in the Acute Vestibular Syndrome
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Abstract Dizziness and vertigo are among the most common symptoms evaluated 
in the emergency department (ED). Patients with the acute vestibular syndrome 
often have vestibular neuritis, but some have dangerous posterior circulation strokes. 
Rapid eye movement–based diagnosis by experts is possible using the “HINTS” 
exam (Head Impulse test of vestibular reflexes, assessment of Nystagmus direction 
in different fields of gaze, and measuring Skew deviation by alternate cover testing). 
Unfortunately, knowledge of bedside techniques among ED providers is limited, 
and misdiagnosis is frequent. Commercially available, portable video-oculography 
(VOG) systems can now be used to instantaneously assess eye and head movements 
in ED patients with acute dizziness and vertigo. This noninvasive approach can 
bring expertise to the bedside by quantitatively measuring the HINTS parameters. 
When coupled with remote access to specialists via telemedicine or computer-based 
decision support, such VOG testing has the potential to transform diagnosis of acute 
dizziness and vertigo in the way electrocardiography transformed diagnosis of chest 
pain—making accurate, timely, and efficient ED diagnosis routinely possible.
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1  Background

Optimizing clinical assessment of patients with acute dizziness in frontline care set-
tings presents an important public health challenge (Newman-Toker 2016). 
Dizziness is common with a 1-year prevalence of 0.3% of the adult population 
(Neuhauser et  al. 2008), resulting in over 4 million emergency department (ED) 
visits annually in the USA alone (Newman-Toker et al. 2008a). One in five patients 
leaves the ED given only a “diagnosis” of the original symptom of which they com-
plained (i.e., “dizziness” or “vertigo”) (Newman-Toker et al. 2008a). An astonish-
ing 80% of patients with benign vestibular disorders may be misdiagnosed (Kerber 
et al. 2011). More than one third of strokes presenting dizziness or vertigo are ini-
tially missed (Kerber et al. 2006; Tarnutzer et al. 2017), sometimes resulting in dev-
astating consequences for patients (Savitz et al. 2007). Assessment of current ED 
practice reveals a waste of critical diagnostic resources, including gross overuse of 
unnecessary brain CT scans resulting in rising costs over time (Saber Tehrani et al. 
2013), without a corresponding improvement in neurologic diagnosis (Kim 
et al. 2012).

To be sure, diagnosing acute dizziness is not easy. There is a wide spectrum of 
diseases that cause dizziness, including general medical diseases, benign inner ear 
disorders, and dangerous central nervous system pathologies such as stroke 
(Newman-Toker et al. 2008a). In the ED, the goals are simple—rule out the worst- 
case scenario (in this case, stroke), treat what you can treat easily, and move on 
quickly to the next patient. Time is limited, and testing resources are precious—so 
rapid bedside assessment is at a premium. Unfortunately, stroke is uncommon 
(3–5% of ED dizziness) (Newman-Toker and Edlow 2015), and classical approaches 
to differentiating stroke from benign inner ear disorders such as vestibular neuritis 
are largely ineffective, resulting in frequent misdiagnosis (Kerber and Newman- 
Toker 2015). The symptom “type” (vertigo vs. dizziness vs. presyncope vs. dyse-
quilibrium), often relied upon by ED physicians for diagnosis (Stanton et al. 2007), 
is typically vague and unreliable (Newman-Toker et al. 2007). Vascular risk stratifi-
cation helps identify elderly and medically infirm patients at higher risk for stroke, 
but lacks specificity (Newman-Toker et al. 2013a) and, from the outset, sacrifices 
young patients with treatable diseases such as vertebral artery dissection (Gottesman 
et al. 2012). Neuroimaging by CT remains the community standard (Saber Tehrani 
et  al. 2013), despite the fact that sensitivity for acute ischemic stroke is <15% 
(Newman-Toker et  al. 2016) and having undergone  a negative head CT actually 
increases the risk of a missed stroke in the ED more than twofold (Grewal et al. 
2015),  presumably because of false reassurance by the negative result. MRI is 
expensive, time-consuming, frequently unavailable, and wrong surprisingly often—
false negatives in the first 24–48 hours occur ~15–20% of the time overall in patients 
with dizziness (Newman-Toker et  al. 2016) and ~50% of the time when strokes 
causing acute symptoms are small (Saber Tehrani et al. 2014).

All of this might suggest abandoning the task entirely. There is, however, a clini-
cal subgroup of patients at known high risk for stroke—those with the so-called 

G. Mantokoudis et al.



285

acute vestibular syndrome (AVS) (Kim and Lee 2012; Tarnutzer et al. 2011). AVS 
patients suffer from severe, continuous dizziness or vertigo, nausea or vomiting, 
gait disturbance, and head-motion intolerance. They can be identified by careful 
history taking focused on “timing and triggers” rather than “type” (Newman-Toker 
and Edlow 2015). Nearly one in four of these patients has a stroke, but these strokes 
often closely mimic vestibular neuritis or other benign inner ear disorders (Kim and 
Lee 2012; Tarnutzer et al. 2011). Fewer than 20% of these patients have neurologi-
cal signs likely to be obvious to an ED physician (Kattah et al. 2009). Fortunately, 
however, careful inspection of eye movements in these patients often reveals a 
“hint” or two about the nature of the underlying cause. Subspecialty experts in 
neuro-otology can detect stroke in AVS patients more accurately than even MRI 
(Newman-Toker et al. 2015).

If there were enough neuro-otologists to evaluate tens of millions of patients with 
acute dizziness seen each year around the world, this might suffice, but such experts 
are in short supply and unevenly distributed geographically. Recent advantages in 
portable, quantitative video-oculography (VOG), however, have opened new vistas 
for rapid diagnosis and treatment of these patients that were heretofore unimagina-
ble. In this chapter we first review eye movement–based diagnosis in AVS patients, 
before addressing critical technical aspects of VOG-based recordings. We then elab-
orate on the transformative concept of ocular motor electrophysiology-based acute 
stroke diagnosis in acute dizziness using VOG. We do this using the analogy of 
cardiac electrophysiology-based diagnosis of acute myocardial infarction in acute 
chest pain using an electrocardiogram (ECG)—what we call the “eye ECG” 
approach.

2  Clinical “HINTS”

Once an AVS clinical picture is established, the “HINTS” exam, first introduced in 
2009 (Kattah et al. 2009), forms the basis of eye movement–based diagnosis at the 
bedside. The “HINTS” acronym describes a battery of three ocular motor/vestibular 
tests: Head Impulse test, Nystagmus, and Test of Skew. Figure  1 illustrates the 
HINTS battery, and a video can be viewed at https://collections.lib.utah.edu/
details?id=177180.

When experts perform this three-step exam in AVS patients with nystagmus and 
no hearing loss, it has a sensitivity of 99% and specificity of 97% for detection of 
central lesions, most of which are strokes (Newman-Toker et  al. 2013a). This is 
substantially better than MRI with diffusion-weighted imaging (MRI-DWI), which 
misses up to ~30% of posterior fossa infarctions in the first 24 hours (Marx et al. 
2004), particularly when strokes are small and located in the brainstem (Saber 
Tehrani et al. 2014). Superiority of the HINTS battery over MRI-DWI for stroke 
detection has been confirmed in multiple studies and systematic reviews (Newman- 
Toker et al. 2013a; Tarnutzer et al. 2011; Cohn 2014; Carmona et al. 2016). The 
approach performs less well in the context of AVS with hearing loss, where the risks 
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of labyrinthine stroke rise precipitously, which has ocular motor physiology effec-
tively indistinguishable from that of labyrinthitis (Huh et  al. 2013). Fortunately, 
such combined audiovestibular presentations of AVS are relatively uncommon 
among ED patients with acute dizziness or vertigo (Huh et al. 2013).

2.1  Head Impulse Test

The horizontal head impulse test (HIT or hHIT; Fig. 1a), first described by Halmagyi 
and Curthoys in 1988, evaluates the vestibulo-ocular reflex (VOR) in the horizontal 
plane (horizontal semicircular canals) using a rapid head rotation to assess whether 
visual fixation can be maintained. Some authors use the term cHIT for the non- 
quantitative clinical HIT to distinguish it from the quantitative video HIT (vHIT; see 
below), although better terms might be “nqHIT” and “qHIT” since both are clinical 
bedside tests. The HIT is the most potent of the three HINTS tests to detect stroke 
in AVS and alone likely outperforms MRI-DWI (Newman-Toker et al. 2015, 2008b).

To perform the test, the physician asks the patient to fixate the examiner’s nose 
while (s)he is turning the head rapidly from 10 to 20° lateral to center (for video 
example of a normal HIT, see https://collections.lib.utah.edu/details?id=187678). 
The head movements have to be brisk (impulse-like) at high accelerations and 
unpredictable. High head velocities are important, since both labyrinths contribute 
to neural signals during head rotations, but the ipsilateral vestibular signal is domi-
nant at higher head velocities. If the peak head velocity is too low during the test in 
a patient with unilateral vestibular loss, the healthy (unaffected) ear can compen-
sate. During high peak head velocity HITs, asymmetry between the affected and 
unaffected sides is maximized with the contralesional ear contributing only 10–20% 
of the vestibular signal through neural inhibition and commissural pathways. With 

Fig. 1 HINTS bedside exam. A previous study has shown that eye exams differentiate stroke from 
benign causes of dizziness better than MRI. Three specific eye movement tests (“HINTS”: Head 
Impulse, Nystagmus, Test of Skew) are the most potent. (With permission from Gianni Pauciello, 
Department of Otorhinolaryngology, Head and Neck Surgery, lnselspital, Bern University Hospital, 
University of Bern, CH-3010 Bern, Switzerland)
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a significant unilateral or bilateral vestibulopathy, the examiner will observe an 
overt (visible) corrective (refixation) saccade immediately after the head comes to 
rest, suggesting an insufficient ipsilateral VOR (for video example of an abnormal 
HIT, see https://collections.lib.utah.edu/ark:/87278/s6x398q2). These abnormal 
(pathological) HITs are seen in patients with deficient vestibular function provided 
that the degree of canal paresis is substantial (Perez and Rama-Lopez 2003). The 
test is best performed using unpredictable, passive (examiner-led) head movements. 
This minimizes the patient’s unconscious use of predictive (anticipatory) compen-
satory saccades that occur during head movements and result in covert (invisible) 
saccades and a normal-appearing HIT to visual inspection (see example in recover-
ing vestibular neuritis at https://collections.lib.utah.edu/details?id=1278691). In 
contrast, overt saccades occur after head movements, so are evident to inspection, 
usually even without VOG recording equipment. Fortunately, effective compensa-
tory covert saccades in the context of new vestibular loss usually take days or weeks 
to develop, so most patients presenting with new AVS have mostly overt refixations.

The VOR is usually intact (normal head impulses bilaterally) in patients with 
strokes causing AVS, which is why the hHIT remains the most potent test with a 
sensitivity of 90% to detect stroke in the posterior fossa (Newman-Toker et  al. 
2013a). Counterintuitively, in AVS a normal HIT bilaterally is concerning and usu-
ally indicates a central etiology, while a unilaterally abnormal HIT should reassure 
the clinician that the etiology is probably benign (except as determined by the other 
HINTS tests). Since healthy subjects and some patients with benign spontaneous or 
triggered causes of the episodic vestibular syndrome such as vestibular migraine, 
Menière’s disease, or horizontal canal BPPV usually have a normal VOR and a 
normal HIT, the application of this test to differentiate between central and periph-
eral localization or etiology is only valid in patients fulfilling criteria for AVS.

A small fraction of vestibular strokes, generally those in the anterior inferior 
cerebellar artery (AICA) distribution, cause legitimately “peripheral” vestibular and 
cochlear deficits based on compromise of the internal auditory artery (fed by AICA) 
and resultant labyrinthine ischemia. This results in an abnormal HIT, usually with 
accompanying ipsilateral sudden hearing loss. There may be concomitant infarction 
of the pontine vestibular nucleus or vestibular nerve root entry zone (fascicle of the 
eighth cranial nerve, often in association with a lower motor neuron seventh cranial 
nerve palsy or long-tract signs) (Kim and Lee 2012), each of which can also cause 
an abnormal HIT on a central basis. Since an abnormal HIT is generally a finding 
suggestive of a benign peripheral process (vestibular neuritis), such strokes might 
lead to a false diagnostic impression of a non-serious etiology. This is why HINTS 
must be performed and interpreted as a three-step test. The additional two steps of 
the HINTS battery increase the overall sensitivity in the 10–15% of stroke cases 
where the head impulse test is abnormal. Extra care should be taken in patients with 
combined audiovestibular loss (Chang et  al. 2018), as suggested by the use of a 
fourth step to assess for unilateral hearing loss (so-called HINTS plus) (Newman- 
Toker et al. 2013a).
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2.2  Nystagmus and Gaze Holding

When spontaneous nystagmus is present, the second test of the “HINTS” battery 
evaluates the direction of the fast phase during primary and eccentric gaze positions 
(Fig. 1b). If the spontaneous nystagmus changes direction in lateral gaze away from 
the fast phase (gaze-evoked nystagmus), this suggests an impaired gaze-holding 
mechanism. The combination is referred to as mixed vestibular and gaze-holding 
nystagmus, historically sometimes known as “Bruns' nystagmus” (for example, see 
video at https://collections.lib.utah.edu/details?id=177176). Gaze-holding failure is 
a central finding and indicates neural integrator dysfunction in the brainstem or 
cerebellum (Cnyrim et al. 2008). Note that such nystagmus is present in only ~38% 
of stroke patients presenting AVS (Tarnutzer et al. 2011), so its absence is unhelpful 
in diagnosis (although its presence is a fairly clear indication of central pathology in 
this context).

Although the slow phase of jerk nystagmus is the pathologic phase and is directed 
toward the affected ear, the nystagmus is named for the fast phase which beats 
toward the healthy ear when the lesion is destructive. For example, acute right-sided 
vestibular neuritis results in an abnormal HIT when the head is moved rightward 
(e.g., from left-of-center to center) and spontaneous left-beating nystagmus (for 
example, see video at https://collections.lib.utah.edu/details?id=1277126). Frenzel 
goggles improve the visualization of vestibular nystagmus (whether peripheral or 
central (Lee and Kim 2013)) by accentuating it through removal of fixation and 
magnification with +20–30 diopter lenses, whereas gaze-evoked nystagmus is less 
influenced by the presence or absence of visual fixation. Peripheral vestibular nys-
tagmus follows Alexander’s law—a unidirectional nystagmus increases in the direc-
tion of the fast phase and decreases (or disappears) in the direction of the slow 
phase, without reversing direction with gaze in the slow-phase direction. However, 
small strokes frequently mimic this type of nystagmus (Newman-Toker et  al. 
2008b). A “direction-changing” nystagmus can also be seen in horizontal canal 
BPPV, but the nystagmus direction changes with head position, not gaze position, 
and symptoms are episodic.

2.3  Test of Skew

The alternate cover “test of skew” seeks vertical misalignment of the eyes of ves-
tibular origin (so-called skew deviation, which is typically a central ocular motor 
sign (Brodsky et al. 2006)). During alternate cover testing, the examiner looks for 
vertical refixation eye movements that can be seen after an occluder (or examiner’s 
hand) is moved from one eye to the other while the patient is fixating on a target 
(Fig. 1c; see video examples of normal [skew absent] at https://collections.lib.utah.
edu/details?id=187677 and abnormal [skew present] at https://collections.lib.utah.
edu/details?id=187730). When no vertical refixation is seen, the test of skew is 
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 negative or normal (i.e., there is no vertical ocular misalignment). It is important to 
note that healthy individuals almost never have a visible vertical misalignment by 
alternate cover testing, so the presence of a vertical misalignment is usually patho-
logic and, if not long-standing, likely to be diagnostically relevant to the presenting 
AVS clinical syndrome.

By contrast, if a horizontal refixation (termed either eso- [cross-eyed] or exode-
viation [wall-eyed]) is seen, this could be a normal finding, since mild horizontal 
misalignments are common among healthy individuals. Furthermore, beats of hori-
zontal nystagmus could easily be mistaken for horizontal refixations that result from 
misalignment. Thus, although eso- and exodeviations could theoretically be due to 
failures of central vestibular control over horizontal gaze pathways (Brodsky 2003), 
any horizontal refixations observed during alternate cover testing should be ignored 
for the purposes of HINTS-based diagnostic assessment, unless they reflect an obvi-
ous sixth cranial nerve palsy or internuclear ophthalmoplegia [INO].

When a vertical refixation is seen in the acutely vertiginous patient, a skew devi-
ation is the usual cause, absent a long-standing history of prior known strabismus or 
eye muscle surgery. This is because other causes of new vertical strabismus are usu-
ally either obvious (e.g., third cranial nerve palsy) or generally unassociated with 
dizziness/vertigo (e.g., fourth nerve palsy).

The misalignment of skew occurs because of a deficit in otolithic function, spe-
cifically disruption of the otolithic (graviceptive) pathways from utricle to vertical 
extraocular muscles in the midbrain. As a result, skew deviation is often seen with 
one or more features of the pathologic ocular tilt reaction (OTR), which is made up 
of the clinical triad of skew deviation, head tilt (toward the side opposite the hyper-
deviated eye), and ocular counterroll (with the 12-o’clock pole of both eyes rotated 
toward the ear opposite the hyperdeviated eye) (Brodsky et al. 2006).

The most obvious and lasting pathologic OTRs and skews tend to occur with 
lesions of the vestibular nuclei in the lateral medulla and the interstitial nucleus of 
Cajal (INC) in the medial  rostro-dorsal midbrain (Brandt and Dieterich 1994). 
Destructive medullary lesions tend to produce ipsiversive OTR (head tilt and ocular 
counterroll toward the side of the lesion, with hyperdeviation in the contralesional 
eye), while destructive midbrain lesions tend to produce contraversive OTR (tilt and 
counterroll away from the side of the lesion, with hyperdeviation in the ipsilesional 
eye [barring the comorbid presence of a third nerve palsy] (Halmagyi et al. 1990)). 
Smaller, more transient otolithic signs are common in patients with lesions of the 
medial longitudinal fasciculus (MLF) but are usually overshadowed by an obvious 
INO, so are often ignored by clinical examiners. Because the graviceptive pathway 
from the utricle to INC crosses in the mid-pons, MLF lesions tend to produce 
ipsiversive OTR when caudally located (prior to decussation) and contraversive 
OTR when rostrally located (after decussation). Exceptions to these directional 
rules, however, have been reported, including a recent report of contraversive OTR 
with lateral medullary stroke attributed to disruption of inhibitory cerebello- 
vestibular pathways in the inferior cerebellar peduncle (Cho et al. 2015).

Both skew and the full ocular tilt triad can occur with peripheral lesions 
(Halmagyi et al. 1979). However, when skews are caused by vestibular neuritis, they 
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tend to be of small amplitude; as a result, they are usually not visible to the examiner 
acutely, when spontaneous nystagmus may be brisk. Skew can be quantified “manu-
ally” at the bedside by the application of prisms to neutralize the skew. It is difficult 
for an examiner to see a deviation smaller than 2–4 prism diopters (PD) (1.15–2.29 
degrees, where PD = 100 × tan (δ) and δ is the deviation in degrees) (Newman- 
Toker et al. 2015). Skew deviations of that size and smaller are probably fairly com-
mon among patients with vestibular neuritis, and larger ones can occasionally be 
seen in patients undergoing vestibular neurectomy (up to ~8 PD, 4.6 degrees) 
(Mantokoudis et al. 2014). By comparison, midbrain lesions cause skews with mean 
deviations of 7.5 degrees (~13 PD) (Brandt and Dieterich 1994), and some cases are 
much larger (e.g., 20 degrees, ~36 PD) (Halmagyi et al. 1990), such that they might 
easily be seen from across the room without any testing. Regardless of size, how-
ever, when present in acute dizziness or vertigo (without a recent neurectomy), vis-
ible skew by alternate cover test should be assumed to represent a central sign until 
proven otherwise, since the sign is specific for central pathology an estimated 98% 
of the time in AVS (Tarnutzer et al. 2011). Note that skew is present in only ~30% 
of stroke patients presenting AVS (Tarnutzer et al. 2011), so its absence is unhelpful 
in diagnosis (although its presence is a reasonably clear indication of central pathol-
ogy in this context).

Skew deviation in AVS is typically a comitant form of strabismus (Brodsky et al. 
2006), meaning that the degree of vertical misalignment does not usually change 
appreciably in different gaze positions. It is sometimes incomitant with greater ver-
tical deviation to one side or the other, in which some have attributed to asymmetri-
cal involvement of anterior and posterior canal projections to the ocular motor 
systems (Brodsky et al. 2006). Especially when incomitant, skews can mimic fourth 
nerve (superior oblique) palsies by standard bedside testing, but the hyperdeviated 
eye in skew is generally intorted while the hyperdeviated (affected) eye in fourth 
nerve palsy should be extorted (Brodsky et  al. 2006). Otolithic eye movements 
causing skew and torsion may also be more position dependent than those of supe-
rior oblique palsies, with skew deviations more likely to diminish in the supine posi-
tion relative to upright posture (Parulekar et al. 2008). Chronic skew deviations are 
more frequently incomitant, and this is most often manifest as “lateral alternating 
skew,” in which there is hypertropia of the abducting (or, less often, adducting) eye 
on lateral gaze to either side; this is usually chronic and typically caused by bilateral 
cerebellar conditions (Brodsky et al. 2006) that do not usually present with AVS.

2.4  Interpretation of HINTS

The acronym INFARCT (Impulse Normal, Fast-phase Alternating, Refixation on 
Cover Test) summarizes the interpretation of central “HINTS,” with any one of 
these three dangerous signs pointing toward stroke in AVS (Kattah et al. 2009). Care 
should be taken not to use terms such as “positive” and “negative” HINTS, as this is 
only likely to breed confusion (Thomas and Newman-Toker 2016). Instead, 
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 “central” vs. “peripheral” HINTS should be noted and the specific components 
described. Some authors use the abbreviations cHINTS versus pHINTS to distin-
guish central from peripheral “HINTS;” however, this nomenclature might be con-
fusing with the term “clinical HINTS” versus “VOG HINTS.” It is important to 
emphasize that any single central sign of the HINTS battery is sufficient for suspect-
ing a vestibular stroke.

3  Video-Oculography: From Frenzel Goggles to Modern 
Eye-Tracking Systems

Techniques for recording eye movements in vestibular laboratories have been used 
for decades, even before the digital era. Historically, the use of Frenzel goggles 
allowed the investigators to observe eye movements with and without visual fixa-
tion, but no recordings or quantitative measurements were possible. Scleral search 
coils placed inside magnetic fields were introduced by Robinson (Robinson 1963) 
in 1963, and these recordings continue to offer the highest temporal and spatial 
resolution. Two- and three-dimensional (the latter including torsional eye move-
ments) eye movement recordings are possible with this technique. However, it is a 
semi-invasive method using local anesthetics in order to place these search coils on 
the sclera of the eye, and few functioning systems still exist around the world. This 
method is mainly used in selected laboratories and research facilities, yet remains 
the gold standard for accurate eye position and eye movement recording. 

With the development of electronystagmography (ENG) and electrooculography 
(EOG), physicians could objectively record eye movements by placing electrodes 
around the eyes, especially for recording caloric testing (Furman and Jacob 1993). 
The ENG measures electrical fields around the eyes in relation to the ground elec-
trode. Recordings were visualized on graph paper with a 1 mm scale, and the analy-
sis was performed manually.

Video Frenzels (also known as videonystagmoscopy, VNS) were introduced to 
observe eye movements on television screens and later on personal computer 
screens, but the resolution and the frame rates were limited for many decades. The 
digital revolution in data transfer and storage along with progressive miniaturization 
capabilities paved the way for modern eye-tracking systems.

Modern eye-tracking algorithms in conjunction with high-performance infrared 
cameras allow for an accurate recording of eye movements. Such video recording 
systems are also called “videonystagmography” (VNG) or, more generally, “video- 
oculography” (i.e., VOG) systems. Initially, frame rates of 50–100 frames per sec-
ond (fps) were sufficient for high-resolution video Frenzels and especially for 
recording of nystagmus, but they were insufficient for recording head impulses at 
high velocities or for tracking saccades. With the creation of firewire technology in 
1995, high-speed data transmission up to 800 Mbit/s was possible while the 
 connected camera device was supplied with power at the same time. This improved 
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connectivity in conjunction with powerful central processing units and led to the 
development of camera system recordings at frame rates of 250 fps or even higher.

The size, weight, and fit of VOG goggles determine whether they can be used for 
static or dynamic vestibular tests. High-performance binocular VOG goggles allow 
static measures of vestibular function including nystagmus (spontaneous nystagmus 
or induced by head positioning or thermal stimulation in calorics). During these 
tests, the head remains stationary, and the risk of goggle slippage or other artifacts 
is small compared to dynamic tests of vestibular function. Algorithms recognize the 
fast and slow-phase component of nystagmus and calculate the angular velocity. 
These measurements are quite accurate, provided that there are clean recordings 
with clear and direct view of the pupil (region of interest) without intrusive eye 
movements or blinks. Additionally, VOG allows accurate recording of visually 
induced reflexes such as optokinetic nystagmus and visual smooth pursuit. Some 
high image resolution systems are even capable of detecting torsion based on the 
individual’s iris morphology, which is useful to detect cyclorotation due to ocular 
counterroll during the normal dynamic or static OTR. These semicircular canal and 
utricle-mediated reflexes are intended to stabilize images on the retina during a 
variety of head movements. Another class of eye movements are saccades, which 
are fast eye movements intended to quickly shift gaze from one target to another (for 
example, see video at https://collections.lib.utah.edu/details?id=187674). These eye 
movements require a tracking system capable of high frame rates (>100–250 fps) to 
achieve accurate quantification.

However, dynamic tests of vestibular function, such as pendular chairs, rota-
tional tests, head shaking, head positioning, and head impulses, represent a greater 
challenge for VOG systems. Head movements need to be recorded simultaneously 
while avoiding both goggle slippage and unwanted head movements. While low- 
frequency movements and low accelerations allow for stability of the goggles on 
test subjects, high accelerations during head impulses disturb the eye and head sig-
nals and may lead to inaccurate recordings. This requires a much smaller, more 
lightweight apparatus to maintain measurement precision during head motion. 
Miniaturization of cameras and gyroscopes capable of recording both eye and head 
movements was driven by the mobile phone industry in the first decade of the 
twenty-first century. Lightweight, compact, and affordable goggles connected via 
USB3 ports paved the way for portable systems that could record at high head 
accelerations.

Since 2009, monocular VOG devices have been used to record and quantify the 
horizontal semicircular canal VOR using the HIT (Weber et al. 2009; MacDougall 
et al. 2009), and since 2013, it has been possible to record and quantify the vertical 
(anterior and posterior) semicircular canal VOR (Halmagyi et al. 2017). Figure 2 
shows two modern  devices approved by the FDA  and certified for use in the 
European Economic Area (CE-marked) for head impulse recordings. They consist 
of one lightweight infrared camera connected via USB3 port to a laptop computer. 
The eyes are recorded by reflecting mirrors, since the camera is positioned above or 
on the side of the frame. Built-in infrared light sources allow for recordings in 
 darkness. The goggles contain gyroscopes which detect head accelerations in all 
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three dimensions. Eye-tracking algorithms collect data at 250 fps and calculate 
VOR gain based on eye and head velocities during the hHIT. Calibration is per-
formed either by projecting laser dots on a wall or by presenting a matrix on a con-
nected monitor.

Such VOG devices have revolutionized eye movement recordings and have 
paved the way for dissemination of this technology to frontline care settings.

4  Quantitative VOG “HINTS”

4.1  Summary of Studies

Studies evaluating the accuracy and efficacy of the “HINTS” battery have mainly 
involved subspecialty eye movement experts such as neuro-ophthalmologists or 
neuro-otologists (Cohn 2014). Despite studies suggesting that frontline providers 
can be trained to perform HINTS and related examinations (Vanni et al. 2015), these 
ocular motor and vestibular examination skills remain challenging for most ED 
physicians (Kene et al. 2015), which is why any solution that could help support 
frontline providers is of great importance. This problem is recognized by emergency 
physicians around the world as one that needs solving—an international survey of 
priorities for new clinical decision rules found that deciding when to image patients 
with vertigo was the top-ranked need in adult emergency medicine (Eagles et al. 
2008). This is not surprising, since patients presenting with dizziness/vertigo may 
have potentially life-threatening posterior fossa strokes, and tens of thousands of 
such strokes are likely missed each year in US EDs alone (Newman-Toker 2016).

The challenges of clinical HINTS testing for ED physicians are substantial. First, 
the correct patients (i.e., AVS) must be identified for testing—but this falls outside 
of traditional teaching and routine practice (Stanton et  al. 2007; Newman-Toker 
2007). Second, in performing the clinical HIT, non-specialists may have difficulties 
achieving sufficient head acceleration and velocity. Third, there may be difficulty 
interpreting results—in patients presenting with spontaneous nystagmus, distinguishing 

Fig. 2 VOG devices (ICS impulse, Otometrics and EyeSeeCam, EyeSeeTec GmbH). (With per-
mission from Gianni Pauciello, Department of Otorhinolaryngology, Head and Neck Surgery, 
lnselspital, Bern University Hospital, University of Bern, CH-3010 Bern, Switzerland)
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between a corrective saccade (which suggests unilateral vestibular loss) and a fast 
phase of nystagmus during the HIT can be challenging, even for experts. ED provid-
ers at major dizziness research centers have not yet achieved a high level of preci-
sion either (Newman-Toker 2015). Thus, although clinical, non-quantitative HINTS 
works for experts to diagnose stroke in AVS (even better than MRI acutely), it can-
not be directly applied in most EDs because of the challenges associated with non-
subspecialists performing and interpreting the three-step exam. As a result, the 
concept of a VOG-based HINTS exam was introduced (Newman-Toker et al. 2013b).

A first report and feasibility study of device-based (VOG) “HINTS” showed that 
diagnosis of vertebrobasilar stroke in patients with AVS was possible (Newman- 
Toker et al. 2013b). In a prospective cross-sectional study of AVS patients, VOR 
gain was found to be a useful and accurate quantitative parameter for the detection 
of vestibular stroke with a sensitivity of 88% and specificity of 92% (Mantokoudis 
et  al. 2015a), similar to the clinical HIT.  However, only head impulses were 
recorded, while the other HINTS exams were performed clinically. AICA strokes, 
which often result in pathological, low VOR gains (due to labyrinthine ischemia or 
ischemia of the fascicle/root entry zone of the eighth cranial nerve), would have 
been missed if the clinician were to rely on VOR gain alone, as has been seen previ-
ously with non-quantitative HINTS (Tarnutzer et al. 2011).

Newer-generation VOG devices now have the capacity to record the complete 
HINTS battery including nystagmus in different gaze positions and skew deviation. 
These devices are now being studied in clinical trial applications (Newman-Toker 
2014; Mantokoudis 2017) to improve diagnosis of vestibular disorders and stroke. 
However, technical challenges are important for the advanced user to understand 
before applying such techniques.

4.2  Pitfalls and Barriers

 Technical Aspects

A head impulse consists of two components—first, the slow phase, which is the eye 
movement opposite the head rotation during the HIT and, if pathological, the fast 
phase, which consists of a fast corrective eye movement (so-called corrective, com-
pensatory, or refixation saccade). Figure 3 shows an example of an abnormal vHIT 
trace with commonly used nomenclature with regard to the various waveforms.

The slow phase of the eye movement represents a bell-shaped time-velocity pro-
file opposite to the head movement. Velocity profiles are often mirrored in order to 
show eye and head profiles as an overlaid plot, thus making the profiles easier to 
compare and interpret. If the velocity profiles of eye and head movements are iden-
tical (i.e., mirror images of one another), then the calculated ratio (VOR gain) is 1.0 
and considered normal (for the horizontal canal VOR). Corrective saccades may 
occur during the head movement, usually making them invisible to the examiner 
(covert corrective saccade), or they may occur after the head movement (overt 
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corrective saccade). The direction of the corrective saccades is identical to the direc-
tion of the fast phase of spontaneous nystagmus in a unilateral destructive vestibu-
lopathy. These differ from fast eye movements in the opposite direction occurring 
near the end of a HIT, also called covert anti-compensatory quick eye movements 
(CAQEM) (Heuberger et al. 2014).

There are different methods for calculating gain, and each method has its advan-
tages and disadvantages. It is therefore not possible to achieve a complete under-
standing of all aspects of unilateral VOR dysfunction with a single gain number. 
There is also currently no international consensus on how to report VOR gain. Data 
are sometimes read and calculated at given time points (e.g., ratio of peak eye veloc-
ity to peak head velocity) or over a period of time (e.g., ratio of area under the eye 
velocity curve to area under the head velocity curve). This time period can be lim-
ited either to the ascending time-velocity profile just before peak velocity or span 
the whole HIT period until the head comes to rest. Gain can be calculated at single 
time points (Glasauer et al. 2004) (instantaneous gain), estimated by linear  regression 
of eye and head velocity (Collewijn and Smeets 2000) or by computing the ratio of 

Fig. 3 Typical abnormal video HIT trace from a single impulse. Shown are a deficient VOR gain 
(representing the gap between slow eye and head movements) followed by two refixation saccades 
(fast eye movements)
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the area under the curve after a de-saccading procedure (MacDougall et al. 2013). 
These VOR gains reflect the ratio either of the velocity, acceleration, or position of 
the head and eye depending on the method chosen. All methods give a good esti-
mate of VOR gain provided that the data recordings are clean without disruptive 
artifacts (see “Data Analysis” for details).

Normative data for horizontal semicircular canals derived from scleral search 
coil measurements in healthy subjects indicate a normal VOR gain is close to the 
theoretical 1.0 ideal (0.94 (SD, 0.08) (Halmagyi et al. 2001) and 0.98 (SD, 0.06) 
(Weber et al. 2008)); however, VOR gain depends on the recorded head velocity/
acceleration and the age of the subject, which is why normative data from VOG 
recordings are often indicated in bands for each age group separately. Higher head 
velocities and older age both yield lower gains. Gains also depend on the canals 
being tested.  In general, VOR gains for horizontal canals are clustered near 1.0, 
whereas vertical canals show slightly lower gains (McGarvie et al. 2015).

The relative right-left asymmetry in the VOR gain can be calculated comparing 
both ears:
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Jongkee’s formula is another way to calculate asymmetry:
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Jongkee’s formula uses a normalization procedure, as generally done in calculating 
asymmetry for comparing right and left VOR function during caloric testing. 
However, there is no need to normalize data because the head impulse input (peak 
head velocity) and output (peak eye velocity) is well defined (i.e., for a gain of 1.0, 
the expected output  =  input). By contrast, this is not the case in caloric testing, 
where the effective applied thermal energy varies across subjects and ears, so results 
must be normalized to have meaning.

VOG devices record nystagmus and detect the slow-phase velocity (°/s) of nys-
tagmus at different gaze positions. Gaze holding can also be assessed by calculating 
the time constant.

Eye position changes can be recorded during the alternate cover test. VOG gog-
gles indicate skew deviation as degree of eye position changes. As an example, in a 
patient with a left lateral medullary stroke who has a skew deviation and a right 
hypertropia, when the right eye is uncovered and the occluder is moved to the left 
eye, both eyes would move downward so that the right eye (which is too high, rela-
tive to the fixation target) can take up fixation of the target. Likewise, when the left 
eye is then uncovered and the occluder is moved back to the right eye, the eyes 
would then move upward so that the left eye (which is now too low, relative to the 
fixation target) can take up fixation of the target. These vertical movements are 
quantified in degrees by the VOG device.
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 Data Acquisition

The acquisition of VOG data is a critical task because data quality has a direct 
impact on data analysis and therefore also on the triage and diagnostic workup pro-
cess in dizzy patients. VOG is more susceptible to measurement errors than other 
systems such as ENG or scleral search coils. The patient needs to cooperate well by 
keeping his eyes open and to fixate on the predefined target during calibration. 
Video recordings and eye-tracking systems need a clean, well-centered image of the 
pupil, and the region of interest needs to be adjusted either digitally through the 
provided software or mechanically through adequate placement of the camera on 
the frame of the goggles (EyeSeeCam; Fig. 2). The goggles should be worn firmly 
with the strap tight to avoid skin movement or goggle slippage. Eyelashes should 
remain outside of the region of interest, and eyelash makeup should ideally be 
removed because of reflections of the infrared light source that may interfere with 
pupil detection. The examiner has to make sure that another nearby light source 
does not create additional reflections on the goggle mirrors.

Unlike non-quantitative HITs, which should generally be performed passively, 
VOG-based HITs can be performed either actively or passively. In active HITs, the 
patient moves his own head, while in passive HITs the examiner moves the patient’s 
head. VOR gains are higher in active HITs compared to passive HITs and covert 
corrective saccades are more likely (Black et  al. 2005). In general, VOG device 
manufacturers recommend that recordings be done with the patient sitting in front 
of a target that is 1–2 m away while the examiner stands behind the patient and 
performs passive horizontal impulses (unlike the non-quantitative HIT, where the 
examiner must stand in front of the patient in order to view the eyes). This setup 
avoids the examiner obstructing the fixation target and is often associated with 
fewer artifacts since impulses are applied with the examiner’s hands on top (rather 
than side) of the head. Artifacts occur more often as a result of touching the strap 
when the examiner holds the patient’s jaw (Mantokoudis et al. 2015b). However, 
many clinicians still prefer the classical HIT technique of being in front of the 
patient, because they can also directly observe corrective (overt) saccades that sug-
gest unilateral vestibular loss.

The head direction, angle of displacement, velocity, and initial head position are 
each important because they influence predictability of the passive HIT and second-
arily therefore affect VOR gain, latency, and amplitude of refixation saccades 
(Mantokoudis et al. 2016a). The initial reports of HIT described head displacements 
from an eccentric position back to the center (Halmagyi and Curthoys 1988). Small 
head displacements at different head velocities (150–300°/s) and high accelerations 
(~4000°/s2) are sufficient for visualization of small-amplitude refixation saccades, 
provided that the impulses are applied unpredictably (Tjernstrom et al. 2012). When 
the head movements are of very small amplitude, the need for “lateral to center” 
movements as opposed to “center to lateral” movements matters less, because the 
risk of injury with an overzealous rotation from center to lateral is less of a con-
cern. Nevertheless, when instructing novice examiners, we uniformly recommend a 
“center to lateral” rotation; this is because novices often struggle to accurately stop 
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a rapid “lateral to center” impulse at 10–20 degrees of lateral rotation, but do not 
struggle to identify where the “center” (mid-sagittal plane) is located. 

Spontaneous nystagmus may interfere with the recorded slow-phase velocities of 
the eye resulting in lower or higher gain; however, modern eye-tracking algorithms 
take nystagmus into account and correct for slow-phase eye movements 
(Mantokoudis et al. 2016b).

After an acute onset of dizziness with associated loss of vestibular function, cen-
tral compensation and adaptative processes occur (Mantokoudis et al. 2014, 2016c). 
These central processes have an impact on the recorded VOR gain and saccade 
latency, which is why the time between examination and symptom onset matters. 
Saccade latency becomes shorter over time and the proportion of covert saccades 
increases (Mantokoudis et al. 2014). VOR gain might change over time, including 
on the healthy side, since adaptation can cause a transient downregulation of ves-
tibular function even on the contralateral side (Mantokoudis et al. 2016c). Direction- 
changing, gaze-holding nystagmus may even begin to emerge as a result of central 
compensation (Hess and Reisine 1984). 

The number of impulses necessary to obtain an accurate mean gain estimation 
depends on the quality of data. In theory, one single perfectly recorded head impulse 
would be sufficient for a correct interpretation. However, absolutely clean record-
ings and optimal lab conditions are not often realistic, especially among ED patients 
with AVS. Since artifacts may occur (see “Data Analysis”), we recommend per-
forming 10–20 HITs per side to get a reliable average gain estimation, provided that 
the physician uses the direct device output (unfiltered data).

 Data Analysis

Modern VOG devices already have an automated VOR gain calculation algorithm 
and a data filtering process that works in two steps: (1) a first instantaneous filtering 
process (less accurate) that rejects improperly performed impulses and gives imme-
diate, direct feedback to the examiner and (2) a second, more extended post- 
processing analysis after the recording. Data that do not meet the predefined quality 
criteria of a HIT are discarded automatically. We recommend that the clinician not 
rely solely on the automated mean VOR gain output alone (which reflects one spe-
cific part of the HIT). Analysis should ideally consist of review of overall data qual-
ity by evaluating the time-velocity profile, clusters of gain values at various head 
velocities, qualitative appearance of corrective saccades, and the standard deviation 
of obtained gain values. A gain-velocity plot gives an overview of the collected data 
and possible outliers.

Algorithms for automated HIT analysis are being constantly improved by manu-
facturers, and most of the traces containing known artifacts are recognized and 
 discarded. Figure  4 shows, however, that HIT recordings may contain different 
kinds of artifacts such as pseudosaccades (fast phases of nystagmus, blinks, and 
miniblinks), oscillations from pupil tracking loss, or artifacts resulting from the 
examiner inadvertently touching the goggles. Artifacts have to be distinguished 
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from physiological fast eye movements such as nystagmus, covert corrective sac-
cades, overt corrective saccades, or covert anti-compensatory quick eye movements 
(CAQEM; (Heuberger et al. 2014)) (Fig. 4). Other artifacts induced by the examiner 
or the subject during the head impulses include goggle slippage (eye and head traces 
are out of phase) or patient inattentiveness. Suboptimal calibration can result from 
spontaneous nystagmus, poor vision, or patient inattentiveness (Mantokoudis 
et al. 2015b).

Depending on the degree of artifactual data, the exam may have to be repeated.
Although single traces can be deleted manually if they do not meet quality crite-

ria, manual data filtering/cleaning is not a realistic procedure for non-expert use of 
VOG devices. Fortunately, a recent study investigating the impact of artifacts on 
VOR gain and its resulting diagnostic implications showed no significant influence 
of unfiltered data on central (i.e., stroke) vs. peripheral vestibular classification in 
AVS patients, provided that the number of performed HITs exceeded ten HITs per 
tested ear (Mantokoudis et al. 2015a, 2016d).

A recent study showed that a VOR gain cutoff point of 0.7 accurately discrimi-
nates PICA strokes from vestibular neuritis (Mantokoudis et al. 2015a). Figure 5 
shows a modeled population density plot derived from VOR gains in AVS patients 
recorded within 72 hours after symptom onset. Patients with PICA stroke have a 
VOR gain clustering close to 0.9; patients with a vestibular neuritis have a lower 
gain clustering around gain of 0.5 depending on the degree of unilateral vestibular 
paresis.

One additional VOR gain parameter discriminating vestibular strokes from ves-
tibular neuritis is gain asymmetry. Analogous to bithermal caloric testing, an asym-

Fig. 4 Types of normal and abnormal VOG HIT patterns, including artifacts
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metry >20% (relative right-left asymmetry) suggests a unilateral vestibulopathy. If 
Jongkee’s formula is used instead, the asymmetry cutoff lies between 8 and 10%. 
Note that for both absolute gain values and right-left asymmetries, AICA-territory 
strokes (particularly those involving the labyrinth) cause patterns of VOR loss that 
can be indistinguishable from that seen in vestibular neuritis or labyrinthitis. In such 
cases, additional information from the history (e.g., hearing loss, neurological 
symptoms), other HINTS eye movements, or neurological exam may be needed.

Another approach to use VOG data for stroke discrimination in AVS patients is 
an automated saccade analysis. There is evidence that both VOR gain and cumula-
tive corrective saccade amplitudes are strong predictors of stroke, and one coil- 
based study found cumulative saccade amplitudes a slightly better predictor than 
gain (Chen et  al. 2011). Some commercial VOG products now offer cumulative 
saccade calculations, but this saccade-based approach has not yet been validated 
using VOG devices. Thus, caution should be exercised, and it should not be relied 
upon pending further study.

5  Potential Utility and Impact of “Eye ECG” Concept

5.1  The Eye ECG Concept

The concept of VOG as an “eye ECG” to diagnose stroke in dizziness is by analogy 
to the use of ECG to diagnose myocardial infarction in acute chest pain. Both rely 
on acute perturbations in electrophysiology to identify the pathology, and, in theory, 
both could be used as routine and standard care in the ED. ECG is performed by ED 
technicians, who could also readily be trained to conduct VOG tests. Analogous to 

Fig. 5 Probability density plots for mean VOR gain among patients presenting AVS who have 
either vestibular neuritis or PICA-territory stroke
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the standard ECG approach, the final goal of the eye ECG approach is the wide-
spread use of this technology by non-experts in the ED.

If VOG-based devices were used as the standard of care for patients presenting 
with the AVS, there would be a significant potential for early and accurate stroke 
detection. Currently, 35% of vestibular strokes are missed at the initial assessment 
with perhaps one third of these patients suffering serious harms or death as a result 
(Tarnutzer et al. 2017). Even more importantly, if extended to include diagnosis of 
patients with triggered, episodic vestibular syndrome (e.g., by adding the Dix- 
Hallpike maneuver), the approach could potentially speed accurate, on-site diagno-
sis of the two most common peripheral vestibular disorders seen in the ED—BPPV 
and vestibular neuritis. This is important because an estimated 80% of patients with 
peripheral vestibular disorders are misclassified in current practice and so do not 
receive appropriate treatment (Kerber et al. 2011). The eye ECG approach could 
significantly reduce misdiagnosis leading to more timely, correct diagnosis, which 
could, in turn, allow for early administration of targeted and effective treatments, 
including tPA for stroke, canalith repositioning for BPPV, and early vestibular ther-
apy with or without steroids for vestibular neuritis. Although rarely used in current 
ED practice (Kerber et  al. 2013), diagnostic and treatment maneuvers for BPPV 
could be facilitated by VOG devices, which now offer visually guided placement of 
the head in space for users as a routine part of diagnosis and treatment. Finally, 
those with non-vestibular causes for dizziness could benefit by “ruling out” most 
central and peripheral vestibular causes through the absence of findings of sponta-
neous, gaze-evoked, or positional nystagmus during VOG testing and bilaterally 
normal HIT VOR results.

In addition to rapid and accurate diagnosis of patients presenting with the AVS, 
there are other benefits of using VOG in this way in the ED. Most ED clinicians are 
unfamiliar with the eye movement examination and in the evaluation of dizziness 
and vertigo patients since training in this area is very limited (Newman-Toker and 
Perry 2015). VOG devices can serve as an educational tool by giving immediate 
feedback (e.g., rejecting an improperly performed HIT). They also allow for stan-
dardized and reliable recordings of eye and head movements. In turn, such record-
ings can facilitate providing expert feedback on physician interpretation of eye 
movements, improving diagnostic calibration among ED providers, which currently 
is poor (Omron et al. 2018).

Some general preconditions should be met before considering VOG use in rou-
tine ED care: VOG systems should (1) be robust and easy to use by nurses and non- 
experts, (2) offer standardized test batteries and data analyses with high accuracy 
and reliability, and (3) be affordable for general use. However, actual implementa-
tion of VOG in routine practice will still require access to diagnostic expertise. In 
the short term, VOG systems might be used as a platform for telemedicine-based 
access to subspecialists. In the long term, automated diagnostic decision support is 
a realistic possibility. There are observational diagnostic accuracy studies and clini-
cal trials currently underway to assess accuracy of this “eye ECG” approach in the 
ED (Newman-Toker 2014; Mantokoudis 2017).
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5.2  Telemedicine Application

In the short term, VOG technology can be used as a telemedicine application to 
deliver subspecialty diagnostic expertise to the bedside in the ED. VOG technology 
supports the teleconsultation approach in two major ways: (1) creating a tangible 
record of the eye exam and (2) facilitating remote, digital review.

VOG ensures a standardized way of recording even by non-experts, and these 
recordings can then be reviewed as many times as necessary by experts and non- 
experts alike. VOG devices store high-resolution video data of the eyes and of the 
head/body position via a room camera, in conjunction with tracked data from head 
and eye movements (including time-velocity profiles or eye position data). This 
enables quality assurance by making sure that procedures are being done appropri-
ately such as the HIT or Dix-Hallpike maneuver.

The VOG recordings also enable subspecialists to significantly broaden their 
geographic reach. Subspecialists with ocular motor and vestibular expertise  are 
relatively few in number, and they are generally concentrated in academic medical 
centers. VOG enables remote, off-site consultation and assessment of quantitative 
head and eye movement exam once the VOG system is connected to an online 
network.

This approach could be used in EDs or even ambulances to improve tele-stroke 
diagnosis (Hubert et al. 2014) for patients with posterior fossa strokes presenting 
with dizziness who are at high risk for misdiagnosis (Newman-Toker et al. 2014). 
Specialists such as stroke neurologists, neuro-ophthalmologists, or neuro-otologists 
would be able to triage and differentiate central from peripheral causes of dizziness 
based on this remote VOG data. This kind of tele-diagnosis may someday be con-
ducted in real time (with appropriate network connectivity bandwidth), but it is 
already possible in near real time using a store-forward methodology. Frontline 
clinical staff gather data on local computers and then digitally transfer images to 
servers for remote, expert review within minutes. This approach has already been 
successfully piloted at the Johns Hopkins Hospital ED as part of a “Tele-Dizzy™” 
consultation program (Gold et al. 2018). Preliminary results from the first 180 cases 
are extremely promising, cutting undiagnosed cases in half (~40% base rate; ~20% 
for those with consults) and reducing unnecessary imaging more than tenfold rela-
tive to the base rate (~40% base rate CT; ~3% for those with consults, without any 
increase in the rate of recommended MRIs for those with consults). But this 
approach still remains fundamentally constrained by the small number of specialists 
relative to the massive number of patients, which suggests that effective scaling will 
require something more—automated decision support.

5.3  Automated Decision Support

As yet, there are no commercially available diagnostic decision support tools to 
assist in VOG interpretation for the purpose of differentiating peripheral from cen-
tral vestibular disorders, but clinical trials are underway to develop early prototypes 
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(Newman-Toker 2014). Such point-of-care tools could be added to existing VOG 
software to assist physicians in diagnosing vestibular neuritis versus stroke by rec-
ognizing a peripheral or central HINTS physiologic pattern, respectively. Likewise, 
the nystagmus of BPPV could also be detected automatically.

A similar approach is already in place in the ED for diagnosing heart attacks in 
acute chest pain by using an automated ECG interpretation. In the past, cardiologists 
needed to be immediately available, but now, as soon as an ECG is performed by an 
ED technician, automated computerized ECG interpretation algorithms (Daudelin and 
Selker 2005) assist frontline providers in searching for acute changes in cardiac elec-
trophysiology. Today, ECGs are routinely interpreted in real time by ED physicians 
who identify ST elevation in acute myocardial infarction—but this is only common-
place now after decades of engagement by cardiologists and a change in expectations 
among ED physicians. Although ECGs may still sometimes be reviewed later by car-
diologists and overread, this still permitted widespread scaling of the approach.

Full automation based on machine learning and artificial intelligence will require 
massive training data sets (at least 10,000 to begin the process) of acute ED-based 
eye movements with confirmed, correct diagnoses. This will not be a trivial task, but 
a clinical teleconsultation service as described above, if deployed in a large ED 
network, could be a springboard to accumulate thousands or even tens of thousands 
of such cases each year. A typical mid-sized ED (~60,000 visits per year) sees 
roughly 1000–1500 dizzy patients per year, so a hospital network of just 5 EDs 
could probably get 10,000 recordings in just 2 years, if it were routinely performed. 
We expect such decision support systems to appear in the relatively near future.

6  Conclusions

Current ED care for acute dizziness and vertigo is both low quality and high cost. 
Accurate, efficient, eye movement–based diagnosis that is routinely accomplished by 
experts might be disseminated at scale using VOG. The physiological basis of this 
“eye ECG” approach is sound and well-supported by scientific evidence. Recent tech-
nological advances have made immediate ED teleconsultation with a remote special-
ist feasible, and this approach has been implemented in a pilot program with promising 
initial results. While full automation with minimal need for specialist backup is still 
years away, there is reason to believe that real-time, point-of-care diagnostic decision 
support for stroke and vestibular disorder diagnosis in patients with acute dizziness 
and vertigo is possible, feasible, and likely realistic in the coming decade.
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Abstract The focus of this chapter is to provide a review of the main diagnostic 
imaging modalities utilized in the examination of peripheral and central acute ves-
tibular syndrome (AVS). Computed tomography (CT) and magnetic resonance 
imaging (MRI) scan will be the two main modalities discussed. The chapter begins 
with a discussion of imaging of peripheral vestibulopathy associated with an AVS, 
followed by imaging of central lesions. The most common cause of a central lesion 
causing an AVS is by far cerebrovascular; thus, our secondary aim is to review the 
role of imaging in the evaluation of cerebrovascular lesions (vascular vertigo) asso-
ciated with an acute AVS.

Keywords Vertigo · Cerebellum · Neuroimaging · Stroke

1  Introduction

The acute onset of vertigo, nausea, vomiting, and head movement intolerance 
defines the “acute vestibular syndrome” (AVS). In the past 30 years, there have been 
significant advances in the understanding of the pathophysiology and clinical find-
ings that identify the “lesion responsible” for an AVS. Clinical localization, based 
on a detailed history and physical examination, provides information as to vestibu-
lar pathway location and lateralization; the ultimate goal is to differentiate periph-
eral vestibular lesions from lesions that involve the central vestibular pathways or 
the cerebellum. Imaging provides an opportunity to verify the location and size of 
the lesion, to categorize the etiology, and to determine the effect of the lesion on 
surrounding structures.

Pure isolated vertigo may develop in patients with acute, unilateral vestibular 
disorders, principally vestibular neuritis (VN), and leads to prolonged, continuous 
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vertigo, lasting longer than 24 h (Leigh and Zee 2015; Baloh and Halmagyi 1996; 
Bisdorff et al. 2009). Likewise, ischemic lesions involving the brainstem and cere-
bellum may present with isolated continuous vertigo (pseudo-neuritis). Clinical 
examination often identifies characteristic findings generally confirmed by mag-
netic resonance imaging (MRI) (Leigh and Zee 2015; Baloh and Halmagyi 1996; 
Hotson and Baloh 1998; Duncan et al. 1975; Newman-Toker et al. 2008; Kattah 
et al. 2009; Lee et al. 2009; Choi et al. 2014a; Kim et al. 2016a; Newman-Toker and 
Edlow 2015). The most common forms of vertigo are episodic, classified by virtue 
of their duration and potential triggers, frequently of peripheral origin and often 
with a benign clinical course. The major clinical challenge we currently face is the 
diagnosis of transient, non-triggered episodic, isolated vertigo that lasts several 
minutes or hours in patients with normal interictal examination. In this group, tran-
sient ischemic attacks (TIAs) are short-term predictors of a stroke (Newman-Toker 
and Edlow 2015). Vertigo, sometimes described by patients as dizziness, occurs in 
10–20% of patients with vertebrobasilar ischemia/insufficiency (VBI) and often 
precedes a posterior circulation stroke (Newman-Toker and Edlow 2015; Caplan 
2015; Newman-Toker 2015; Kerber et  al. 2014). Dizziness is the most common 
symptom of posterior circulation TIA (Newman-Toker and Edlow 2015; 
Caplan 2015).

The focus of this chapter is to provide a review of the main diagnostic imaging 
modalities utilized in the examination of peripheral and central AVS. CT scan and 
MRI will be the two main modalities discussed. I will begin with a discussion of 
imaging of peripheral vestibulopathy associated with an AVS, followed by imaging 
of central lesions. The most common cause of a central lesion causing an AVS is by 
far cerebrovascular; thus, our secondary aim is to review the role of imaging in the 
evaluation of cerebrovascular lesions (vascular vertigo) associated with an 
acute AVS.

2  Peripheral Vestibulopathy

2.1  Imaging of Peripheral Vestibulopathy

 1. Benign Paroxysmal Positional Vertigo (BPPV): BPPV is an episodic syndrome 
that only rarely is associated with an AVS; when it does, it is infrequent and 
potentially overlooked if a Dix-Hallpike or horizontal head roll maneuver is not 
a routine test. This acute variant of BPPV may be associated with intense ver-
tigo, nausea, and vomiting, and, as a result, the patient is afraid to move and is 
initially not aware of positional triggers. Evidence-based knowledge of the 
pathogenesis and management of the most common types of BPPV led to the 
institution of consensus recommendations; the standard of care is clinical diag-
nosis, followed by expeditious treatment; and imaging of the brain or the ear is 
not necessary (Furman and Cass 1999; Kim and Zee 2014; von Brevern et al. 
2015). Central positional vertigo (CPV), on the other hand, is usually associated 
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with additional neurologic abnormalities and requires neuroimaging. The usual 
nystagmus pattern of concern during positional testing involves provoked parox-
ysmal or sustained downbeat positional nystagmus, in addition to different types 
of intractable horizontal cupulolithiasis; in these cases, the fast phase of the hori-
zontal nystagmus beats away from the direction of the head roll (apogeotropic 
horizontal nystagmus). Not infrequently, both patterns of downbeat nystagmus 
(DBN) and apogeotropic horizontal nystagmus may be found in one patient; 
imaging usually detects a stroke and less commonly other etiologies (Kim et al. 
2012) to account for acute CPV (Choi et al. 2015a). Migraine may be associated 
with an AVS and positional DBN (El-Badry et al. 2017). Imaging in migraine 
cases might be necessary during the first vertigo episode, particularly if a previ-
ous history is negative; in migraine, imaging results are usually normal.

 2. Vestibular Neuritis (VN): Acute vestibular neuritis (VN) is the second most com-
mon cause of vertigo, after BPPV, which affects about 5.6% of acutely dizzy 
patients routinely evaluated in the ED, every year, and roughly 150,000 annual 
patients in the USA. The average age affected is the sixth decade. Imaging in VN 
is generally normal; in a previous series involving acute VN patients that utilized 
an MRI slice thickness of 2 mm and no gap, 60 patients had normal findings 
(Strupp et  al. 1998). There are isolated reports of acute VN that demonstrate 
focal superior vestibular nerve enhancement (Karlberg et al. 2004; Park et al. 
2014), but these reports are infrequent. The lack of alterations of blood nerve 
barrier in VN, after contrast enhancement, argues against inflammation (Strupp 
et al. 1998) and does not support the proposed viral/post-viral (herpes simplex 
virus: HSV) etiology. Similarly, the lack of imaging changes in idiopathic VN 
stands in sharp distinction with the overt inflammatory findings observed in the 
Ramsay Hunt syndrome due to varicella zoster virus (VZV) infection of the 
vestibular nerve (Fig. 1), which sometimes may be associated with a brainstem 
encephalitis (Shen et al. 2015). The lack of contrast enhancement is also differ-
ent from the facial nerve enhancement seen in Bell’s palsy (Tien et al. 1990), a 
viral/post-viral syndrome, presumably related to HSV that frequently affects the 
intralabyrinthine facial nerve.

Fig. 1 Coronal T1 MRI of 
the brain after the 
administration of contrast 
in a patient with AVS due 
to VZV infection. She also 
had a left peripheral facial 
paresis and a typical 
vesicular rash in the left 
auricle. Hearing was 
normal. The arrow points 
to contrast enhancement of 
the seventh/eighth nerve 
complex
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 3. In our personal experience with 100 VN cases, we did not find inflammatory 
eighth nerve complex changes in MRI. The only abnormality found in our VN 
cohort was a transient radiographic conjugate horizontal eye deviation, in the 
direction of the slow phase of the nystagmus, noted in either MRI or CT scan as 
a consistent VN lateralized finding (Kattah et al. 2011).

An acute, ischemic vestibular neuropathy has, only rarely, been associated 
with focal restricted diffusion in the vestibular nerve (Choi et al. 2015b). This is 
also a rather unusual MRI finding; the lack of consistent signal changes in the 
diffusion-weighted image (DWI) obtained from VN patients also questions the 
proposed ischemic mechanism hypothesis as the cause of VN. An autoimmune 
etiology, however, is a strong possibility (Greco et al. 2014) and may be even 
axonal, rather than demyelinating, which could explain the paucity of imaging 
findings.

 4. Acute cochleovestibular (ACV) loss: Unlike VN, the combined acute continuous 
cochleovestibular loss (with sudden deafness or severe hearing loss) is likely to 
show ischemic parenchymal brainstem findings, rather than isolated VN, even in 
cases with a positive HIT and nystagmus characteristics that suggest a peripheral 
localization. This is predictable, in consideration of the fact that the entire arte-
rial circulation of the inner ear is provided by branches of the anterior-inferior 
cerebellar artery (AICA) (Hotson and Baloh 1998). Acute DWI signal changes 
involving the lateral pons, anterior cerebellum, and flocculus may be present 
along with cochleo-labyrinthine ischemia (Lee et al. 2009; Kim et al. 1999; Kim 
and Lee 2010, 2017), and less commonly, posterior inferior cerebellar artery 
(PICA) territory or both AICA and PICA may be found (Kim et al. 2016a). In 
addition, AICA TIAs are typically combined intermittent cochleovestibular 
symptoms with high risk for subsequent infarction (Lee and Cho 2003). We 
added hearing loss to the HINTS triad (Kattah et al. 2009; Newman-Toker et al. 
2013a), because acute cochleo-vestibular loss in our cohort pointed to acute lab-
yrinthine ischemia, often in AICA territory and less commonly in PICA territory 
ischemia; this relationship is found in previous reports, as well (Lee et al. 2009; 
Kim et al. 1999, 2016a; Kim and Lee 2017; Amarenco and Hauw 1990; Huang 
et al. 1993). Severe cochleovestibular loss was found in 7 (n = 503) patients, at a 
large hospital in Taiwan, during a five-year period of time (Huang et al. 1993).

Recent studies identified poor hearing prognosis among patients with acute 
cochlear loss concurrent with acute posterior canal BPPV; the cause of acute 
deafness/posterior canal BPPV may relate to utricular ischemia with dislodging 
otoconia and posterior canalolithiasis (Kim et al. 2014).

Acute cochleo-vestibular loss in patients receiving chronic anticoagulant 
therapy or patients with coagulopathies, an intralabyrinthine hemorrhage (ILH) 
is a possible cause of an AVS. MRI is critical to diagnose ILH, and subtle hyper-
intense T1-weighted MRI and GRE signal in the affected labyrinth confirm diag-
nosis. The post-hemorrhage by-product of hemoglobin metabolism 
(met-hemoglobin) is responsible for these changes and yields increased signal 
within the cochlea and adjacent horizontal semicircular canal, about 48 h after 
the clinical onset of symptoms (Fig. 2); in addition, there is lack of post-contrast 
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MRI enhancement (Whitehead et al. 1998; Sugiura et al. 2006). A repeat, limited 
met-hemoglobin- specific MRI scan may detect evolving met-hemoglobin if an 
earlier MRI was nondiagnostic. Cochlear schwannoma (Fig. 3) may also associ-
ate with acute cochleo-vestibular loss; the MRI scan typically shows chronic, 
persistent cochlear post-gadolinium enhancement (Tieleman et  al. 2008). 
Purulent otitis may involve the labyrinth and be associated with an abnormal 
MRI (Kim et al. 2016b). Finally, CT scan of the temporal bone is usually not 

Fig. 2 Intralabyrinthine hemorrhage. Axial T1 MRI of the left cerebellopontine angle in a patient 
with an acute left cochleovestibular loss. The arrows in both panels point to hyperintense signal 
within the left cochlea and left horizontal canal in a patient on rivaroxaban (Xarelto). In contrast, 
the right cochlea and horizontal semicircular canal show normal hypointensity. Mild signal 
changes are present in the right mastoid

Fig. 3 Panel A. Right axial, post-contrast T1 MRI obtained in a patient with acute right cochleo-
vestibular loss. The arrow points to an enhancing lesion within the cochlea. Panel B. Left, post- 
contrast coronal MRI. The arrow points to the same enhancing lesion. Two subsequent follow-up 
MRIs show similar findings. This is most consistent with a cochlear schwannoma
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required in AVS patients; the majority of pathologic processes occurring in the 
adult temporal bone are inflammatory or neoplastic in nature and not likely to 
cause an AVS.  Inflammatory conditions such as cholesteatoma and malignant 
otitis externa could be an exception if they are rapidly evolving. Acute intraneo-
plastic bleeding in tumors of the internal auditory canal/cerebellopontine angle 
cistern, including vestibular schwannoma and meningioma, glomus tumors, and 
CP angle vascular malformation, could bleed and cause an AVS and could be 
identified with MRI.

MRI-Induced Nystagmus and Vertigo A discussion of neuroimaging and ves-
tibulopathies must factor in the potential effect of vestibular stimulation by the MR 
magnet (magnetic vestibular stimulation: MVN). This stimulation varies in inten-
sity with the magnetic field strength and does not require head movement nor 
dynamic change in the magnetic field strength; it is present as long as the patient 
stays within the magnet but may change with the degree of head pitch (Roberts et al. 
2011; Mian et al. 2015). It is absent in patients with vestibular areflexia (Roberts 
et al. 2011) and may be associated with vertigo and robust nystagmus (Ward and 
Zee 2016). The MVS results from a Lorentz magnetic force and the endolymphatic 
ionic current within the cupula of the horizontal semicircular canal (Roberts et al. 
2011). MRI-induced nystagmus can be utilized to define the central adaptation pro-
cess to a sustained vestibular bias, revealing multiple adaptation set points during 
sustained stimulation (Jareonsettasin et  al. 2016). The effect of MVS in AVS of 
peripheral and central origin is under investigation. MRI in peripheral or central 
AVS is under investigation.

3  Vascular Vertigo

 1. Posterior Fossa TIAs: The classic definition of TIA is an arbitrary designation of 
a neurologic deficit that resolves in less than 24 h. However, DWI and adjusted 
diffusion coefficient (ADC) studies in acute, TIA-like, CNS ischemic syndromes 
readily identified many neurologic events, clinically classified incorrectly as 
TIAs with associated MRI signal changes (Oppenheim et al. 2000). A “tissue 
definition of TIA” therefore seems more appropriate, when the MRI-positive 
clinical deficit resolves before the previous 24-h duration criterion (Albers et al. 
2002). Given pre-existing literature included in this review, it is best to classify 
TIAs into two types: DWI/ADC-negative and DWI/ADC-positive TIAs; the lat-
ter are more frequently associated with subsequent stroke than their DWI/TIA- 
negative counterpart (Engelter et al. 2008).

The principal mechanisms of posterior circulation TIAs (with vertigo and diz-
ziness as the main symptom) include large artery atherosclerosis with artery-to- 
artery emboli and hemodynamic failure triggering ischemic symptoms, from 
hypoperfusion to arterial dissection. Any of these mechanisms may trigger 
reversible, asymmetric vestibular hypofunction, due to ischemia of the vestibular 
labyrinth, nerve, fascicle, or nucleus or due to cerebellar parenchymal ischemia 
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with transient loss of normal inhibitory modulation of the vestibular nucleus 
(nodulus and uvula). The medial vestibular nucleus is particularly susceptible to 
ischemia in experimental animals (Lee et al. 2014a). Small vessel disease in the 
brainstem and cerebellum usually causes stroke without TIAs; however, with 
early imaging, there is a risk of a false-negative study, and the clinician is at risk 
of missing a structural lesion with an incorrect TIA label. Less common arte-
riopathies may also cause vertebrobasilar TIAs. On occasion, TIAs in PICA ter-
ritory have unique characteristics such as tilting of the environment (tortopsia) or 
a self-perception of tilt and falls (drop attacks).

Transient isolated vascular vertigo is abrupt and lasts several minutes (Lee 
and Cho 2003; Grad and Baloh 1989), while spontaneous, recurrent episodic 
vertigo may precede a posterior circulation stroke, 1–10  days prior to stroke 
onset (Caplan 2015). In addition, auditory symptoms may be present in AICA 
vascular territory and thus mimic Meniere’s disease (Lee and Cho 2003). In the 
NEMC-PCR, two broad groups of patients had vertebral artery (VA)-related 
TIAs. In the extracranial vertebral artery (ECVA) group, 80 (n = 407) patients 
50% presented with a stroke after a TIA (26%) and 24% had isolated TIAs. In 
the group with intracranial vertebral artery (ICVA) disease, 132 (n = 407) patients 
had more than 50% stenosis of both intracranial vertebral arteries most related to 
atherosclerotic lesions; this is the largest ICVA series reported to date (Caplan 
2015). In addition, 20 (n = 407) patients also had proximal basilar artery (BA) 
stenosis; among these patients, 25% had TIAs and 25% had TIAs followed by 
stroke, while several of the remaining patients had a stroke followed by TIAs. 
Both TIA and stroke affected the proximal and middle territories. About one-half 
of the patients with very severe (greater than 75%) stenosis had multiple TIAs, 
often triggered by standing, hypovolemia, and hypotension; syncope, diplopia, 
vertigo, and ataxia were frequent symptoms (Caplan 2015). Symptoms associ-
ated with advanced ICVA and BA disease include recurrent syncope, drop 
attacks, and vertigo, particularly in individuals with stroke risk factors. Curiously, 
TIAs in this vascular setting recurred for months and even years (Caplan 2015). 
Eventually, however, the strokes that developed in these high-stenosis patients 
were large and involved both the proximal and middle territories, without any 
instance of isolated proximal territory stroke. Hypoperfusion was the most com-
mon cause of TIA and stroke mechanism, followed by artery-to-artery emboli in 
this NEMC-PCR registry. Small perforator vessel strokes were not preceded by 
TIAs (Caplan 2015). Vestibular symptoms triggered by critical ischemia can 
potentially be very elusive as exemplified in a recent report (Halmagyi 2017). 
Perhaps, the best approach here is vascular imaging even if the MRI is 
unremarkable.

 2. False-Negative DWI/ADC MRI in Ischemic Stroke: Following introduction of the 
DWI/ADC map, it became clear that DWI/ADC lesions detected approximately 
95% of all strokes (Provenzale and Sorensen 1999). However, an early report, 
shortly thereafter, featured eight stroke patients with false-negative MRI, all 
identified in the posterior circulation. Early imaging performed within the first 
6 h after the onset of symptoms was the theoretical explanation for the initial 
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lack of sensitivity (Oppenheim et al. 2000). Although DWI/ADC MRI may show 
false-negative signal in anterior circulation stroke, it is evident that this possibil-
ity is more frequent in the posterior circulation. Medullary strokes are perhaps 
the most likely to show delayed ischemic signal changes (Engelter et al. 2008; 
Lee et  al. 2015). In a subsequent series of eight AVS patients with small- or 
medium-size cerebellar strokes, false-negative MRI in stroke patients with cen-
tral nystagmus types and neurologic examination defined the precise diagnosis, 
and a repeat MRI showed either a cerebellar parenchymal or a cerebellar pedun-
cle small- or mid-size stroke (Morita et  al. 2011). In our series, HINTS and 
HINTS-plus predicted stroke in eight patients with initially false-negative MRI 
scans, and some performed as late as 48 h after symptom onset (Kattah et al. 
2009; Newman-Toker et  al. 2013a). Subsequent studies show similar results 
(Batuecas-Caletrío et al. 2014; Chen et al. 2011); however, encouraging results 
from a recent series showed only one, initially false-negative MRI (Kerber et al. 
2015). Although it is likely that improved imaging techniques will detect a 
greater number of strokes in the posterior circulation, it is appropriate to avoid 
overreliance on diagnostic imaging.

A ready explanation for the lack of MRI tissue infarction detection in these 
cases is unknown; factors associated with the MRI technology itself or an inad-
equate stroke protocol are possibilities. Additionally, the small size of the lesion, 
coupled with an insufficient signal-to-noise ratio or with magnetic susceptibility 
artifacts, may interfere with the image analysis. The ideal cerebellar/brainstem 
stroke MRI should be multiplanar and without slice gap, which, to my knowl-
edge, is not the usual protocol; besides technical factors, it is important to con-
sider the transition tissue signal threshold from reversible ischemia to irreversible 
DWI/ADC map; the ischemic penumbra may be large and eludes detection dur-
ing initial imaging scans (Engelter et al. 2008; Lefkowitz et al. 1999). This is an 
interesting possibility for potential therapeutic intervention, particularly when a 
symptomatic patient has a normal parenchymal MRI, coupled with evidence of 
“arterial occlusion” manifested by loss of the normal arterial signal void in a 
routine MRI (Rathakrishnan et  al. 2008). Occasionally, in patients with large 
posterior circulation arterial occlusion, serial imaging is necessary to monitor 
progression (Fig. 4).

 3. Rotational Vertebral Artery Occlusion (RVAS): This rare syndrome is character-
ized by recurrent attacks of vertigo, nystagmus, or syncope, all triggered by hori-
zontal head rotation, but also by head tilt or extension. Most RVAS patients have 
unilateral congenital VA hypoplasia, or acquired stenosis, and the normal “pat-
ent” dominant VA is compressed at the C1–C2 level, leading to symptomatic 
ischemia of the posterior fossa structures (Choi et al. 2013). Other less common 
compressive syndromes may also occur. The dominant nystagmus is composed 
of horizontal, torsional beating in the direction of the head turn with a mixed 
downbeat component. Typically, the symptoms subside when the head returns to 
the neutral position. In 23 patients from a citywide series treated at several insti-
tutions in Seoul, Korea, conservative approach led to a favorable outcome, in 
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contrast to previous recommendations urging immediate decompression (Choi 
et al. 2013). Obviously, each case should have individual consideration.

3.1  Diagnostic Modalities Utilized in the Diagnosis of Stroke 
and TIA

At this point, we will review different diagnostic modalities utilized in patients with 
isolated peripheral/central or purely central vestibular pathway abnormalities or in 
association with other neurologic abnormalities. Visualization of the affected brain-
stem structures and the status of the entire posterior fossa arterial circulation, by 
utilizing noninvasive methods, is the clinician’s goal.

Stroke MRI Brain Imaging Prior to the introduction of MRI technologies, stroke 
management was a significant challenge, and treatment delay, due to diagnostic 
uncertainty, was prevalent. DWI/ADC emerged as the earliest, most reliable test of 
acute ischemic cerebral infarction. For practical reasons, MRI stroke protocols are 
frequently designed with anterior circulation in mind; a possible explanation is the 
lower incidence of posterior circulation stroke, which represents only about 20% of 
all ischemic strokes (Newman-Toker 2015; Kerber et al. 2014; Searls et al. 2012). 

Fig. 4 Axial DWI MRI (upper four panels) obtained on 01–1-2-2012 in a patient with an AVS, 
ataxia and mild left hemiparesis, and normal hearing; initially his manual HIT was normal. In the 
follow-up, it became abnormal and an obvious explanation for this change was unclear. The 
embolic ischemic strokes involved both cerebellar hemispheres and the left striate cortex, which 
did not explain the cause for a positive HIT. The MRA showed marked flow attenuation of the left 
vertebral and occlusion of the proximal basilar artery (left lower panel). The manual HIT remained 
abnormal, and on 03/06/2012, a repeat MRI (axial T2, lower right panels) showed increased signal 
at the left root entry and the fascicle of the left vestibular nerve, thus providing a delayed explana-
tion for the positive manual HIT
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The ideal diagnostic imaging of posterior circulation stroke should include thin, 
axial, sagittal, and coronal DWI scans, without gap, throughout the entire posterior 
fossa. The diagnostic yield of a CT scan of the posterior fossa is very low (Chalela 
et al. 2007). Therefore, MRI is the test of choice. The greatest value of a CT scan is 
detection of parenchymal or subarachnoid hemorrhage, which is less conspicuous, 
though still detectable by MRI. Future imaging improvements will likely decrease 
the possibility of early, initially false-negative MRI scan results. In our experience, 
a limited-sequence MRI, including DWI/ADC, obtained about 48 h after symptoms 
onset, detected the stroke predicted by the clinical examination (Newman-Toker 
et al. 2008; Kattah et al. 2009). In a more recent series of AVS patients, MRI failed 
to detect the expected lesion in only one instance (Kerber et al. 2015).

 1. Magnetic Resonance Angiography (MRA): The classic modalities include 2D 
and 3D time-of-flight and multiple overlapping thin slab acquisition (MOTSA) 
scans. The proper scan interpretation includes a review of the source and recon-
struction images. MRA in the posterior fossa, when compared with DSA and 
ultrasound (US), showed high degree of sensitivity/specificity (Caplan 2015). In 
general, MRA overestimates the degree of arterial obstruction, and germane to 
this chapter, its sensitivity is low in the AICA arterial territory. The use of com-
bined MRA and transcranial Doppler (TCD) is complementary (Caplan 2015). 
We evaluated patients with pacemakers and other ferromagnetic devices who 
cannot undergo MR testing with ultrasound (preferably TCD) and CT 
angiography.

 2. CT and CT Angiography (CTA): The sensitivity of CT scan to detect an ischemic 
lesion in the posterior circulation is low (Chalela et al. 2007). CT detection of a 
cerebellar or brainstem hemorrhage associated with isolated vertigo is also low; 
therefore, CT is not an adequate screening test for a vascular cause of vertigo 
(Kerber et al. 2012). CTA is, in general, comparable to MRA, and it may have 
greater sensitivity in the detection of intracranial VA stenosis/occlusion. In 
imaging of smaller vessels such as branches of PICA and SCA and more impor-
tantly in AVS patients, AICA is more difficult. CTA may also miss intracranial 
VA dissection (Fig. 5). CTA, for example, is far more sensitive than MRA in 
detecting vertebral or basilar artery hypoplasia or stenosis, which is greater than 
50% of the lumen, as a cause of transient vertigo without stroke (Pasaoglu 
2017). It is faster and cheaper; it is also more accessible and provides greater 

Fig. 5 (continued) showed multiple PICA territory cerebellar infarcts, but no evidence of AICA 
infarction; we considered the possibility of a common AICA/PICA artery occlusion. (b) CTA 
showed patent vertebral arteries and there was no opacification of the left PICA. This finding was 
consistent with occlusion of a common artery for both the PICA and the AICA vascular territories; 
it further pointed to the presence of PICA/AICA artery. The patient started antiplatelet agents. 
Clinically, he had permanent left cochleovestibular loss, left upper extremity ataxia, and positional 
paroxysmal downbeat nystagmus. (c) Three weeks later, he developed acute left peripheral facial 
weakness, and we performed a DSA that confirmed a diagnosis of an ICVA dissection. Occlusion 
of the ostium of AICA caused a new infarct in the left middle cerebellar peduncle (not shown) that 
was responsible for the new stroke. He started Coumadin and did well, except for permanent deaf-
ness; his vestibular adaptation has been excellent
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Fig. 5 Intracranial V4-VA dissection. (a) Axial DWI (first six panels) and axial T2 MRI (lower 
panels) obtained in a patient who had an acute left cochleovestibular loss and ataxia. The MRI  
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temporal resolution than contrast-enhanced MRA. However, CTA may be neph-
rotoxic, involves radiation exposure, and may miss heavily classified stenosis 
(Pasaoglu 2017).

• Vascular Imaging by Catheter Digital Subtraction Angiography (DSA) as 
Compared with CTA, MRA, and Ultrasound: Considered once the gold stan-
dard method, DSA is performed via catheterization of the posterior circulation 
arteries with instillation of contrast. Its value in identifying the exact source of 
a stroke has been extensively demonstrated (Caplan 2015) and is, by far, the 
more precise method of arterial imaging. The introduction of noninvasive 
methods such as ultrasound (US), magnetic resonance angiography (MRA), 
and computerized tomographic angiography (CTA) subsequently enabled 
high-quality screening options. Dealing with this subject, L. Caplan (Caplan 
2015) recommends the use of DSA when noninvasive vascular imaging fails 
to explain the clinical findings; for example, I applied this recommendation to 
one patient with undiagnosed V4-VA dissection. He had recurrent strokes 
involving vascular territories of PICA and AICA over a three-week period, 
and the MRA failed to detect the precise cause. DSA finally clarified the cause 
of the stroke and ruled out other diagnostic possibilities (Fig. 5a–c). DSA is 
useful when the severity of the vaso-occlusion is not ascertained or not precise 
enough to make therapeutic decisions. Certainly, DSA is necessary for arterial 
thrombolysis and angioplasty, as well as other angiographic intervention pro-
cedures. MRA/CTA and US can expeditiously identify the cause of the neuro-
logic dysfunction, in most cases. Occluded vessels have high signal intensity 
in spin-echo sequences, with the absence of flow void or no flow enhancement 
in gradient-echo (GRE) images. Although initially described primarily in ver-
tebral artery (VA) dissection (Quint and Spickler 1990; Sue et al. 1992), we 
frequently found this sign in atherosclerotic occlusion and routinely assessed 
the MRI signal from the VA and the BA in axial T2-weighted and FLAIR 
images; asymmetric loss of the normal cross section and low-intensity arterial 
signal void are early signs of arterial occlusion in patients with an AVS (target 
sign) (Kattah and Pula 2015). Basilar artery (BA) hyperintensity was previ-
ously identified as a sign of BA occlusion (Biller et al. 1988). We conducted a 
preliminary retrospective analysis of cases from a prospectively compiled 
database and found a “hyperintense arterial sign” among AVS patients due to 
stroke with initially false-negative MRIs; this sign predicted subsequent DWI/
ADC changes in follow-up MRI. In contrast, we did not find this sign in VN 
patients (unpublished observation). Our main limitations rest on the fact that 
vertebral artery (VA) size asymmetry is common in normal subjects; in addi-
tion, the retrospective nature of our study requires further prospective investi-
gation. Notwithstanding these limitations, in the proper clinical setting, loss of 
the normal arterial signal void generated by a mobile column of circulating 
blood may represent an additional diagnostic clue for a stroke in evolution.

 3. Evaluation of Perfusion/Diffusion Mismatch: Perfusion/diffusion mismatch in 
any ischemic tissue represents a potentially great tool to determine final infarct 

J. C. Kattah



321

size; theoretically, it is an important parameter to investigate those patients with 
continuous vertigo and those with episodic, non-triggered vertigo/dizziness epi-
sodes (possible TIAs). Vestibular symptoms may be either isolated or one of the 
principal symptoms of posterior fossa arterial disease. Perfusion MRI may be 
performed following gadolinium administration. However, the contrast dose is 
high and potentially toxic; the recently introduced arterial spin labeling is a 
promising future tool (continuous arterial spin labeling perfusion MRI: CASL 
pMRI) (Alsop and Detre 1996). Perfusion CTA (p-CTA) may be of limited use 
in the posterior fossa because stroke detection in the posterior fossa is low and 
the assessment of the size of the stroke core may be potentially underestimated.

 4. Point-of-Care Duplex Sonography: In a recent report studying VA duplex sonog-
raphy in AVS patients with presumed central etiologies, the authors report a sen-
sitivity of 53.6% and specificity of 94.9% (Nazerian et al. 2018). Point-of-care 
ultrasound is a novel diagnostic tool, now utilized by frontline providers; how-
ever, there is potential from this limited experience (Nazerian et al. 2018) to be 
fostered, as long as it does not replace the value of a careful clinical evaluation. 
In general, US in combination with MRA is powerful to detect circulation abnor-
malities in the posterior circulation (Caplan 2015).

3.2  Imaging of Central Vestibulopathy due to Stroke

To begin this discussion, the vascular territory classification used in the New 
England Medical Center Posterior Circulation Registry (NEMC-PCR) provides a 
practical scaffold for imaging-clinical correlation (Caplan et al. 2005). This study 
thoroughly evaluated 407 patients, between 1988 and 1996, and established three 
vascular territories: (1) proximal territory that includes the intracranial vertebral 
arteries, the vertebrobasilar junction, and their branches – posterior-inferior cerebel-
lar artery (PICA) and the anterior spinal artery (ASA); (2) middle territory that 
includes the mid-basilar artery and its branches and the anterior inferior cerebellar 
artery (AICA); and (3) distal territory that includes the tip of the basilar artery and 
the origin of the posterior cerebral arteries (PCA). In addition, we will also discuss 
findings related to perforator artery ischemic lesions and lacunar strokes.

Causes for posterior circulation stroke in the NEMC-PCR included embolism in 
40% of cases (14% artery to artery), large artery occlusion (32%), and in situ small 
vessel occlusion (28%). The possibility of cardiac emboli to the vertebrobasilar 
circulation is relatively low but is an integral workup in patients with central ves-
tibular pathway lesions and a normal vascular tree. In the NEMC-PCR, 24% of the 
strokes originated from a cardiac source (Searls et al. 2012; Caplan et al. 2005).

Even though ischemic AVS may occasionally be isolated in small cerebellar and 
brainstem strokes (Choi et al. 2014b; Saber Tehrani et al. 2014), more commonly, it 
is an early, though dominant, presentation, in combination with additional neuro-
logic abnormalities. Occlusion of the VA, PICA, or AICA may be found in isolated 
AVS cases (Choi et al. 2014a; Saber Tehrani et al. 2014); however, perforator vessel 
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with in situ thrombosis may occur in any location in the pons, medulla, and cerebel-
lar peduncles with prominent central vestibular signs (Choi et al. 2014a; b; Saber 
Tehrani et  al. 2014). Lacunar brainstem strokes may also cause a central 
AVS. Cerebellar and brainstem strokes are frequent. Pure superior cerebellar artery 
(SCA) strokes present frequently with dysarthria and limb ataxia; however, they 
may develop concurrent with PICA/AICA territory infarcts, and thus, an AVS with 
severe nausea and vomiting may be present.

Table 1 summarizes common neurotologic and eye movement abnormalities 
associated with lacunar strokes causing focal lesions of the brainstem, inferior and 
middle cerebellar peduncles, and vestibular cerebellum. Timely imaging, coupled 
with thorough clinical examination, offers an interesting combination of findings, 
valuable for lesion localization, and facilitates lesion classification based on a “set” 
of vestibular and oculomotor findings. In reality, the majority of strokes that we 
confront are larger, and the neurologic findings provide helpful localization; how-
ever, the small lesions are more likely to be overlooked, and the early MRI tests are 
more likely to be initially false negative. In addition, we found on serial examina-
tion that localizing neurologic findings might initially be either absent or subtle and 
develop in the first few hours.

4  Proximal Territory

4.1  Vertebral and Posterior Inferior Cerebellar Artery (PICA)

 Lateral Medullary Syndrome (LMS)

Gaspard Vieusseux, in 1808, provided the first clinical description of a lateral medul-
lary syndrome (LMS), and the first pathologic examination and clinicopathologic 
correlation was described by Wallenberg (Wallenberg 1901). LMS accounts for 
about 2% of all strokes (Norrving and Cronqvist 1991). LMS is very heterogeneous 
in its clinical manifestations (Kim 2003) and prognosis (Kim 2003; Caplan et al. 
1986). An AVS, on presentation, is common, and it may resolve prior to other neuro-
logic abnormalities (Kattah et al. 2017). LMS is usually the result of an ipsilesional 
VA occlusion (Sacco et al. 1993); however, in Wallenberg’s case, the occluded vessel 
was PICA (Wallenberg 1895). On occasion, a lateral medullary infarct coincides 
with an ipsilesional cerebellar stroke. The main stroke mechanisms leading to LMS 
include large vessel occlusion (VA or PICA), VA dissection, embolism, and infre-
quently small perforator branch artery lacunar stroke. Charles Foix described the 
normal irrigation of the medulla by paramedian and short circumferential and long 
circumferential branches (Caplan 1990). In a large series that examined 123 angio-
graphic procedures, 95% of patients had abnormalities (83 had VA disease and 12 
isolated PICA disease) (Kim 2003). The neurotologic findings vary in relation to the 
structures affected (Table 1). In a 2003 series, the symptom combination of vertigo, 
diplopia, and nausea/vomiting correlated with clinical evidence of skew,  primary 
position nystagmus, and gait ataxia related to vestibular nuclear ischemia/stroke 
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Table 1 Central vestibular findings in brainstem and cerebellar lesions

Stroke 
location

Number 
of 
patients

Nystagmus and 
main 
neurotologic 
findings

Head impulse 
test

Skew head tilt 
OTR

Other common 
findings

Prepositus
Hypoglossi
Nucleus 
(Kim et al. 
2016c)
NPH

8 Horizontal
Ipsilesional Fast 
phase
1 reversed
direction in 
dark
Direction 
change GENa

1 perverted
HSNc

Abnormal
HIT
Contralesional
Normal 
calorics

Controversive 4
Ipsiversive 3

Ipsilesional 
abnormal pursuit
Ipsilesional 
body 
lateropulsion

Medial
Vestibular
Nucleus 
(Kim and 
Lee 2010)
MVN

1 1 horizontal
Contralesional
Asymmetric 
GENa

Abnormal
Ipsilesional
HIT
Ipsilesional
Canal paresis
vHIT shows 
bilaterally 
decreased
gain

Excyclotorsion
of the
contralateral
Eye
Skew

Truncal balance 
mildly affected
Ipsilesional

Middle
Cerebellar
Peduncle 
(Kim and 
Kim 2019)
MCP

23 18 horizontal
14 torsional
Component
15 GENa

10 vertical
components

14 strokes 
Ipsilesional
Abnormal HIT
14 caloric CP
3 hemorrhages
Normal hit and 
2 abnormal

7 head tilt
14 skew
16 ipsiversive 
OTR

9 had auditory 
symptoms
5 had hearing 
loss > than 
10 dB

Inferior
cerebellar
peduncle 
(ICP) (Choi 
et al. 2015c)

8
6 stroke
2 others

7 horizontal
Ipsilesional
1 apogeotropic
positional

Normal HIT
Normal 
calorics

Contraversive 
OTR

SVV/OTR 
dissociation
Ipsilesional 
direction of fall

Cerebellar
nodulus 
(Moon et al. 
2009)

8
6 
unilateral
2
bilateral

Horizontal 
Ipsilesional
Fast phase
With DBN and
torsional
component
1 PANb

3 perverted 
HSNc: DBN
1 positional
apogeotropic

Normal
calorics
Normal
HIT

No OTR
2 skew
1 ocular torsion

5 fell in a 
contralesional 
direction
Forward head 
tilt did not 
suppress the 
post-rotary 
nystagmus in 
n = 2/4
patients

Cerebellar
tonsil (Lee 
et al. 2014b)

1 Minimal
Ipsilesional
Fast phase
Asymmetric 
GEN
Rebound 
nystagmus

Normal No OTR Bilateral 
abnormal 
pursuit, > 
ipsilesional
SVV 
contraversive

(continued)
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Table 1 (continued)

Stroke 
location

Number 
of 
patients

Nystagmus and 
main 
neurotologic 
findings

Head impulse 
test

Skew head tilt 
OTR

Other common 
findings

Cerebellar
flocculus 
(Park et al. 
2013; 
Yacovino 
et al. 2018)

2 Asymmetric
GENa

Minimal 
rebound

Abnormal
HIT 
contralesional
in acute phase 
but
caloric test
Ipsilesional
Canal paresis 
42%

Skew Ipsilesional 
pursuit abnormal
No DBN in 
unilateral lesions
Truncal pulsion
Contralesional
SVV 
contralesional

Lateral 
medullary
syndrome 
(Kim 2003)

130 Vertigo 74
Nystagmus on 
fixation 
(horizontal, 
torsional, or 
mixed) 73
Skew: 53
Hiccups: 33
Ocular
Lateropulsion 8

Not described 
in this series

Skew
No mention of 
full OTR

Ipsipulsion 79

Medial
medullary
syndrome
Hemi- 
medullary
syndrome 
(Kim et al. 
2005; Kim 
and Han 
2009)

24
First
paper
86
Second
paper

First paper
12 had 
nystagmus
5 h-GENa

4 horizontal 
Ipsilesional
4 upbeat
1 hemi-seesaw
Second paper
9 UBN

Normal
HIT

Contraversive 
skew or head tilt 
or subjective 
visual
vertical

Contrapulsion

Dorsal 
medullary
syndrome 
(Lee et al. 
2015)

18 Peripheral VN 
type 5 
Horizontal (h) 
nystagmus
Contralesional
h-GENa

NPH type
2 h nystagmus
Ipsilesional
3 GENa

ICP type
3 h ipsilesional
9 mixed
Combined 
findings

Abnormal HIT
Ipsilesional in 
5 VN type
vHIT 
bilaterally
abnormal
NPH type 
Abnormal HIT
Contralesional
in
ICP type
HIT: normal

VN type 
Ipsiversive OTR
NPH type
No OTR or 
skew

Not described

aGEN gaze-evoked nystagmus
bPAN periodic alternating nystagmus
cHSN head-shaking nystagmus
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(Kim 2003) (Table 1). Medial vestibular nucleus infarction82 is one structure fre-
quently responsible for the AVS in LMS (Lee et al. 2015; Dieterich et al. 2005). It is 
important to emphasize that dorsal medullary strokes may present with an isolated 
AVS; in addition, early ischemia in this location is frequently undetected by MRI 
(Lee et al. 2015). Thus, a thorough evaluation of the HINTS triad and careful follow-
up monitoring are critical for proper diagnosis and management of these patients 
(Newman-Toker et al. 2013a; Lee et al. 2015; Saber Tehrani et al. 2014; Kheradmand 
and Zee 2012), MVN transient ischemia in LMS or dorsal medullary strokes may 
improve, while other LMS signs still remain (Kattah et al. 2017). Infarction of the 
ICP or the prepositus hypoglossi nucleus or the cerebellum, supplied by branches of 
the PICA arterial territory, may contribute to the neurotologic abnormalities (Table 1) 
(Engelter et al. 2008). Ocular and saccade ipsipulsion (lateropulsion) (Kommerell 
and Hoyt 1973), skew deviation, conjugate ocular torsion, and ocular tilt reaction 
(OTR) may be present (Dieterich and Brandt 1992; Brandt and Dieterich 1993). 
Different types of nystagmus include principally horizontal, torsional, or mixed 
types (Morrow and Sharpe 1988; Kim 2003; Kim et al. 1994), but not upbeat. In 
addition, one may find other neurologic signs that may help with the localization 
diagnosis such as an ipsilesional Horner’s syndrome, unilateral lower cranial nerve 
palsies, unilateral limb ataxia, ipsilateral severe truncal lateropulsion, and crossed 
pinprick sensation loss in one side of the face and the contralateral trunk and limbs. 
The incidence of initially false-negative stroke MRI in the LMS depends on the tim-
ing of the MRI (Kattah et al. 2009; Oppenheim et al. 2000; Engelter et al. 2008; 
Saber Tehrani et al. 2014); however, when the clinical examination is strongly sug-
gestive of stroke and a head MRI does not show an abnormality, the search for addi-
tional imaging signs of ongoing medullary dysfunction in CTA or MRI may be 
particularly helpful (Saber Tehrani et al. 2017). Small lacunar LMS strokes (Miller 
Fisher size criterion: 0.5–15 mm) (Fisher 1965), due to occlusion of small penetrat-
ing VA branches, may cause discrete deficits, for example, isolated truncal lateropul-
sion may be an infrequent finding in LMS (Hommel et al. 1985; Bertholon et al. 
1996). In the NEMC-PCR, 3 (n = 407) patients had a lacunar stroke of the medulla 
(Caplan 2015). A recent review of main oculomotor abnormalities summarizes the 
main findings seen in selective lesions of the NPH, MVN, and ICP (Lee et al. 2018).

 Medial Medullary Syndrome (MMS)

MMS is less common than LMS. The etiology is frequently VA occlusion or dissec-
tion. The structures affected by dorsal medial medullar infarcts involve the preposi-
tus hypoglossi nuclear complex (see Table 1), which includes the nucleus of Roller 
and the nucleus intercalatus (Staderini nucleus) (Kim et al. 2005); lesions in this 
location are associated with UBN and rarely hemi-seesaw. The patients also have 
horizontal nystagmus with ipsilesional fast phases, normal HIT, contraversive skew, 
and ocular and truncal contrapulsion.
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 Dorsal Medullary Syndrome (DMS)

DMS is also an uncommon stroke; however, it is of particular neurotologic interest 
because it targets the MVN and the nucleus prepositus hypoglossi (NPH). As a 
result, a lesion involving the MVN will be associated with vertigo and will have a 
primary gaze contralesional nystagmus and a positive ipsilesional HIT; these 
patients often have direction-changing horizontal gaze-evoked nystagmus (GEN) 
and often have an ipsiversive skew or OTR (Table 1). Lesions located primarily in 
the NPH have an ipsilesional h-nystagmus, and the HIT is abnormal to the contral-
esional side (Lee et al. 2015). In this particular group of patients, the MRI may be 
initially false negative; thus, the HINTS triad is quite helpful (Kattah et al. 2009). 
The use of video-HIT to quantitate the VOR in these patients is extremely impor-
tant, particularly when both MVN and NPH are simultaneously affected (Chen et al. 
2014; Mantokoudis et al. 2015; Newman-Toker et al. 2013b).

 Medial PICA and Lateral PICA Strokes

The clinical picture observed in infarcts involving the territory of medial PICA 
(mPICA) depends on the structures affected by the infarction and thus is heteroge-
neous. In addition, combined medial and lateral PICA (lPICA) strokes are large and 
complicated by ischemic cerebellar edema. The most common symptoms include 
an AVS with vertigo, dizziness, vomiting, and abnormal gait (Caplan 2015; Kerber 
et al. 2015; Tarnutzer et al. 2011). In the NEMC-PCR, 33 (n = 84) cerebellar stroke 
patients had prodromal TIAs (39%), particularly those with middle territory infarcts, 
13 (n = 19) (68%) patients had middle territory plus strokes, and 3 (n = 4) patients 
had AICA strokes (Caplan 2015). Isolated medial or lateral PICA strokes have good 
prognosis, in general. In a 28-PICA stroke autopsy cohort, clinicopathologic cor-
relation revealed pure PICA strokes in 15 patients, and PICA combined with addi-
tional vascular territories, referred to as PICA-plus, affected the remaining cases. 
Only two had combined medial and lateral PICA lesions (Amarenco et al. 1989). 
Five patients had one PICA stroke and all were incidental autopsy findings, as the 
cause of death was non-neurologic. None of the reported mPICA stroke cases had 
pathologic evidence of brainstem compression; in fact, the coexistent dorsal medul-
lary syndrome (generally supplied by a branch of the PICA) dominated their clini-
cal picture; all had vertigo as a prominent symptom (Amarenco et  al. 1989). In 
contrast, the 13 PICA-plus cerebellar infarcts were associated with ischemic edema, 
brainstem compression, and hydrocephalus, which were eventually the presumed 
cause of death. This clinicopathologic correlation is particularly relevant to this 
chapter. Pseudotumoral cerebellar strokes may present with vestibular pseudo- 
neuritis syndrome and require close monitoring and potentially surgical interven-
tion to avoid brainstem compression, hydrocephalus, and tonsillar herniation 
(Duncan et al. 1975; Caplan 2015; Amarenco et al. 1989). At a later date, larger 
clinical series of mPICA stroke patients showed only 6 (n = 36) combined lateral or 
dorsal medulla/cerebellar strokes (Kase et al. 1993).
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In the NEMC-PCR, 80 (n = 407) patients had proximal (extracranial) VA dis-
ease, 37 had occlusion, 34 had severe stenosis, and 12 had bilateral extracranial 
vertebral artery (ECVA) disease; 50% presented with a stroke after a TIA, and 24% 
had isolated TIAs. In general, patients with isolated V1-VA segment disease did 
well; the majority of those who did not do well had severe intracranial multifocal 
atherosclerosis. The most common stroke distribution was the proximal arterial ter-
ritory in 44% of cases, followed by the combined proximal/middle territory in 56% 
of cases. V1-VA stenosis lesions are typically atherosclerotic, and when they are 
responsible for a stroke, embolism is the most likely mechanism; multifocal intra-
cranial atherosclerosis is rather frequent (Caplan 2015). In contrast to atherosclero-
sis as the primary cause of the ECVA V1 segment, VA dissections were the most 
frequent pathology involving the V2 and V3 segments; neck pain actually precedes 
the neurologic symptoms by days and rarely weeks; on average, the time interval 
between headache and ischemia was 3.7 days, ranging from 1 h to 14 days (Silbert 
et al. 1995). The most common infarcts are in the distribution of PICA, either cer-
ebellar or LMS. In general, MRA has lower sensitivity to detect VA dissections. A 
hyperintense sign in the wall of the VA with an eccentric compressed lumen is a 
typical finding (Levy et al. 1994). Dissection of the ICVA is uncommon (Fig. 5).

The most consistent bedside indicator of a central AVS is a normal HIT (Newman- 
Toker et al. 2008). In PICA strokes affecting the MVN, there is a potential for an 
abnormal HIT, and in such cases, the HINTS triad would be sensitive to proper 
clinical localization (Kattah et al. 2009). I still recall the diagnostic uncertainty in 
the first HINTS-central cases with initially false-negative MRIs, requiring debate 
about implementing a revised stroke protocol. In the end, we obtained the repeat 
MRI with the same magnet and without change in the stroke protocol. I believe that 
the change to a positive DWI signal represents a transition within the affected tissue, 
from ischemia to infarction. Direction-changing GEN was an excellent discrimina-
tor, when present (Hotson and Baloh 1998; Newman-Toker et al. 2013a; Chen et al. 
2011; Lee 2014). Finally, it is important to keep in mind that unidirectional GEN is 
associated with lesions in several cerebellar locations including the vermal pyramid, 
the uvula, the tonsil (Table 1) also, the biventer, and the inferior semilunar lobe 
(Baier and Dieterich 2011). Skew deviation may occur with cerebellar infarcts, par-
ticularly in the nodulus (Moon et al. 2009). In this clinical setting, perverted ipsile-
sional horizontal nystagmus or DBN after horizontal head shaking points to central 
localization (Huh and Kim 2011).

In conclusion, VA and PICA strokes may mimic peripheral lesions; therefore, 
this group needs a careful neurotologic and neurologic evaluation.
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5  Middle Territory

5.1  Pontine Ischemia and the Middle Posterior Circulation 
Intracranial Territory

Anterior-Inferior Cerebellar Artery (AICA) Strokes AICA, in most individu-
als, is a bilateral symmetric artery, but there are frequent variations in origin and 
size. It supplies the inner ear, facial nerve, middle cerebellar peduncle and lateral 
pons, and the anteromedial cerebellum and flocculus. Adams provided the first 
detailed clinicopathologic description of an AICA infarct (Adams 1943), which was 
further studied about 50 years later (Amarenco et al. 1993). I discussed the different 
patterns of vestibular and cochleovestibular loss earlier in the chapter. In AICA 
occlusions, the HIT is positive if the infarct involves the peripheral labyrinthine, the 
vestibular fascicle, or the MVN (Newman-Toker et al. 2008; Kattah et al. 2009). In 
addition, it is also positive with infarcts of the cerebellar flocculus (Park et al. 2013; 
Yacovino et al. 2018). In our first series, we reported an edematous PICA cerebellar 
stroke with compression of CP angle structures and brainstem; nevertheless, 
direction- changing horizontal nystagmus localized the lesion in the central vestibu-
lar pathways (Newman-Toker et al. 2008). Whereas in VN, the nystagmus direction 
does not change with positional testing, in a central lesion, the primary position 
nystagmus may change direction with positional testing (Shaikh et al. 2014). It is 
important to remark that not all AICA strokes are associated with an abnormal HIT 
(Kattah et al. 2013).

Penetrator Pontine Branch Artery Strokes The clinical findings in pontine 
strokes due to basilar artery stenosis are quite eloquent and are often associated with 
altered mental status, tetra paresis, conjugate, horizontal gaze palsy, small miotic 
pupils that react to a bright penlight, abducens and facial paresis, and contralateral 
limb ataxia. An internuclear ophthalmoplegia (INO) and all its variants are fre-
quently present (Bronstein et al. 1990). An AVS may present initially, followed by 
rapid neurologic deterioration. Horizontal gaze paretic nystagmus is often asym-
metric (more prominent on the side of the affected pontine tegmentum). A com-
bined INO and ipsilesional gaze palsy causes the classic one and a half syndrome 
(Fisher 1967). Upbeat nystagmus in primary straight gaze is common (Fisher 1967). 
The vestibular nuclei are often involved in pontine lesions, particularly if the BA 
occlusion is progressive and nystagmus patterns, similar to those described with 
medullary lesions, might be present. Skew deviation is frequent and usually of large 
amplitude (> than three-prism diopters). In HINTS, the average skew was nine- 
prism diopters (Kattah et al. 2009). Vascular ocular tilt reactions (OTRs) are most 
common with strokes in the medulla and pons and less common with midbrain and 
cerebellar lesions. In INO with skew, the lesion is usually on the side of the hyper-
tropic (uppermost) eye (Keane 1975).
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In the NEMC-PCR, the arterial pathology involved the middle third of the BA, 
most commonly severe atherosclerotic BA disease in 55 (n = 87) cases and artery- 
to- artery or cardiac embolism in 32 (n = 87) patients. In patients with BA stenosis, 
58 (n = 87) patients first had TIAs, followed by strokes. In contrast, cases with BA 
embolism had acute strokes, not preceded by TIAs. The TIAs were frequent and the 
average period prior to a stroke was 2.1 months (Caplan 2015). In this group, the 
stroke most frequently affected the pons and the cerebellum supplied by AICA. An 
important fact is the duration of recurrent TIAs without infarction (Caplan 2015). 
Among 87 patients with severe basilar artery disease, 2 died, 35 had no acute neu-
rologic deficits, 27 had minor neurologic abnormalities, and 23 had moderately 
severe neurologic findings (Caplan 2015). In general, BA embolism was associated 
with poor prognosis.

Pontine lacunes are frequent, particularly among diabetic patients (Ichikawa 
et al. 2012). The distribution and size of the pontine infarcts vary with the anatomy 
of the perforator arteries. The topographic classification includes four basic territo-
ries: anterolateral, anteromedian, lateral tegmental, and posterior (Bassetti et  al. 
1996). Anteromedial infarcts (the most common and largest pontine infarcts), usu-
ally the stroke, is limited to the basis pontis and spares the tegmentum; in some 
instances, however, it may affect both. Anterolateral infarcts may cause conjugate 
gaze palsies and ipsilesional peripheral facial palsy. There is a large variety of pos-
sible lacunar stroke distributions in the pons (Kattah et al. 2009; Caplan 2015; Saber 
Tehrani et al. 2014; Bassetti et al. 1996), many of which may be responsible for an 
AVS and may have prominent ocular motor abnormalities and nystagmus (Leigh 
and Zee 2015; Lee et al. 2018).

In the NEMC-PCR, penetrator artery strokes in the pons accounted for 26 
(n = 58) patients (n = 401, represents total registry number of patients). The VA and 
BA arterial flow voids of these patients were normal (Caplan 2015). Isolated INO 
was frequent, and in some cases, symptoms of an AVS were present. We have seen 
an AVS in vascular INO patients in a number of occasions, probably due to MVN 
ischemia or infarction (Newman-Toker et al. 2008); alternatively, involvement of 
vestibular fibers that travel within the MLF may be responsible. In penetrator 
strokes, the atheromatous plaque may block the orifice of the branch artery; to local-
ize the abnormal penetrator artery, L. Caplan recommends one noninvasive method, 
which consists of obtaining and juxtaposing a sagittal T2-weighted MRI with a 
sagittal MRA (Caplan 2015).

Superior cerebellar artery strokes generally do not have an associated AVS, 
unless multiple territory infarcts are affected (Lee 2009). Lesions in the insula (Lee 
2014) have been sporadically reported in patients with vertigo; this point remains 
still debatable or at least very infrequent (Baier et al. 2013). Cortical lesions are 
associated with vestibular perceptual abnormalities affecting posture and navigation 
but not an AVS in its strict definition (Brandt et al. 2014).

To conclude, I focused this chapter on vascular vertigo and ischemic strokes as 
the most common cause of central vertigo; however, other etiologies are less fre-
quent (Kattah et al. 2009) and often identified with neuroimaging. Multiple sclero-
sis plaques and inflammatory, infectious, and paraneoplastic autoimmune disorders 
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probably followed. I emphasized throughout this chapter the importance of a thor-
ough clinical examination, as well as recent technological advances that allow pre-
cise recording of the eye movements and the head impulse test, ultimately leading 
to the precise clinical classification of the lesion and a target imaging study.
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Combined Central and Peripheral 
Degenerative Vestibular Disorders

David J. Szmulewicz

Abstract Differentiation of the aetiology and localization of balance disorders  has 
traditionally involved differentiation between central (originating in the brain) and 
peripheral (originating in the vestibular labyrinth or the nerve) disorders. Given the 
increasing recognition of combined central (cerebellar) and peripheral (vestibular) 
pathology, this attempt at dichotomization may in fact function to obscure accurate 
diagnosis. This chapter, a review of combined central and peripheral degenerative 
disorders, emphasizes that identification of such combined phenotypes reduces the 
number of potential differential diagnoses, providing a greater opportunity for a 
definitive diagnosis and further disease discovery.

Keywords Vestibulo-ocular reflex · Balance · Cerebellum · Vertigo

1  Introduction

Clinical examination of eye movements in patients with imbalance and/or incoordi-
nation is a critical diagnostic tool in differentiating challenging balance disorders 
(Newman-Toker et  al. 2008; Kerber 2009). Physiologically, accurate eye move-
ments function to provide a stable image of an organism’s visual world. As humans, 
this process is extremely important and facilitates safe and effective navigation of 
our environment. Two vital mechanisms in this process are the vestibulo- ocular 
reflex (VOR) and smooth pursuit (SP) eye movements. Recent developments in 
diagnostic technology have meant that objective, portable and non-invasive oculo-
motor measurement is readily accessible (MacDougall et  al. 2009; Szmulewicz 
et al. 2011a).
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The SP system functions to maintain foveation of a moving target. It operates at 
low velocity and frequency of target movement. At greater than 60 degrees per 
second or 1 Hz, SP rapidly fails, and consequently eye motion falls behind target 
motion so that corrective saccades are needed in order to re-foveate. SP gain (i.e. 
the ratio of eye angular velocity to target angular velocity) is a function of target 
velocity and acceleration. A target with continuously changing velocity is pursued 
more accurately if the pattern of movement is predictable (e.g. sinusoidal) 
(Lisberger et al. 1981).

The VOR is an exquisitely sensitive, bilaterally coupled inner ear system for 
detecting head motion, which then rapidly coordinates oculomotor adjustments 
aimed at ensuring maximal visual clarity during fast physiological head move-
ment. This is accomplished by converting the head movement metrics (velocity, 
distance and direction) into rapid, corrective eye movements (saccades) that drive 
the eyes in the opposite direction and in an equal amount to the head movement. In 
doing so, the eye movement cancels out the potential effect that head movement 
may have on the retina and thus prevents degradation of vision that would other-
wise result from motion of the target relative to the eye. The vestibulocerebellum 
is the portion of the cerebellum involved in governing responses to stimuli impor-
tant for motion detection, such as head motion or a visual target motion (Voogd 
et al. 1996). The vestibulocerebellum is required to modulate the VOR, a plastic or 
‘learning’ reflex. Via this mechanism (and others), the cerebellum exerts a key role 
in vision (Ramat et al. 2001).

2  Visual-Vestibular Interactions

Eye movements accomplish two key visual goals: to be able to ‘follow’ a moving 
visual target, i.e. to fixate, and to ‘look’ at a new target, i.e. to refixate. The mainte-
nance of stable vision during head motion requires compensatory eye movements, 
which requires the interaction of several oculomotor control systems. For VOR, the 
addition of visual input such as SP results in the visually enhanced vestibulo-ocular 
reflex (VVOR). The VVOR is the addition of VOR and vision (i.e. SP) and func-
tions to stabilize the image of an earth- fixed target, while the subject is moving. 
VOR suppression (VORS) is a cerebellar- mediated oculomotor task and usually 
acts to suppress VOR, so that gaze can be changed during head movement, when, 
for example, one follows a moving target with eyes and head. In this way, VORS 
involves subtraction of the contribution of the VOR from eye movement.

While the study of VOR in isolation is a useful research metric, in reality the 
VOR is constantly interacting with other oculomotor systems. The processes by 
which the VOR is informed by visual information primarily occur within the ves-
tibular nuclei (Jones 1985).
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3  The Clinical Utility of the VVOR

Baloh et al. showed that an abnormal VVOR was only present in patients with a 
combined impairment of cerebellar ataxia and bilateral vestibular hypofunction 
(Baloh et al. 1979). An abnormality of the VVOR reflects a compound deficit of 
the three key compensatory eye movement systems: the vestibulo-ocular reflex 
(VOR), the optokinetic reflex OKR and smooth pursuit. Other researchers went on 
to exploit this combined central and peripheral vestibular pathology in their work 
on vestibular physiology (Bronstein et  al. 1991; Waterston  et  al. 1992). 
Anatomically, the VOR reflects a component of vestibular function, whilst SP + OKR 
are cerebella functions. An abnormal VVOR can be demonstrated clinically by 
turning a patient’s head slowly (at approximately 0.5 Hz) in the yaw or pitch axes 
while the patient’s gaze is directed at an earth-fixed target and observing that the 
compensatory eye movements are saccadic rather than smooth (Fig. 1).

It was not until the work of Miglaccio et al. that cerebellar ataxia with bilateral 
vestibulopathy (CABV) was described as a distinct clinical syndrome with the 

Fig. 1 Top panel: bilateral vestibulopathy shown on horizontal impulsive testing recorded using 
an ICS Impulse video-oculographic system (GN Otometrics, Taastrup, Denmark). The head rota-
tion stimulus is shown in red (up to a peak angular velocity of 250°/sec and an angular acceleration 
of 2000°/sec); eye movement response is shown in black. Inset shows horizontal impulses in a 
normal subject with a VOR gain of 1, while main panel shows a patient with a bilateral vestibu-
lopathy with a gain less than 0.1  in each direction. There are overt catch-up saccades. Middle 
panel: cerebellar impairment results in saccadic visual pursuit recorded using an ICS video-oculo-
graphic system (GN Otometrics, Denmark). There is no head rotation (red) as the eyes slowly 
pursue a slow moving target; salvos of corrective saccades are required (black). Lower panel: 
impaired horizontal VVOR recorded using an ICS video-oculographic system (GN Otometrics, 
Denmark). The head rotation stimulus is shown in red and the eye movement response is shown in 
black. The CABV patient makes salvos of catch-up saccades in response to a reduced VVOR gain
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VVOR as its characteristic oculomotor deficit (Migliaccio 2004). A somatosensory 
deficit was identified in a subset of CABV patients that allowed the characterization 
of a novel clinical syndrome: cerebellar ataxia with neuronopathy and vestibular 
areflexia syndrome (CANVAS) (Szmulewicz et al. 2011b). In utilizing the VVOR, 
we were able to identify many patients with both cerebellar ataxia and a bilateral 
vestibulopathy who had diagnoses other than CANVAS, and so we altered the use 
of the term ‘CABV’ from a syndrome to a phenotype, which could be seen in a 

Fig. 1 (continued)
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number of diseases including spinocerebellar ataxia (SCA) types 3 and 6 (Huh et al. 
2015; Szmulewicz et al. 2014a), Friedreich’s ataxia (FA)14, multiple system atrophy 
of the cerebellar type (MSAc)13, Wernicke syndrome (Kattah et al. 2013) and com-
bined pathology of independent aetiologies (for example, a patient with a Chiari 
malformation who underwent a surgical posterior decompression followed by a 
post-surgical infection which was treated with gentamicin that was complicated by 
an iatrogenic bilateral vestibulopathy) (Szmulewicz et al. 2011a).

The emergence of the CABV phenotype questions the traditional anatomical 
delineation between peripheral and central vestibular aetiologies of imbalance. 
The vestibular nuclei are located in the medulla, i.e. located outside the cerebellum 
and, while not named as cerebellar nuclei, are generally considered to be the ana-
tomical equivalent of the deep cerebellar nuclei of the vestibulocerebellum (Martin 
2012). The cerebellar nuclei and the lateral vestibular nucleus constitute the efferent 
pathways of the cerebellum (Rahimi-Balaei et  al. 2015).  The lateral vestibular 
nucleus receives cerebellar input (in the form of the Purkinje cell axons) and is 
therefore often considered to be a cerebellar, rather than a vestibular nucleus (Voogd 
et  al. 1991). Given the intimate developmental association of the cerebellar and 
vestibular nuclei, the differentiation of the two may be viewed as somewhat con-
trived and of limited functional value. This forms the basis of a challenge to the 
traditional central versus peripheral vestibular aetiology dichotomy and whether 
this may be a somewhat artificial delineation, particularly in the sphere of the more 
complex balance disorders.

Gait ataxia may be due to an impairment of any one or more of cerebellar, ves-
tibular and somatosensory function. It then follows that (Newman-Toker et al. 2008) 
in any patient presenting with an ataxic gait, all three of these systems are evaluated 
and (Kerber 2009) where a diagnosis of an isolated bilateral vestibulopathy, a cer-
ebellar ataxia or a peripheral neuropathy (or neuronopathy) has been made, that the 
patient should be assessed for the presence of one or two of the other deficits which 
may cause an ataxic gait. Cerebellar dysfunction may be clinically assessed by 
examining for the presence of cerebellar oculomotor abnormalities (e.g. saccadic 
visual pursuit, gaze-evoked or down-beat nystagmus), limb ataxia and cerebellar 
dysarthria. Cerebellar atrophy on MRI should also be sought although it may be 
absent in the earlier stages of a cerebellar disorder (Szmulewicz et al. 2011a). A 
bilateral vestibulopathy is most readily seen during the bedside examination with 
the head impulse test (Halmagyi and Curthoys 1988) and objectively using modali-
ties such as the video head impulse test, bithermal caloric irrigation or the rotational 
chair. Somatosensory impairment may manifest as abnormal or absent perception of 
light touch, pin prick, vibration or joint position sense. This is best confirmed objec-
tively with a nerve conduction study looking for reduced or absent sensory nerve 
action potentials (SNAPs) as the bedside assessment of sensation is far from reliable 
(Szmulewicz et al. 2015). CABV can be seen during the oculomotor examination as 
a broken-up (or saccadic) VVOR (Migliaccio 2004; Petersen et al. 2013) (Fig. 1). 
An abnormal VVOR is best visualized with infrared video-oculography or quantita-
tively with rapid video-oculography (Szmulewicz et al. 2011a). We have found the 
rotational chair to be a less sensitive modality.
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3.1  The Video Visually Enhanced Vestibulo-ocular Reflex 
(VVOR)

Development of the quantitative bedside VVOR, which employs rapid video- 
oculographic (rVOG) technology, was the next increment in the diagnosis of 
vestibulo- cerebellar disease (Szmulewicz et al. 2014a). Portable rVOG is a rela-
tively new field of diagnostic eye movement quantification, whose utility has been 
facilitated by the more recent development of a lightweight, minimum-slip high- 
speed video eye tracking system (MacDougall et al. 2009). This has allowed in-
office and bedside non- invasive, objective and accurate oculomotor assessment.

4  Disease Taxonomy and the CABV Phenotype

An abnormal VVOR and, hence, combined cerebellar and bilateral vestibular 
impairment may be seen in an increasing number of disorders (Table 1). Its presence 
plays an ongoing role in the value of deep phenotyping in describing new ataxic 
disorders as well as further defining existing ones.

4.1  Cerebellar Ataxia with Neuronopathy and Vestibular 
Areflexia (CANVAS)

The cardinal triad of CANVAS are cerebellar impairment, bilateral vestibular hypo-
function and a neuronopathy (ganglionopathy) (Szmulewicz et al. 2011a). The dis-
covery of CANVAS relied on identifying patients with combined central and 

Table 1 Key differential 
diagnoses for the CABV 
phenotype

Inherited

  Friedreich’s ataxia
  Spinocerebellar ataxia (particularly 

SCA3, SCA6)
Cerebellar ataxia with neuronopathy 
and vestibular areflexia syndrome 
(CANVAS)a

Acquired

  Multiple system atrophy with 
predominant cerebellar ataxia 
(MSAc)

  Idiopathic cerebellar ataxia with 
bilateral vestibulopathy (iCABV)

  Wernicke encephalopathy
  aDual pathology

aThe mode of inheritance in CANVAS is 
yet to be established
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peripheral vestibular pathology, i.e. the CABV phenotype (Szmulewicz et  al. 
2014b). Following this, neurophysiological testing was used to select those who had 
a third component of pathology – a somatosensory impairment (Szmulewicz et al. 
2015). In addition to an abnormal VVOR (Szmulewicz et  al. 2011a; Migliaccio 
2004; Petersen et al. 2013), patients with CANVAS have impairments in peripheral 
sensory perception (including light touch, vibration or proprioception) (Szmulewicz 
et al. 2011b; 2014b). CANVAS patients primarily present with slowly progressive 
gait ataxia and somatosensory impairment, which generally begins in the fifth to 
seventh (but may present as early as the third) decades of life. There is no published 
clinical examination data regarding the sensory dysfunction of the geniculate or 
trigeminal ganglia although petrological and electrophysiological evidence of these 
cranial ganglionopathies exists (Szmulewicz et al. 2015). In addition to cerebellar 
impairment, bilateral vestibulopathy and somatosensory deficits, common accom-
paniments may include chronic neurogenic cough and autonomic dysfunction (e.g. 
orthostatic hypotension) (Szmulewicz et  al. 2014b). Hearing is unaffected by 
CANVAS (Szmulewicz et al. 2016).

Post-mortem pathology reveals a consistent pattern of cerebellar atrophy involv-
ing the anterior and dorsal vermis (lobules VI, VIIa and VIIb) and, hemispherically, 
crus I (Szmulewicz et al. 2011b; 2014c). Temporal bone otopathology finds a severe 
vestibular (Scarpa’s) neuronopathy (ganglionopathy) which underlies the bilateral 
vestibulopathy. The geniculate and trigeminal ganglia, but not the spiral ganglion, 
are similarly affected (Szmulewicz et al. 2011c). The somatosensory deficit seen in 
CANVAS reflects the marked neuronal loss seen in the dorsal root ganglia (DRG) 
(Szmulewicz et  al. 2014c). The DRG neuronal loss is responsible for secondary 
axonal degeneration which manifests clinically as reduced perception of sensation 
and is electrophysiologically identifiable as reduced or absent SNAPs (Szmulewicz 
et al. 2015).

A genetic aetiology is strongly suggested by the pedigrees of multiple families 
with several affected members (in at least a subset of the cohort) and is consistent 
with either an autosomal recessive or an autosomal dominant pattern of inheritance 
with reduced penetrance (Szmulewicz et al. 2016, 2014b). For the patient who pres-
ents with the CABV phenotype in combination with electrophysiological evidence 
of peripheral sensory impairment, a diagnostic protocol was constructed, in part, to 
exclude other causes of gait ataxia which may manifest with the same clinical triad 
as CANVAS. These disorders include several of the autosomal dominant spinocer-
ebellar ataxias and late-onset FA (Table 1) (Szmulewicz et al. 2016).

4.2  Idiopathic Cerebellar Ataxia with Bilateral Vestibulopathy 
(iCABV)

A not insignificant number of cases with the CABV phenotype are unable to be 
diagnosed with a specific disorder or underlying aetiology. We have labelled this 
‘idiopathic cerebellar ataxia with bilateral vestibulopathy (iCABV)’. We have found 
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that the manifestation of the final component of the CANVAS diagnostic triad may 
take greater than 10 years. We speculate that a proportion of iCABV cases will go 
on to develop CANVAS, that is, CANVAS in evolution (Szmulewicz et al. 2014b). 
For this reason, we recommend that a patient with the CABV phenotype should be 
reviewed at regular intervals to ascertain whether they will go on to satisfy the diag-
nostic criteria for CANVAS (or indeed another disorder), i.e. develop a somatosen-
sory deficit (Szmulewicz et al. 2016). It is possible that in time, other diagnostic 
entities which present with a compound cerebellar and bilateral vestibulopathy will 
be recognized.

4.3  Friedreich’s Ataxia

Friedreich’s ataxia (FA) is the most common inherited ataxia (Koeppen 2011), and 
a mutation in the gene encoding frataxin located on chromosome 9q 26 is generally 
responsible. Its heritability is autosomal recessive (Campuzano et al. 1996; Delatycki 
and Corben 2012) with prevalence varying between 2 and 4.5 per 100,000 (Barbeau 
1978). Symptom onset generally occurs between 8 and 19 years of age (Friedreich 
1863; Campanella et  al. 2015). Late-onset FA begins after the age of 40  years 
(Klockgether and Chamberlain 1993). The hallmark of cerebellar pathology in FA 
is progressive atrophy of the dentate nucleus of the cerebellum as a result of neuro-
nal loss (Koeppen 2011). The widespread neurodegenerative sequelae seen in FA 
include corticospinal, dorsal column and spinocerebellar tract degeneration. 
Sensorineural hearing loss is seen in approximately 20 percent (Koeppen 2011). 
Mild cerebellar atrophy, particularly affecting the vermis, may be seen later in the 
disease course (Giroud et al. 1994). Neuronal loss within Clarke’s columns and a 
dorsal root ganglionopathy also exist (Hashida et al. 1997) and probably underlie, at 
least in part, the proprioceptive component of the ataxia.

Oculomotor disturbances are common, and gaze fixation is often interrupted by 
saccadic intrusions which are most commonly square-wave jerks but occasionally 
ocular flutter. VOR gain is reduced in most (Fahey et al. 2008). Vestibular ganglia 
cell loss with vestibular nerve atrophy has been reported, while the vestibular end 
organ and the facial nerve appear unaffected. There is marked loss of spiral ganglion 
cells with a near-normal organ of Corti (Spoendlin 1974; Oppenheimer 1979).

4.4  Spinocerebellar Ataxia Type 3 (Machado–Joseph Disease)

Spinocerebellar ataxia type 3 (SCA3) or Machado–Joseph disease is the most prev-
alent spinocerebellar ataxia and comprises 20 to 50% of all SCAs. Age of onset 
varies from childhood to late adult life, but most commonly symptoms begin 
between 20 and 45 years of age (Moseley et al. 1998; Schols et al. 1995).
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The cerebellum is a particular target of abnormal gene expression (Hashida et al. 
1997), and the MRI tends to visualize a combination of fourth ventricle enlargement 
with cerebellar vermal, hemispheric, superior cerebellar peduncle and pontine atro-
phy (Murata et al. 1998). Macroscopic pathology discloses atrophy of the cerebel-
lum, pons and cranial nerves III–XII (Buttner et al. 1998). Gaze-evoked nystagmus, 
slowing of saccades, saccadic dysmetria, square-wave jerks and rebound nystagmus 
may all be seen (Buttner et al. 1998; Burk et al. 1999). Impairment of the VOR is a 
common feature (Gordon et al. 2003; Zeigelboim et al. 2013).

Hearing abnormalities have been reported in approximately a third of SCA 3 
patients (Hoche et al. 2008). Although there appears to be a dearth of published 
otopathology in SCA 3, Hoche et al. reported widespread pathological involvement 
of the auditory brainstem nuclei which may account for the auditory abnormalities 
(Linnemann et al. 2016). A combination of reduced VOR gain and a peripheral sen-
sory neuropathy may also accompany the cerebellar atrophy (Matsumura et al. 1997).

4.5  Spinocerebellar Ataxia Type 6

Spinocerebellar ataxia type 6 (SCA6) is a late-onset and slowly progressive cerebel-
lar ataxia (Zhuchenko et al. 1997). A CAG repeat(polyglutamine) expansion in the 
CACNA1A gene coding for a voltage-dependent calcium channel is the principal 
genetic abnormality (Rajakulendran et al. 2011). Other mutations in this gene are 
responsible for episodic ataxia type 2 and familial hemiplegic migraine (Solodkin 
and Gomez 2012). Disease onset in most patients is in the sixth decade (Schols et al. 
2000). This late onset of symptoms most likely accounts for fact that SCA6 is found 
in approximately 10% of patients with apparently idiopathic sporadic cerebellar 
ataxia (Yu-Wai-Man et al. 2009). MRI abnormalities are generally limited to cere-
bellar atrophy (Schols et al. 2000). Oculomotor abnormalities are comprised of sac-
cadic pursuit, square-wave jerks, down-beat nystagmus and saccadic dysmetria 
(Crane et al. 2000). Vestibular function in SCA6 patients has been reportedly nor-
mal (Buttner et  al. 1998), hypoactive (Crane et  al. 2000; Gomez et  al. 1997) or 
hyperactive (Yu-Wai-Man et al. 2009). More recently the VOR gain in response to 
high acceleration and frequency stimulation has been reported to be is increased in 
mild disease and decreased in more severe disease (Huh et al. 2015). Episodic ver-
tigo is often present (Schols et al. 1997), while peripheral sensory impairment is a 
more variable feature (Graham and Oppenheimer 1969) with a recent study report-
ing a somatosensory deficit in 22% of SCA6 patients (Matsumura et al. 1997).

4.6  Multiple System Atrophy with Predominant Cerebellar 
Ataxia (MSAc)

Multiple system atrophy (MSA) encompasses the former diagnostic entities of 
olivo-pontocerebellar atrophy, striatonigral degeneration and Shy-Drager syndrome 
(Hara et al. 2007). MSA is primarily a sporadic disorder although familial cases 

Combined Central and Peripheral Degenerative Vestibular Disorders



346

have been identified (Berciano 2002). It is a neurodegenerative disease causing vari-
ous degrees of extra-pyramidal, pyramidal, cerebellar and autonomic impairment 
(Bower et al. 1997). The annual incidence of MSA is approximately 3 per 100,000 
(Schrag et al. 1999) with an estimated prevalence between 2 and 5 cases per 100,000 
population (Tison et al. 2000; Kollensperger et al. 2010). The mean age of onset of 
52 (range from 31 to 78) years (Tison et al. 2000; Kollensperger et al. 2010). MSA 
with predominant parkinsonism (MSAp) occurs two to four times as commonly as 
MSAc (Quinn 2005; Watanabe et al. 2002) except in Japan, where MSAc occurs 
approximately twice as often (Brooks and Seppi 2009). The MRI brain scan in 
patients with MSA may reveal atrophy of the putamen, pons and middle cerebellar 
peduncles (Jellinger and Lantos 2010; Anderson et al. 2008). Degeneration of trans-
verse pontocerebellar fibres may give rise to the somewhat characteristic ‘hot cross 
bun sign’. This sign however lacks specificity and has been seen in other neurode-
generative conditions (Jellinger and Lantos 2010).

The following oculomotor abnormalities are seen in MSA patients: excessive 
square-wave jerks, mild vertical supranuclear gaze palsy, gaze-evoked nystagmus, 
positioning downbeat nystagmus, saccadic hypometria, impaired SP and abnormal 
VOR suppression (Suarez et al. 1992). It appears that disruption of the cerebellum’s 
descending inhibition on the vestibular apparatus may result in abnormalities in the 
VOR gain (Suarez et al. 1992; Ikeda et al. 2011). We have found that VOR gain may 
be reduced in a subset of MSAc patients (Szmulewicz et al. 2014a). While there do 
not appear to be any published reports of otopathology in MSAc patients, one study 
was unable to find any hearing impairment in 32 MSAc patients as compared to 
age-matched controls (Victor et al. 1989).

4.7  Wernicke Encephalopathy

Wernicke encephalopathy (WE) may be an acute life-threatening syndrome which 
may complicate thiamine deficiency (Harper 1983). It is most often associated with 
chronic alcoholism (78,79). Autopsy studies have found a higher incidence of WE 
in the general population than are recognized clinically (Vege et  al. 1991; Ghez 
1969). WE patients present with a range of central oculomotor abnormalities and a 
bilateral vestibulopathy73. Given the known cerebellar involvement in WE, it may 
present with the CABV phenotype. Kattah et al. (2013) describe a series of patients 
who while not encephalopathic suffered with Wernicke disease and a bilateral 
 vestibulopathy. This further emphasizes the importance of  recognizing the oculo-
motor abnormalities as a cue to commencing urgent thiamine replacement therapy 
in this group of ataxic patients.
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4.8  CABV Due to Dual Pathology

The CABV phenotype may be the combination of two separate pathologies, for 
instance, a patient who suffered a cerebellar haemorrhagic stroke and then received 
parenteral gentamicin for sepsis which was then complicated by vestibulotoxicity. 
While this patient has the combination of cerebellar ataxia and a bilateral vestibu-
lopathy, they are not due to a common aetiology. Other cases we have seen include 
haemorrhage into a cerebellar tumour complicated by superficial siderosis leading 
to bilateral vestibular hypofunction.

5  Conclusion

Identification of the CABV phenotype not only reduces the number of potential dif-
ferential diagnoses for any presenting patient but also outlines a diagnostic pathway 
with a greater opportunity for obtaining a definitive diagnosis. In the broader 
research context, the VVOR has a role in phenotyping as a means to improved dis-
ease taxonomy, while at a clinical level, it aids diagnosis. Combined cerebellar and 
peripheral vestibular dysfunction should be sought in any chronic, particularly pro-
gressive, gait ataxia. The presence of either a bilateral vestibulopathy or cerebellar 
ataxia should not preclude the investigation of the other or, indeed, a somatosensory 
deficit. This approach enables increased diagnostic accuracy, more targeted man-
agement and further elucidation of the interplay between these three systems in an 
increasing range of balance disorders. The combination of more detailed pheno-
types and the expansion and increased availability of genetic testing promises 
improved nosology, as a prelude to more definitive treatments.
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Testing the Human Vestibulo-ocular Reflex 
in the Clinic: Video Head Impulses 
and Ocular VEMPs
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and Miriam S. Welgampola

Abstract The video head impulse test (vHIT) and ocular vestibular-evoked myo-
genic potential are two techniques developed in recent times that enable non- 
invasive interrogation of the human vestibulo-ocular reflex in a clinical setting. In 
this chapter, we examine their testing technique, analysis and application in acute 
and episodic vestibular syndromes and chronic imbalance.

Keywords Myogenic potential · Vestibular system · Vestibulocolic reflex

1  Introduction

The vestibular system, our “sixth sense”, is made of five peripheral receptors on 
either side, whose innervation carries signals to the vestibular nuclei within the 
brainstem and thence to effector muscles, which move the eyes, neck, trunk and 
limbs. The vestibulo-ocular reflex (VOR), the fastest reflex in the human body, was 
once described as an “ocular gyroscope that generates eye rotations to compensate 
for head movements, so the image of the outside world can remain still on the retina 
for as much time as possible” (Leigh 1996). As the head moves, the VOR generates 
slow-phase eye movements that are equal in magnitude, approximate in velocity but 
opposite in direction, thus maintaining stable vision. It is the VOR that enables us to 
see street signs and details of houses in our neighbourhood when we walk or jog 
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down the street. Both rotational and translational head movements activate the VOR 
by stimulating the semicircular canals and otolith organs (Pozzo et al. 1990).

Vestibular function tests, past and present, assess the integrity of the VOR path-
ways in order to determine the extent and site of a vestibular lesion. The bithermal 
caloric test, described by Robert Barany in 1907, uses thermal stimulation of hori-
zontal canals to selectively assess each horizontal VOR (Baloh et al. 2012; Baloh 
2002). The sinusoidal and trapezoidal rotation tests simultaneously assess both 
horizontal canals during rotations of the head and body in the yaw plane (Hanson 
and Goebel 1998; Fife et al. 2000; Furman 2016). The gain (ratio of amplitude of 
eye velocity to the amplitude of head velocity), phase (timing relationship between 
head movement and reflexive eye response) and suppression of the VOR when 
visual fixation is present are useful parameters when seeking peripheral and central 
vestibular disorders. These tests are useful and still in use; however, they require 
cumbersome equipment and trained operators and can seldom be accommodated 
within an office practice. Two techniques developed in the past two decades, ves-
tibular evoked potential (Colebatch et al. 1994; Rosengren et al. 2005) and video 
head impulse testing (MacDougall et al. 2009), have provided clinicians easy access 
to vestibular assessment within the clinic itself.

2  Head Impulse Testing

If the head is rapidly rotated 10–20 degrees to one side, the angular VOR will pro-
duce equal and opposite eye movement to maintain the visible world upon the ret-
ina. So swift is this movement that it is imperceptible to the naked eye. When a 
peripheral vestibular disorder such as vestibular neuritis results in an impaired VOR, 
this compensatory eye movement is no longer equal to the head movement, and a 
“catch-up saccade” is needed, to return the eye back to target. Halmagyi and 
Curthoys in 1988 first reported the horizontal head impulse test which enables the 
examiner to diagnose a defective horizontal VOR with their bare hands (Halmagyi 
and Curthoys 1988). Later work by the same group described head impulse testing 
in the plane of all three semicircular canal pairs (Cremer et al. 1998). To perform the 
HIT, the examiner delivers quick, low-amplitude (10–20°) head rotations in the 
plane of any canal pair as the subject fixes upon a stationery earth-fixed target. If the 
VOR is intact, the eyes remain on target (Fig. 1e). If VOR is impaired, when the 

Fig. 1 (continued) green. In a normal VOR, head and eye velocity profiles are near identical. The 
gain (calculated as area under the eye velocity curve over the area under the head velocity) is close 
to 1 (b). In a subject with unilateral vestibular loss, the smooth eye velocity response is reduced 
and the gain is also reduced (d); corrective (“catch-up”) saccades return the eye back to target. 
Saccades that occur during the head movement are called “covert saccades”, while those occurring 
after the head movement are “overt saccades”. (e–h) The bedside head impulse test. If the VOR is 
intact (e), when the head is thrust to the right, the eyes remain fixed on the midline target. In a left 
vestibulopathy, as the head is rotated to the left, the eyes initially move with the head and drift off 
the target (g); this is followed by a catch-up or refixation saccade as the eyes return to the target (h)
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Fig. 1 (a) Three-neuron arc of the VOR. A head rotation to the right activates the right horizontal 
canal and primary vestibular afferents which project to the ipsilateral vestibular nucleus (VN) 
which in turn connects with the contralateral abducens nucleus and abducens interneurons which 
via the medial longitudinal fasciculus (MLF – dashed purple line) project to the ipsilateral oculo-
motor nucleus. Third-order neurons travel via the oculomotor and abducens nerves to innervate the 
right medial rectus (MR) and left lateral rectus (LR). (b–d) VOR quantification. The typical traces 
generated during video head impulse testing, representing head velocity in red and eye velocity in 
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head is rotated to the affected side, the head and eyes initially move together 
(Fig.  1g), followed by a rapid corrective eye movement or “catch-up saccade”, 
which rapidly refixates the eye (Fig. 1h). Catch-up saccades that occur after the 
head movement are thought to be clinically detectable and are called “overt” sac-
cades; those occurring during the head movement are undetectable to the human eye 
and are called “covert” saccades (Weber et al. 2009) (Fig. 1c). The quantitative head 
impulse (using scleral search coils or high-frequency video oculography) circum-
vents some drawbacks of the clinical HIT, which is subjective and relies upon the 
examiner’s skill. In a large study of 500 patients, where quantitative video head 
impulse test (vHIT) was used as gold standard, the bedside HIT had a sensitivity of 
66% and a low positive predictive value of 44% for detecting vestibular hypofunc-
tion (Yip et al. 2016).

3  vHIT Methods and Practical Considerations

There are several commercially available vHIT systems (Alhabib and Saliba 2017) 
which use high-speed digital cameras, with sampling rates ranging from 100 to 
250 Hz, integrated within lightweight goggles worn by the subject. The patient sits 
at a ~1 metre distance from a target (fixation point on the wall at eye level). To test 
the horizontal canals, the examiner stands behind the patient, firmly grasps the sub-
jects head with both hands and delivers rapid, unpredictable and small-amplitude 
(10–20°) fast head rotations (peak head velocity 150–300°/s) or impulses to the left 
or right (Halmagyi et al. 2017). It is essential that high-velocity (>150°/s) impulses 
are generated. The eye movement response to each impulse has a larger excitatory 
drive from the ipsilateral ear and a smaller excitatory contribution from silencing of 
the contralateral ear or “disinhibition”. A high acceleration impulse effectively 
silences input from the contralateral ear. Thus, when the VOR is defective on one 
side, a high-velocity head thrust will yield an accurate low gain, whereas a low- 
velocity impulse allows more contributions from the intact contralateral ear and may 
incorrectly yield a normal gain (van den Berg et al. 2018). To minimize the subject’s 
ability to predict the direction, the impulse should begin at the primary position. The 
head turn should be as abrupt as possible, in a “turn and stop” technique. Unintentional 
overshoot or rebound can result in stimulation of the contralateral side (Fig. 2b) (van 
den Berg et  al. 2018; MacDougall et  al. 2013). Each impulse consists of a large 
ipsilateral impulse followed by a much smaller contralateral impulse due to the head 
inertia during the stopping procedure. This has important consequences if saccade 
analysis is to provide complementary information to the gain analysis. This is illus-
trated in Fig. 2, in which the rebound during impulses towards the intact side has 
been varied in size. Due to the loss of the contribution from the neuritis-affected 
contralateral ear, the gain during the impulse towards the good side is slightly 
reduced, pulling the eye slightly away from the target. During the rebound, the low 
gain towards the affected contralateral ear means that the eye moves back in space 
with the head towards the centre target. The magnitude of this rebound determines 
whether a repositioning saccade is required and in which direction it needs to be.
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To test the vertical canals, the subject is rotated en bloc (45°) to the left or right 
of the mid-sagittal plane (Fig. 3), and their eyes are deviated ~ 45° in the yaw plane 
to in line with the mid-sagittal plane (McGarvie et al. 2015a). Turning the subject 
rightwards at this angle positions them for stimulation of left anterior and right pos-
terior (LARP) canals, and leftward turning positions them for the right anterior and 
left posterior (RALP) pair. En bloc turning minimizes neck discomfort for the subject 

RALP LARPHorizontal

A

B

                                                 
C

  Vertical Impulse - eyes on target      Vertical Impulse - eyes off target 
  Normal gain        Falsely low gain 

0.72 0.42

Fig. 3 The 3D video head impulse test. The examiner stands behind the subject and delivers pas-
sive rotations in the plane of each semicircular canal pair: RALP (right anterior, left posterior), 
horizontal and LARP (left anterior, right posterior) (a). A schematic diagram of head and eye ori-
entation during 3D VHIT testing is illustrated in (b) – when testing vertical canals, eye deviation 
by ~45 degrees aligns the eyes with the plane of a vertical canal pair; thus, the compensatory eye 
movement (to a vertical canal plane impulse) is purely vertical, and torsional eye movements are 
eliminated. (c) illustrates how vertical canal gain can be spuriously lowered if the eyes are not 
aligned with the canal pair being tested
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as compared to doing head on body rotations. The head thrusts are delivered in the 
LARP or RALP plane (Fig. 3), towards and away from the target. The eccentric 
gaze position ensures predominantly vertical eye movements when the head thrusts 
are performed, making for more reliable analysis, since current vHIT systems are 
only capable of 2D analysis and cannot measure torsion (McGarvie et al. 2015a). 
When gaze drifts away from the plane of stimulus, eye velocity response may show 
a delayed onset and spurious gain reduction without catch-up saccades. Fastening 
the goggles tightly around the head to minimize slippage and ensuring accidental 
goggle contact (with the examiners hand) does not occur during the head thrusts are 
important in order to avoid exaggerated gain due to artefact. Obtaining an unob-
structed view of the pupil by tucking drooping eyelids under goggle rims and 
increasing room lighting to reduce pupil size, removing makeup, assists better pupil 
tracking.

4  Saccades Characteristics Could Help Track Vestibular 
Compensation

A sudden severe complete unilateral vestibular loss (as observed in total vestibular 
neuritis) initially results in a defective vHIT gain and catch-up saccades that occur 
after the head movement. With the passage of time, these saccades occur at shorter 
latencies such that they are invisible to the naked eye and begin to cluster together 
(MacDougall and Curthoys 2012). It has been hypothesized that clustering of sac-
cades (both overt and covert) may signify vestibular compensation (MacDougall 
and Curthoys 2012; Curthoys and Manzari 2017). New tools of measuring saccade 
amplitude, velocity, latency and dispersion (Rey-Martinez et al. 2015) may help test 
these hypotheses.

5  Calculating VOR Gain

The horizontal vHIT gain is close to 1 in normal subjects (McGarvie et al. 2015b). 
Since the gain is also influenced by peak head velocity during impulse testing, target 
distance, device used and gain calculation algorithm, it is best that investigators col-
lect their own normative data for a known range of peak head velocities rather than 
using a set cut-off value. All methods used to calculate the VOR gain use a ratio of 
eye velocity/head velocity either over the entire duration of the ipsilateral impulse 
(wide window method) (McGarvie et al. 2015a, 2015b) or a narrow window centred 
on peak head velocity (MacDougall et al. 2009; Halmagyi et al. 2017; Weber et al. 
2008) or at a fixed point (at 40, 60 or 80  ms from onset) (Agrawal et  al. 2014; 
Mossman et al. 2015). Narrow-window gain calculations are thought to be more 
sensitive to rapid transient signal changes including skin and goggle slip-induced 
artefact, while wider windows are less influenced by noise yet less sensitive to brief 
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signal changes. A formal comparison of these methods in controls and lesions is 
needed, to identify the merits and shortcomings of each.

6  SHIMP

When performing the vHIT using the conventional video head impulse (HIMP) 
paradigm, the subject looks upon an earth-fixed target as the head is passively 
moved. A defective VOR is usually indicated by a catch-up saccade. When perform-
ing a SHIMP (suppression head impulse) paradigm, the subject fixes on a head- 
fixed target (usually from a head mounted laser) as head impulses are delivered. In 
the presence of a normal VOR, the eyes are involuntarily driven away from the 
head-fixed target and remain fixed in space leading to the healthy subject making 
anti-compensatory saccades to refixate on the target (MacDougall et al. 2016). The 
size of these saccades correlates with VOR gain. An absent VOR will result in 
absent saccades since there is no VOR to drive the eyes off target (Curthoys and 
Manzari 2017). Gain calculation using the conventional HIMP paradigm can be dif-
ficult when covert saccades are present; the SHIMP paradigm circumvents this 
problem (see Fig. 4) (MacDougall et al. 2016). SHIMP and HIMP parameters are 
complementary; the precise role of SHIMP in different vestibular disorders remains 
to be explored.

7  vHIT in Acute Vestibular Syndrome (AVS)

A sudden disabling attack of acute spontaneous vertigo lasting 24 hours or more 
(“acute vestibular syndrome”) could be due to vestibular neuritis (VN) or a posterior 
circulations stroke (PCS). Here the vHIT provides valuable information that helps 
identify the cause of AVS. Vestibular neuritis is characterized by unidirectional 
spontaneous nystagmus, a positive head impulse and normal hearing. An abnor-
mally decreased and asymmetrical horizontal VOR gain separates VN from PCS 
with high sensitivity (88%) and specificity (92%) (Mantokoudis et al. 2015). As the 
accelerations of head impulses increase in subjects with VN, catch-up saccade 
amplitudes increase, and VOR gain decreases (Weber et al. 2008; Schubert and Zee 
2010). The pattern of canal hypofunction identifies the affected vestibular nerve 
division (Fig. 5). VN affecting both divisions is the most commonly observed sub-
type (55%) followed by superior (40%) and inferior VN (5%) (Magliulo et al. 2015; 
Taylor et al. 2016).

There are a myriad of vHIT patterns in PCS depending on the anatomical struc-
tures involved. Therefore, when approaching the subject with acute vestibular syn-
drome, it is best to first seek vestibular neuritis and investigate for PCS when 
“HINTS plus” criteria for VN are not fulfilled (Tehrani et al. 2018). Lesions involv-
ing the vestibular nucleus, nucleus prepositus hypoglossi or flocculus can have uni-
lateral or bilateral reduced VOR gain (Kim et al. 2017). Most PCS in the posterior 
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Fig. 5 Left superior vestibular neuritis. In a patient with left superior vestibular neuritis, the gains 
of the left horizontal (0.11) and anterior canals (0.32) are reduced significantly compared to the 
right side. Refixation saccades are present. There is an absent BC oVEMP on the left with pre-
served response on the right signifying utricular hypofunction. The audiogram is normal reflecting 
normal cochlear function. Subjective visual horizontal (SVH), a measure of otolith function, 
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vated by the inferior nerve are represented in yellow (posterior canal and saccule)
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inferior cerebellar artery (PICA) and superior cerebellar artery (SCA) territories 
will have normal vHIT results and gains. However, some PICA and SCA strokes 
can cause symmetrical mild reduction in VOR gain (0.7–0.8) with small amplitude 
saccades if projecting neurons from the nodulus/uvula or flocculus are involved. 
AICA strokes can have symmetric bilateral VOR gain reduction (0.3–0.4 ipsilesion-
ally and 0.5–0.6 contralesionally) and smaller saccades compared to VN (Choi et al. 
2018; Chen et al. 2014). This is thought to be secondary to involvement of the ves-
tibular nucleus or flocculus and their contralateral connections.

8  vHIT in Episodic Vertigo Syndromes

vHIT rarely helps separate the two common causes of recurrent spontaneous ver-
tigo: vestibular migraine and Meniere’s disease. The caloric test was found to have 
a much higher prevalence of asymmetry in Meniere’s disease (67%) than vHIT 
(37%), while VM was associated with 22% and 9% prevalence of asymmetry on 
calorics and vHIT (Cerchiai et al. 2016). The caloric-vHIT dissociation is consid-
ered a useful marker of Meniere’s disease (McGarvie et al. 2015c). vHIT testing 
plays no role in the diagnosis of benign positional vertigo (BPV) which is identified 
by its history and distinctive examination findings of paroxysmal positional nystag-
mus in the plane of the affected semicircular canal. vHIT may however be useful in 
the identification of unilateral vestibular loss ipsilateral to the ear with BPV, thus 
implying secondary BPV.

9  vHIT in Chronic Imbalance

The patient with chronic vestibular insufficiency will complain of imbalance and 
gait ataxia; physical examination may reveal unilaterally or bilaterally positive head 
impulses, a positive matted Romberg test and impaired dynamic visual acuity. vHIT 
is the test of choice when seeking objective evidence of bilateral vestibular impair-
ment (Fig. 6), since it has a well-defined normal range. Severe unilateral vestibular 
loss from a previous attack of VN or a vestibular schwannoma could also cause 
imbalance. Larger schwannomas are associated with a lower horizontal vHIT gain 
(Taylor et al. 2015). When using multiple indicators (low gain, covert and overt sac-
cades), vHIT abnormalities were found in 90% patients with schwannoma com-
pared with 62% for the caloric response (Batuecas-Caletrio et al. 2015). In cerebellar 
ataxia with neuropathy and vestibular areflexia (CANVAS), bilateral vestibular loss 
accompanies cerebellar ataxia, proprioceptive loss and a defective visually enhanced 
VOR (vVOR). Assessment of the vVOR can be performed and documented using 
the vHIT system: by performing slow sinusoidal head rotations as the subject fixes 
on a target. Low VOR gains and showers of compensatory saccades are typical 
of CANVAS.
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10  Ocular Vestibular-Evoked Myogenic Potentials: A Test 
of Otolith-Ocular Pathways

The otolith organs perceive linear head acceleration. Like the semicircular canals, 
their afferents project to extra-ocular muscles to produce compensatory eye move-
ments during head movement and head tilt. However, otolith-evoked eye move-
ments are extremely small, and it is impractical to use linear acceleration in a 
clinical setting. Ocular vestibular-evoked myogenic potentials (oVEMPs), which 
use non-physiological stimuli like sound and vibration, provide a more practical 
means of evoking and recording otolith-ocular reflexes.

Rosengren and coworkers in 2005 identified a short-latency surface potential 
recordable from averaged unrectified EMG recorded from infraorbital electrodes, in 
response to intense air- or bone-conducted sound (Rosengren et  al. 2005). This 
reflex they found to be intact in subjects with profound sensorineural hearing loss 
and abolished in vestibular loss. As expected of a sound-evoked VOR, it has a short- 
onset latency (7 ms) and peaks at 10 ms (“n10”). Todd et  al., who recorded the 
oVEMP surface potential and 3D eye movements in response to intense sound, 
found that the peak of the surface potential coincided with the onset of the sound- 
evoked eye movement (Todd et al. 2007). Thus the oVEMP was clearly a muscle 
action potential that generated an eye movement rather than an electrooculographic 
response (Fig. 7). The response was maximal on upgaze and abolished on downgaze 
(Iwasaki et al. 2007) indicating that activation of the inferior oblique muscle modu-
lated reflex amplitude. The “oVEMP” was distinct from the blink reflex, which can 
in fact be triggered by bone-conducted supraorbital or glabella taps; the blink reflex 
occurs 4–5 ms later and is not abolished in downgaze (Fig. 8) and is still preserved 
despite vestibular loss (Smulders et al. 2009).

Several important attributes distinguish the oVEMP from its earlier counter-
part – the cervical VEMP (Colebatch et al. 1994; Colebatch and Halmagyi 1992) or 
cVEMP recorded from the sternocleidomastoid muscles. While the cVEMP is an 
ipsilateral reflex, the oVEMP is crossed, reflecting the crossed utriculo-ocular path-
ways to the inferior oblique muscles. The cVEMP is an inhibitory or “relaxation” 
potential with a biphasic positive negative response, while the oVEMP is an excit-
atory potential that produces a negative-positive response. The air-conducted 
cVEMP, based on studies conducted on experimental animals, is thought to be a 
predominantly saccular response (Murofushi et  al. 1995), while the oVEMP to 
bone-conducted sound is most likely to originate predominantly from the utricule 
(Manzari et al. 2010). Together these two complementary reflexes provide assess-
ment of utriculo-ocular (oVEMP) and sacculo-collic pathways (cVEMP).
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Fig. 7 Ocular vestibular-evoked myogenic potentials (oVEMP). The oVEMP montage consists of 
active electrodes (black) that are placed under the lower eye between the pupil and outer canthus 
(a). The reference electrodes (red) are in line with pupils approximately 2 cm below the active 
electrodes. The ground (purple) can be placed on the sternum or the neck. The subject looks 
upwards 20 degrees during the recording. The crossed otolith-ocular pathway for the oVEMP (b). 
Primary afferents from the right utricle travel in the superior division of the vestibular nerve to 
synapse in the vestibular nuclear complex. The second-order neurons cross via the MLF to the 
contralateral oculomotor nucleus to innervate the contralateral inferior oblique muscle. Thus, an 
air-conducted (AC) stimulus delivered over the right ear produces an oVEMP response beneath the 
left eye, while a bone-conducted (BC) stimulus delivered over Fz, which activates both ears simul-
taneously, will generate bilateral symmetric oVEMP responses (c)
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11  oVEMP Testing Methods

oVEMPs are recorded using evoked potential equipment common to most audiol-
ogy or neurotology departments. Surface waveforms are produced through amplifi-
cation of voltage differences from pairs of electrodes placed vertically beneath each 
eye, slightly lateral to the pupil (when the subject looks straight ahead). Testing is 
performed during upward gaze (20 degrees), to activate the inferior oblique muscles 
(Fig.  9) (Govender et  al. 2016). Nystagmus, head tilt, alcohol intoxication, eye 
blinks and fatigue can attenuate but do not abolish the oVEMP response (Colebatch 
et al. 2016).

Bone-conducted (BC) stimuli produced by either tendon hammers, mechanical 
oscillators or mini-shakers placed on a midline skull location over the hairline (Fz) 
can elicit robust oVEMPs by simultaneously activating both otolith organs equally. 
VEMPs from BC stimuli bypass the middle ear ossicles and are preserved in con-
ductive hearing loss. Widely used BC stimuli include 500 Hz tone bursts of 10–20 V 
peak-peak amplitude, 1 ms square wave pulses of 20 V p-p (146 dB force level) and 
tendon hammer taps which are near identical to a single cycle of a 125 Hz 10–20 V 
p-p tone burst. Air-conducted (AC) clicks or tones delivered through audiometric 
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Left Infraorbital EMG  

0.1

- 0.1
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-1.0
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Fig. 8 The sound-evoked ocular movement and oVEMP in superior semicircular canal dehis-
cence. A sound delivered in the right ear generates an upward and contraversive eye movement that 
begins at 15 ms. The oVEMP (surface potential) recorded over the contralateral infraorbital mus-
cles peaks just before the eye movement onset, consistent with the hypothesis that it is the com-
pound muscle action potential generating the eye movement response
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headphones can be used to elicit oVEMPs. AC stimuli need to be sufficiently loud 
(≥95 dB nHL) since oVEMPs evoked by AC stimuli are often small, have a higher 
threshold when compared with cVEMPs and are often absent, particularly in older 
patients (Welgampola and Colebatch 2001). Short (≤ 6  ms) tone bursts of 
500–1000 Hz can be used to elicit oVEMPs in healthy subjects (Taylor et al. 2011). 
The frequency tuning of oVEMPs is similar to the tuning properties of irregular 
discharging otolith afferents in guinea pigs (Curthoys et al. 2016).

oVEMP parameters that are useful include response presence/absence, reflex 
amplitude asymmetry, reflex thresholds and peak latencies. The range of normal 
oVEMP amplitudes is large. Thus, the calculation of amplitude asymmetry ratios 
(using Jongkee’s formula), rather than relying on amplitudes themselves, is recom-
mended to control for between-subject variability. Amplitudes can be measured 
either from the baseline to the first negative peak (n10) or as the peak-peak (negative- 
positive) amplitude difference. Amplitude asymmetry ratios can be compared with 
the normal range of values for healthy controls. Thus, in unilateral disease, the 
healthy ear is the patient’s own control. Ideally, clinics should collect their own 
normative data to account for variations in internal amplifier gains, stimulus factors 
and calibration settings for different equipment.

Blink Reflex           oVEMP

“R1”           n10

0    10       20      30      40     50 0    10       20      30      40     50
time (ms) time (ms)

upgaze

straight
ahead

downgaze

10µV

Fig. 9 The Fz tap-evoked blink reflex and supraorbital tap-evoked blink reflex: the effect of gaze. 
Both reflexes were recorded using infraorbital surface EMG. The oVEMP peaks at 10 ms and is 
abolished by downgaze. The R1 component of the blink reflex peaks about 5 ms later and is unaf-
fected by downgaze
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12  oVEMP Abnormalities in Superior Canal Dehiscence 
and Third Window Syndromes

oVEMP testing remains the most reliable non-radiological investigation, using 
either specific thresholds or amplitudes, to aid in SCD diagnosis. The abnormal 
oVEMP response in SCD is actually “hyperactive” (Fife et al. 2017). This is due to 
a less intense sound stimulus than normal (i.e. lower threshold) required to induce 
the response. The response amplitude is also abnormally increased on the affected 
side. (Fig.  10). While still abnormal, the threshold reductions appear to be less 
marked for BC oVEMP stimuli than for AC stimuli (Welgampola et  al. 2008). 
Successful surgical treatment of SCD normalizes oVEMP thresholds and ampli-
tudes (Fig. 10) (Welgampola et al. 2008). Other third window syndromes such as 
posterior canal dehiscence (Aw et al. 2011) and enlarged vestibular aqueduct syn-
drome (Taylor et al. 2012a) can also display large amplitudes and low reflex thresh-
olds (Colebatch et al. 2016).

13  oVEMP in Acute Vestibular Syndrome

13.1  Vestibular Neuritis

The oVEMP is often affected in acute VN due to the frequent involvement of the 
superior vestibular nerve (Fig.  4). Large series of VN patients report absent or 
abnormal oVEMPs in ~70% of cases compared to ~40% with cVEMP abnormali-
ties (Magliulo et al. 2015; Taylor et al. 2016). AC and BC oVEMPs demonstrate 
similar sensitivities for detecting VN (Govender et al. 2015). However, oVEMPs 
reveal fewer abnormalities than the horizontal vHIT, and cVEMP and posterior 
vHIT results are sometimes dissociated (Taylor et al. 2016). Consequently, reliance 
on VEMPs alone may result in cases involving superior or inferior ampullary affer-
ents being missed (Taylor et al. 2016).

13.2  Posterior Circulation Stroke and Other Central Lesions

oVEMPs can aid in detecting central lesions but are dependent on the structures 
affected. Lesions involving the MLF, the crossed ventral tegmental tract, oculomo-
tor nuclei and the interstitial nucleus of Cajal can impair oVEMPs (Oh et al. 2016a). 
Unilateral cerebellar infarctions may show abnormal oVEMPs especially when 
clinical ocular tilt reaction is evident (Oh et al. 2016b). Delayed oVEMP latencies 
have been reported in multiple sclerosis (Gabelić et al. 2013).
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Fig. 10 Video head impulses and oVEMPs recorded from a subject with right superior canal 
dehiscence pre- and post-right superior canal plugging. In a patient with a right superior canal 
dehiscence (SCD), the amplitudes of the right AC and BC oVEMPs are pathologically enlarged 
compared with normal left-sided responses. Following plugging of the superior canal dehiscence, 
the right oVEMPs return to normal amplitudes. The vHIT gain for the right superior canal is 
reduced from 0.82 prior to surgery to 0.26 post-surgery. 3D reconstruction of CT imaging demon-
strates a right SCD (white arrow). The pre-surgical audiogram demonstrates right-sided low- 
frequency hearing loss with an apparent air-bone gap
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13.3  Episodic Vertigo Syndromes

Two studies report relatively high rates of oVEMP abnormalities in Meniere’s dis-
ease, but only in response to AC sound (Taylor et al. 2011; Huang et al. 2011). Both 
studies showed a similar dissociated pattern (AC > BC) for cVEMP abnormalities. 
While the source of this stimulus dissociation is unclear, it could reflect subtle 
changes in middle ear function secondary to effects of endolymphatic hydrops on 
stapes footplate motion. Changes in inner ear resonance could also produce abnor-
malities specific to AC sound. For example, it is not uncommon for patients with 
MD to show an upward shift in AC VEMP tuning. However, similar tuning shifts 
also occur with advancing age, which complicates the clinical interpretation. The 
collection of age-matched normative tuning data is therefore recommended to max-
imize sensitivity and specificity of this outcome measure in MD. During an MD 
attack, contrasting with the more common finding of normal or reduced amplitudes, 
BC oVEMP amplitudes are sometimes enlarged (Taylor et al. 2011).

13.4  oVEMPs in Chronic Imbalance

While some investigators report normal inter-ictal oVEMPs in vestibular migraine 
(Taylor et al. 2012b), others report asymmetric response (Zaleski et al. 2015) and 
absent unilateral or bilateral AC oVEMPs (Boldingh et al. 2011; Kim et al. 2015). 
Differences in study design, subject variables such as disease duration, frequency of 
attacks, medications and stage in the migrainous cycle might account for some of 
these diverse findings. As expected, oVEMPs play no role in diagnosis of idiopathic 
BPPV but may help identify underlying unilateral vestibulopathy.

In vestibular schwannoma (VS), similar rates of asymmetrical cVEMPs and 
oVEMPs have been reported (Lin et al. 2014). Small schwannomas show normal 
responses, whereas large schwannomas are more likely to affect both cVEMPs and 
oVEMPs together (Lin et  al. 2014; Chiarovano et  al. 2014). Some patients with 
abnormal VEMPs in the presence of VS have symmetrical hearing (Taylor et al. 
2015; Batuecas-Caletrio et  al. 2015) and would thus be missed by audiometric 
screening protocols. Using VEMPs, vHIT and audiometry in the subject presenting 
with imbalance will optimize detection of an undiagnosed schwannoma. Although 
VEMPs are considered to be only complementary to vHIT when diagnosing bilat-
eral vestibular failure (Strupp et al. 2017), it is highly likely that they contribute 
significantly to diagnosing the aetiology of BVL. VEMPs are likely to be preserved 
in CANVAS (Kirchner et  al. 2011; Rust et  al. 2017) but impaired in bilateral 
Meniere’s disease (Huang and Young 2015; Agrawal et al. 2013), gentamicin toxic-
ity (Fig. 6) (Agrawal et al. 2013; Ozluoglu et al. 2008) and superficial siderosis (Lee 
et al. 2018).

Since the prevalence of VEMP abnormalities approaches a 100% only in supe-
rior canal dehiscence, it has been proposed that the sole application of the VEMP 
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test is the diagnosis of SCD. Clinicians who use vestibular function tests to comple-
ment their history and physical examination will find VEMPs to be useful measures 
of otolith function that provide valuable diagnostic information in the assessment of 
both peripheral and central vestibular disorders.

14  Conclusion

In the past decade, laboratory tests of both semicircular canal and otolith function 
have moved from specialized laboratories to a clinic and office practice. vHIT and 
oVEMP combined enable assessment of canal and otolith-ocular pathways. Used in 
conjunction with cVEMP, which assesses sacculo-collic reflexes, these tests provide 
a powerful, non-invasive five-test battery that enables clinicians to profile and diag-
nose vestibular disorders within the clinic itself.
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Abstract Over the past half-century, electrical stimulation of specific areas of the 
brain has revolutionised the treatment of movement disorders. The insertion of elec-
trodes into the brain for therapeutic purposes also provides a unique opportunity for 
research into human brain function and pathophysiology. Deep brain stimulation 
(DBS) of parts of the basal ganglia has helped illuminate the importance of the deep 
nuclei in oculomotor control (Fitzgerald and Antoniades, Curr Opin Neurol, 29(1), 
69–73, 2016). The reverse is also true: changes in eye movements are yielding clues 
to the mechanism of action of DBS, which remains poorly understood. This chapter 
provides an overview of the relationship between deep brain stimulation (DBS) and 
eye movements.
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1  Deep Brain Stimulation

The surgical treatment of neurological conditions (FitzGerald et al. 2018) has a long 
history (Aminoff and Daroff n.d.) The frequency of lesional, destructive surgeries 
ebbed and flowed over the last half-century – greatly reduced by the introduction of 
levodopa for Parkinson’s disease (PD), but then seeing a resurgence years later as the 
long-term complications of medication became clear. Deep brain stimulation (DBS) 
(Aziz et al. 1991; Okun 2014; Limousin-Dowsey et al. 1999; Sandvik et al. 2012) 
entered mainstream practice in the 1990s, although it was first used for Parkinson’s-
induced motor fluctuations in the 1960s (Sironi 2011; Bekthereva et al. 1963). DBS 
is now the dominant surgical treatment for PD. By stimulating specific deep brain 
structures, motor symptoms of PD can be reduced dramatically. The efficacy of DBS 
is supported by high-quality clinical trial evidence (Deuschl et  al. 2006; Weaver 
et al. 2009).

DBS systems consist of leads, which are passed into the brain through small 
holes in the skull, connected to an implantable pulse generator (IPG) via subcutane-
ously tunnelled extension wires. The IPG is much like a cardiac pacemaker and 
contains a battery together with electronics to generate a stream of small current 
pulses for delivery to the brain. The brain leads are implanted using a stereotactic 
frame, allowing precise submillimetric targeting, which is necessary to maximise 
the therapeutic effect while minimising the chances of side effects due to unwanted 
stimulation of other nearby structures. Unlike lesional procedures DBS is revers-
ible, and there are several stimulation parameters that can be titrated wirelessly, 
including pulse frequencies, durations and amplitudes. The precise location of stim-
ulation can also be varied: leads typically have several longitudinally spaced electri-
cal contacts at their tips (Yousif and Liu 2007), allowing the activated region of 
brain tissue to be moved up and down the lead by a few millimetres. In recent years, 
more complex electrode configurations have been available which allow the stimu-
lated region to also be moved in the plane perpendicular to the lead.

The most commonly used stimulation targets for treating akinetic-rigid PD are 
the subthalamic nucleus (STN) and globus pallidus interna (GPi). These nuclei are 
key components of basal ganglia networks that are also involved in oculomotor 
function. By monitoring changes in ocular movement, investigations using DBS as 
an independent variable can uncover clues regarding the mechanism behind stimu-
lation, the nature of oculomotor circuitry and the function of deep brain nuclei.

The rapid wash-in and wash-out periods, and precise knowledge of the geographical 
area of brain being stimulated, means that using DBS as a modulator to investigate changes 
in physiology is in many respects easier than using pharmaceutical interventions.

2  Saccades

Saccades are rapid eye movements that shift the point of fixation. The circuitry 
behind such movement has been mapped in detail, thanks to lesional, imaging and 
increasingly computational studies. A large number of areas have been implicated 
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including cortical structures, the basal ganglia (BG), the thalamus and the superior 
colliculus (SC). The cortico-basal ganglia circuitry controlling movement has been 
described in terms of two main pathways known as the direct and indirect pathways 
(Parent and Hazrati 1995). Cortical neurons project to striatal medium spiny neu-
rons (MSNs), which themselves either project straight to the GPi/SNr (direct path-
way) or reach the GPi/SNr via the GPe and STN (indirect pathway). In this model 
the direct pathway promotes movement, while the indirect pathway inhibits move-
ment, and together these reciprocal effects mediate action selection. This is undoubt-
edly a rather simplistic view – for example, many striatal neurons project to both 
parts of the pallidum – but it is still the prevalent model. The SC receives convergent 
inputs from both pathways – and most of the time is under tonic inhibition by the 
SNr, suppressing saccadic movement (Hikosaka et al. 2000).

The frontal eye fields (FEFs) are cortical areas that specialise in the induction of 
saccadic movement. They project both to the BG (caudate nucleus) and also directly 
to the SC. The caudate nucleus helps select the most relevant action via direct path-
way inhibitory projections to the SNr, which interrupt the tonic inhibition of the SC, 
generating a saccade towards a specific target. Targets of saccadic movement are 
retinotopically mapped on the FEFs, and increased activity in a particular area of the 
map correlates with a saccadic movement towards the corresponding geographical 
location (Schall 2004).

Given that multiple areas of the BG are involved in the control of saccades, it is 
no surprise that PD causes disruption of saccadic eye movements (Antoniades et al. 
2015a; Shields et al. 2007; Pretegiani and Optican 2017). Dopaminergic projections 
from the SNc to the striatum modulate activity in MSNs, and the effect of DA is 
usually described as increasing activity in the direct pathway while decreasing 
activity in the indirect pathway. As described above, in a non-diseased brain, the 
SNr plays an inhibitory role during periods of non- movement, and this is suppressed 
by direct pathway activity when saccadic movement is required. A lack of dopa-
mine, and therefore reduced direct pathway activity, will reduce the efficiency of 
saccade generation. At the same time, increased indirect pathway activity leads to 
overactivity of the STN, leading to an increase in inhibition of the SC (Nambu et al. 
2015; Obeso et al. 2009).

The simplest type of saccadic movement is the prosaccade, a natural movement 
which shifts gaze towards a visual stimulus (see Fig. 1). Other types of saccadic 
movements have been described, which are largely artificial but may be very useful 
as experimental tasks. Antisaccades are saccades directed away from a visual stimu-
lus. These are complex movements, requiring both an inhibition of the normal 

Fig. 1 Antisaccadic movement (a) away from the light source juxtaposed with prosaccadic move-
ment toward the light source (b)
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prosaccadic reflex and subsequent volitional generation of a saccade in the other 
direction. Memory-guided saccades are saccades that are executed towards the 
remembered position of a target that is no longer present.

Saccadic movements may be measured using electronic eye-tracking equip-
ment of which there are now several types available (Antoniades and FitzGerald 
2016). Multiple parameters may be precisely quantified, including latency (the 
time between stimulus presentation and onset of the saccade), saccade amplitude 
and saccade velocity. More complex measures may bring out subtler deficits, for 
example, the antisaccadic error rate (AER; the proportion of trials in the antisac-
cade task where the subject makes an erroneous prosaccade) (Everling and Fischer 
1998) can demonstrate cognitive issues in very early PD patients, well before they 
would be apparent with standard clinical measures (Antoniades et al. 2015a).

Prosaccadic latency (PSL) has been shown to be prolonged in patients with 
advanced PD (Chan et al. 2005). Bilateral DBS targeting the STN has been shown 
in many studies to reduce PSL (Temel et al. 2008; Yugeta et al. 2010; Fawcett et al. 
2009; Sauleau et al. 2008). A study by Antoniades et al. (2012) found the latency to 
be increased immediately following implantation of STN electrodes (before switch-
ing on the stimulation), but then reduced to a level below baseline once stimulation 
was switched on. The mechanism of action of DBS is not well understood, but the 
diametrically opposite nature of these effects is evidence at least that it does not 
simply create a lesional effect.

A further clue to the mechanism behind DBS may lie in differences in effect 
between the two most commonly stimulated locations  – the GPi and STN (see 
Fig. 2). Bilateral DBS targeting the GPi has been shown to reduce the AER, whereas 
STN stimulation does not (Antoniades et al. 2015b). The authors proposed a theory 
focusing on striatal medium spiny neurons (MSNs): these normally fire at low rates, 
but in PD the rate of firing is substantially increased (by up to 15-fold in primate 
models). It is proposed this high rate of MSN firing constitutes ‘neural noise’ that 
impairs information flow through the striatum, reducing the ability of higher pre-
frontal circuits to exercise control over the lower-level motor and oculomotor cir-
cuits, leading to the increase in AER. This was in agreement with a computational 
study by Guthrie et  al. exploring the role of MSNs in striatal information flow 
(Guthrie et al. 2013), which found that when the firing rate of MSNs is increased, 
this transfer of information is impaired.

It was proposed that stimulation of the GPi may induce antidromic action poten-
tials that travel up MSN axons to collateral branch points, and then propagate ortho-
dromically into their very extensive collateral network, leading to widespread release 
of GABA at MSN-MSN synapses (Kang and Lowery 2014). Despite each individual 
stimulation-induced MSN synaptic potential being small, due to the multitude of 
MSNs, the effect could be sufficient to reduce the baseline firing rate of MSNs, 
damping the neural noise and improving the AER. STN stimulation does not affect 
MSNs and hence such stimulation has no effect on the AER. In comparison, levodopa 
does influence MSNs and has been shown to improve the AER (Hood et al. 2007).

In the study undertaken above, all stimulation was bilateral, targeting either GPi 
or STN. Goelz et al. (2016) looked at the effect of unilateral STN stimulation on sac-
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cadic movement compared to both bilateral stimulation and a no-stimulation control. 
Bilateral stimulation was shown to reduce prosaccadic latency to a significant degree 
compared to unilateral and no-stimulation paradigms. A novel measurement, prosac-
cadic gain, was defined as the ratio of primary saccade amplitude to target displace-
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Fig. 2 A comparison between GPi and STN stimulation, highlighting the proposed effect on basal 
ganglia circuitry and resultant antisaccadic error rate (Antoniades et al. 2015b)
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ment. Gain was also significantly increased in the bilateral group compared to 
unilateral and no-stimulation paradigms. AER was found to be significantly higher 
in the bilateral stimulation group. Interestingly, both unilateral and bilateral para-
digms increased antisaccadic gain. The authors propose three possible mechanisms 
to explain these findings. The first mechanism proposed the dorsolateral prefrontal 
cortex (DLPFC) – an area implicated in voluntary saccade inhibition – was disrupted 
by STN stimulation. STN stimulation is known to increase blood flow to the 
DLPFC. Therefore, the nature of stimulation-induced disruption may be direct in 
nature or indirect, via basal ganglia-thalamo-cortical projections. As mentioned pre-
viously, bilateral stimulation induced more prosaccadic errors compared to unilateral 
lesions. The authors suggest that unilateral stimulation may well cause less disrup-
tion to the DLPFC and any change is easier to counteract via the non-stimulated side. 
The second mechanism of action is predicated on the relationship between the STN 
and SC.  A higher prosaccadic error rate in the bilateral group, it was suggested, 
stems from a reduction of the modulatory capacity of the SC on the DLPFC. A rela-
tionship between increased prosaccadic error rate and reduced prosaccadic latency 
was found in patients with schizophrenia. This same coupling was noted in the bilat-
eral stimulation group hinting at DLPFC disruption (an area commonly implicated 
in the neuropathology of schizophrenia). A third suggested mechanism was that 
bilateral stimulation acts on the DLPFC and/or SC to interfere with proactive inhibi-
tion. This would lead to a disruption-induced increase in automatic sensorimotor 
responses (prosaccadic errors).

A study by Tokushige et al. (2017) investigated how bilateral STN stimulation 
affected saccadic visual scanning. Images of varying complexity were shown to 20 
participants, with stimulation either on or off. Participants were asked to scan 
images and then try to memorise them for 10 seconds. The aim was to search for 
single target ring per image (highlighted by colour or orientation), with saccadic 
movements measured during this 10-second search period. The authors found a dif-
ference in performance depending on the complexity of image, suggesting intrinsic 
saccades (involuntary actions) were more plentiful when viewing simple images. A 
similar relationship was apparent between extrinsic saccades (induced by visual 
cues) and complex images. The conclusion was that STN stimulation disrupts the 
pathways involving intrinsic saccades (and hence the BG), but not extrinsic, non-
 BG, saccadic pathways.

Yugeta et al. (2017) measured saccade amplitude in 32 patients with bilateral 
STN stimulation turned on and off. A significant improvement of amplitude was 
seen with stimulation. Deviation angle – the angle between target location and sac-
cade location – was also significantly reduced in the stimulation cohort. Interestingly, 
the authors changed the eccentricity (conical shape) of stimulation using 5-, 10-, 
20- and 30-degree variations. The saccadic deviation angle was found not to differ 
regardless of eccentricity, with stimulation improving eye movement in all varia-
tions to similar degrees.

DBS of the STN has been shown to not only reduce saccadic latency but also 
reduce the reaction time when moving towards low-probability targets 
(Antoniades et  al. 2014). Non-stimulated patients and healthy controls show 

S. Patel et al.



383

shorter reaction times towards high-probability targets and longer reaction times 
towards low- probability targets. During STN stimulation, the reaction time 
towards high- probability targets decreases as expected, but the reaction time 
towards low-probability targets does not increase as before. This finding mir-
rored computational studies in which the STN helped normalise the neural repre-
sentation of prior probabilities. Electrophysiological studies suggest reaction 
times are strongly influenced by pre-stimulus activity and the probability of an 
action. The computational model used presumed such probabilities are encoded 
within the activity before activity onset. An increase in reaction time towards 
low-probability targets is thought to involve feedback from the STN. Stimulation, 
it is theorised, interferes with this feedback and, hence, modulates the mecha-
nism responsible for slowing reaction time but not the mechanism responsible for 
decreasing reaction time.

3  Other Types of Eye Movements

Four distinct types of eye movement exist (Kennard and Leigh 2011). In addition to 
saccades, these include smooth-pursuit movements, the vestibulo-ocular reflex and 
vergence movements. Compared to the large number of studies that have looked at 
the effects of DBS on saccades, there is a paucity of literature investigating the 
effect of stimulation on these other types of eye movement.

The vestibulo-ocular reflex (VOR) moves the eyes in the opposite direction to a 
movement of the head, to stabilise the image on the retina. A study by Shaikh et al. 
(2017) examined the effect of STN stimulation on the VOR. Stimulation of the most 
distal electrode, in the most medical aspect of the STN, was found to induce symp-
toms of angular rotation. In addition, a positive correlation was found between the 
velocity of rotation and amount of current delivered. Electrode displacement 
towards the dorsal STN induced a sensation akin to riding on a swing. The authors 
attributed this effect to unintended stimulation of a vestibulo-thalamic pathway 
adjacent to the STN.

A study by Nilsson et al. (2013) looked at the effect of bilateral STN stimulation 
on smooth-pursuit by tracking eye movements as a horizontal target moved from 
side to side. The latency of movement was calculated as the difference between the 
point at which the target starts to move and the point at which the velocity of the eye 
was quicker than 5°/s (therefore indicating the movement was not smooth-pursuit 
but saccadic in nature). The study found that stimulation improved smooth-pursuit 
gains and movement accuracy to a significant degree. Historical studies have shown 
patients with PD tend to have abnormal smooth-pursuits but only recently has this 
begun to be investigated anatomically. Recent studies suggest the involvement of 
the globus pallidus in the mechanism inducing smooth movement. Such evidence 
provides a possible route as to how STN stimulation would affect smooth-pursuits – 
via BG and SC circuitry.
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4  Stimulation and Visuospatial Attention

Visuospatial attention is the ability to direct attention towards a part of the visual 
field, in order to selectively process specific information (Bartolomeo et al. 2012). 
Spatial neglect – a common feature of cerebrovascular events – is characterised by 
the lack of ability to explore a specific area. For example, hemispatial neglect is 
defined as neglect affecting the hemifield contralateral to the side of a lesion. Studies 
describing spatial neglect in patients with BG lesions suggest that the deep nuclei 
are involved in visuospatial attention (Karnath and Rorden 2012).

A study by Schmalbach et al. (2014) investigated whether unilateral right, unilat-
eral left or bilateral STN stimulation would affect visuospatial attention. Thirteen 
participants, with DBS in situ for PD, were tested in all three conditions. A series of 
symmetrical pictures were shown on a computer screen, with the participant given 
free rein to look anywhere on the screen at the beginning of each picture change. 
Both saccadic movement and fixed duration (the time between saccades) were mea-
sured from the left eye. Participants in the unilateral left stimulation condition had 
significantly shorter periods of fixation on the left hemispheric side and signifi-
cantly longer periods of fixation on the right hemispheric side. No significant 
changes in saccadic velocity, amplitude or acceleration occurred between the 
parameters tested. Due to the significant unilateral nature of effect, the authors pro-
posed the unilateral left stimulation setting was akin to a right-sided nigrostriatal 
lesion. Efferent connections between the STN, putamen and caudate nucleus (CN) 
were highlighted as a potential location for the mechanism of action. Interestingly 
both the putamen and CN have been implicated in human spatial orientation lending 
some credence to the proposal that a modulation of these areas would reduce neglect 
and increase spatial attention (Karnath et al. 2002).

5  Considerations

It is important to note that prosaccadic latency times increase gradually with age, 
from their minimum between 20 and 30 years of age (Munoz et al. 1998). As PD is 
a disease of the elderly, the measured saccadic variables often overlap with naturally 
prolonged reaction times. It is important to compare saccadic variables in PD 
patients with those of age-appropriate healthy controls.

DBS is undertaken in patients with diseased brains. Whether damaged by dopa-
minergic loss as in Parkinson’s disease, or by other disorders, it is important to be 
aware of the multiple variables at play when assessing the effects of DBS on eye 
movements. The interplay between disease-related changes, stimulation and eye 
movement circuitry is complex. Care must be taken not to assume the pathways 
being studied function in an identical manner in non-pathological brains. Nevertheless, 
an increasing body of evidence predicated on the relationship between brain stimula-
tion and oculomotor function illustrates the promising nature of this intersection.
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Abstract Eyelid movement is neuroanatomically linked to eye movement, and 
thus eyelid abnormalities frequently accompany and sometimes precede or over-
shadow eye movement abnormalities in neurodegenerative disease. In this chapter, 
we summarize the various eyelid abnormalities that can occur in inherited and 
acquired neurodegenerative disorders in the context of the neuroanatomic pathways 
that are affected. The epidemiology and clinical approach to diagnosis and treat-
ment of ptosis, eyelid retraction, abnormal spontaneous and reflexive blinking, 
blepharospasm, and eyelid apraxia will also be reviewed.

Keywords Eyelid · Neuro-ophthalmology · Brainstem

1  Ptosis

1.1  Overview of Eyelid Elevation

During wakefulness, eye opening is maintained by tonic contraction of the levator 
palpebrae superioris (LPS). The degree of LPS activity depends on a number of fac-
tors, especially vertical eye position, and momentary pauses in this activity allow 
for blinking, both of which are discussed later in this chapter.

The LPS, which is innervated by the oculomotor nerve, originates from the lesser 
wing of the sphenoid bone at the orbital apex. It courses through the orbit, where it 
lies superior to the superior rectus muscle, and inserts on the superior tarsal plate as 
well as directly on the skin of the upper eyelid, forming the lid crease. A secondary 
muscle (the superior tarsal muscle, also known as Müller’s muscle), which is 
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 innervated by oculosympathetic nerve fibers arising from the superior cervical gan-
glion, originates from the distal aponeurosis of the LPS and inserts on the superior 
tarsal plate. Muscles extrinsic to the eyelids themselves, such as the frontalis and 
other facial nerve-innervated muscles, can indirectly affect eyelid position as well.

Inadequate eyelid elevation in primary gaze results in ptosis. However, ptosis is 
not synonymous with LPS weakness. Levator function can be assessed clinically by 
measuring the difference in position of the upper eyelid margin in downgaze and 
then in upgaze; it is normally greater than or equal to 12 mm (Liu et al. 2010). The 
examiner must also control for frontalis contraction to ensure that levator function 
is measured accurately. Ptosis with reduced levator function implies a lesion of the 
LPS or its motor control. In contrast, ptosis of mechanical origin will have normal 
levator function.

1.2  Ptosis due to Levator Weakness

The LPS is preferentially affected in mitochondrial myopathies due to its enriched 
supply of mitochondria (Porter et  al. 1989). This is illustrated by the prominent 
ptosis that accompanies the chronic progressive external ophthalmoplegia (CPEO) 
phenotype, where patients often maintain chronic frontalis overaction in an effort to 
overcome their ptosis. CPEO can occur in isolation or in association with other 
mitochondrial disorders such as the Kearns–Sayre syndrome, sensory ataxic neu-
ropathy with dysarthria and ophthalmoplegia (SANDO), Leigh syndrome, and 
mitochondrial neurogastrointestinal encephalopathy (MNGIE), among others 
(McClelland et al. 2016). CPEO can be caused by mutations in the mitochondrial or 
nuclear genome (Milone and Wong 2013). Mitochondrial mutations are character-
ized by large deletions, rearrangements, or point mutations involving genes encod-
ing for tRNA synthetases and are typically somatic rather than germline, resulting 
in a sporadic rather than maternal pattern of inheritance. Nuclear mutations may be 
inherited in an autosomal dominant or recessive pattern. Many of these genes (e.g., 
OPA1) are responsible for mitochondrial homeostasis, and thus patients can acquire 
secondary somatic mitochondrial DNA mutations over time, accounting for some of 
the variable expressivity in these disorders (Taylor and Turnbull 2005). Secondary 
mitochondrial mutations also occur in SCA28 (Gorman et al. 2015), which is caused 
by mutations in the AFG3L2 gene (Zuhlke et al. 2015). This may explain why ptosis 
is more prominent in this disease compared to other autosomal-dominant spinocer-
ebellar ataxias (Paulson 2009). Mitochondrial disorders also have a predilection for 
the basal ganglia due to their high metabolic activity. In fact, a CPEO-like syndrome 
accompanied by symmetric parkinsonism has been reported in families with c10orf2 
(Twinkle) and POLG1 mutations (Kiferle et al. 2013). Ptosis has been described in 
cases of early-onset Parkinson’s disease (PD) due to PARK2 mutations (Amboni 
et al. 2009), but is not a typical manifestation of idiopathic PD or other acquired 
neurodegenerative disorders.

A. G. Hamedani and D. R. Gold



391

Most other inherited myopathies spare the LPS. Notable exceptions include ocu-
lopharyngeal muscular dystrophy (OPMD) and myotonic dystrophy. For this rea-
son, both were thought at one point to be mitochondrially mediated: aggregates of 
dysmorphic mitochondria have been observed in muscle biopsies of OPMD (Wong 
et al. 1996), and myotonic dystrophy has a more severe clinical phenotype when it 
is inherited maternally rather than paternally, with congenital presentations seen 
exclusively in the children of affected mothers (Yum et al. 2017). However, mito-
chondrial DNA sequencing studies have failed to detect any variants associated with 
phenotype severity (Poulton et al. 1995). Congenital myasthenic syndromes, which 
are caused by mutations in any number of genes involved in presynaptic or postsyn-
aptic neuromuscular transmission, also frequently result in ptosis (Engel et al. 2015).

1.3  Congenital Ptosis

When the LPS does not form properly in utero, the result is myogenic ptosis that is 
present at birth. Because there is actual dysgenesis and hypoplasia of the LPS, con-
genital ptosis is characterized by a reduced or absent lid crease and lid lag in down-
gaze in addition to reduced levator excursion. It typically occurs sporadically, 
though mutations in several genes have been identified in familial cases (Pavone 
et al. 2005). Due to its shared embryologic origin with the superior rectus, a con-
genital elevator palsy may be seen (SooHoo et al. 2014). There may also be signs of 
aberrant reinnervation. For example, in the Marcus Gunn jaw winking phenomenon, 
the ptotic eyelid retracts with lateral jaw movement as in sucking or chewing, indi-
cating that it is innervated in part by the motor portion of the trigeminal nerve. 
While histologic examination revealing reduced muscle fiber number and fibrosis 
led many to suspect that the disease is primarily myopathic in pathogenesis (Clark 
et al. 1995), some experts now group congenital ptosis with the congenital cranial 
dysinnervation disorders (CCDD) (Mendes et al. 2015). Congenital fibrosis of the 
extraocular muscles is another CCDD characterized by prominent ptosis; it resem-
bles CPEO except that it is present at birth and the ophthalmoplegia is restrictive in 
origin rather than paretic (Heidary et  al. 2008). Aberrant reinnervation can also 
produce eyelid abnormalities in the absence of true ptosis. Take the Duane retrac-
tion syndrome type 1, for example, where there is an abduction deficit from impaired 
development of the abducens nerve. In adduction, the palpebral fissure narrows, not 
because of reduced eyelid opening or increased eyelid closure, but because of 
simultaneous contraction of the medial and lateral recti due to dual innervation by 
the oculomotor nerve, resulting in retraction of the globe into the orbit (Yuksel 
et al. 2010).
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1.4  Mechanical Ptosis

Ptosis with preserved levator function is usually caused by a defect of the aponeurotic 
insertion of the LPS onto the upper eyelid. This can be assessed clinically by measuring 
the lid crease height, which is the distance between the lid crease and upper eyelid 
margin as measured in downgaze and is normally less than 10 mm. Levator dehis-
cence-disinsertion syndrome is the most common cause of acquired ptosis in adult-
hood. It occurs when the LPS loses its insertion site on the superior tarsal plate and then 
reinserts on a more proximal portion of the tarsal plate or eyelid skin, resulting in an 
abnormally increased lid crease height. However, since the muscle belly itself is unaf-
fected, levator function is preserved (Kersten et al. 1995). Levator dehiscence is com-
monly seen with advancing age but can be accelerated by eyelid manipulation during 
regular contact lens use, frequent rubbing of the eyes, botulinum injection of the orbi-
cularis oculi (OO) for the treatment of blepharospasm (Verhulst et al. 1994), or ocular 
surgery. Mechanical ptosis can also be inherited, either in relative isolation (e.g., auto-
somal-dominant blepharophimosis-ptosis-epicanthus inversus syndrome) or in the set-
ting of other craniofacial abnormalities (e.g., trisomy 13, Turner syndrome, Noonan 
syndrome, Cornelia de Lange syndrome, congenital arthrogryposes (Allen 2013)) 
(Fig. 1).

While the LPS is more active in upgaze and less active in downgaze, the superior 
tarsal muscle remains equally active in all directions of gaze, as it is not a primary 
eyelid elevator but instead is modulated by level of arousal and sympathetic tone. 
Thus, a lesion of the superior tarsal muscle or its oculosympathetic innervation (as 
part of Horner’s syndrome with ipsilateral miosis) results in relatively mild ptosis 
with preserved levator function rather than the more severe ptosis with reduced 
levator function that is seen in true LPS weakness of neurogenic (e.g., oculomotor 
nerve palsy) or myogenic origin. Reduced sympathetic tone of the superior tarsal 
muscle is responsible for the ptosis seen in disorders of neurotransmitter synthesis 

Fig. 1 Anatomy of the eyelids. The orbicularis oculi (OO) is innervated by the facial nerve and 
consists of two segments: the palpebral portion (comprised of preseptal and pretarsal components), 
which is contained within the eyelid itself, and the orbital portion, which is located outside the 
eyelid surrounding the orbit (Modified with permission from reference (Skarf 2004), Fig. 24.5)
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such as tyrosine hydroxylase deficiency, aromatic L-amino acid decarboxylase defi-
ciency, dopamine beta-hydroxylase deficiency, and brain dopamine-serotonin vesic-
ular transport disease (Ng et al. 2015).

1.5  Treatment of Ptosis

Treatment options for ptosis include conservative measures (e.g., temporary taping 
of the upper eyelids, eyelid crutches attached to eyeglasses) and surgical interven-
tion such as shortening of the LPS, resection of the superior tarsal muscle, and 
frontalis suspension to elevate the entire upper eyelid complex. Both are generally 
reserved for cases where ptosis obstructs the visual axis or results in cosmetic dis-
tress. The primary risk associated with ptosis surgery is incomplete eyelid closure 
during normal blinking and sleep (lagophthalmos) causing exposure keratopathy. 
Surgery should therefore be approached with caution if the muscles of eyelid clo-
sure are already weak or Bell’s phenomenon (upward movement of the eyes during 
eye closure) is reduced, as is frequently the case in CPEO and other myopathies.

2  Eyelid Retraction

2.1  Overview of Vertical Eye and Eyelid Position Coordination

Under normal conditions, the eyelids elevate in upgaze and depress in downgaze. 
This is important for maximizing protection of the cornea and tear film while avoid-
ing obscuration of the visual axis. This coordination of vertical eye and eyelid posi-
tion is exquisitely sensitive, as the velocity and gain of eyelid movement roughly 
matches that of the corresponding eye movement, be it a saccade or smooth pursuit 
(Becker and Fuchs 1988). A single nucleus (the central caudal nucleus [CCN] of the 
midbrain) is shared by both the left and right oculomotor nucleus complexes and 
innervates both LPS muscles, allowing the eyelids to elevate and depress equally 
(Rucker 2011). In electrophysiologic studies of primates, the CCN has a basal firing 
rate in primary gaze. In upward saccades, it experiences a burst of increased firing 
(and in downward saccades, it experiences a pause in firing) after which the basal 
firing rate resumes (Becker and Fuchs 1988; Fuchs et al. 1992; Evinger et al. 1984). 
This is similar to what happens in the superior rectus subnucleus during vertical 
saccades, suggesting shared supranuclear control with the CCN (Evinger et  al. 
1984; Robinson 1970). In primates, this connection is mediated by a population of 
neurons called the M-group, which lies adjacent to the rostral interstitial nucleus of 
the medial longitudinal fasciculus (riMLF). The M-group receives excitatory input 
from the riMLF (which is responsible for generating vertical and torsional saccades) 
and superior colliculus (SC) during upgaze. The M-group provides some 
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 reinforcement to the oculomotor subnuclei responsible for supraduction (namely, 
the superior rectus and inferior oblique), but its primary output is to the CCN (Horn 
et al. 2000). The M-group is inhibited by the interstitial nucleus of Cajal (iNC) and 
nucleus of the posterior commissure (nPC) during downgaze (Horn and Buttner- 
Ennever 2008), allowing the eyelids to follow the downward eye movements 
(Fig. 2).

2.2  Eyelid Retraction in Midbrain Dysfunction

Dysfunction of the M-group and its afferent and efferent connections is the mecha-
nism by which central nervous system disease causes eyelid retraction. Because of 
its proximity to the riMLF, it is often accompanied by a vertical saccadic or gaze 
palsy, as in the dorsal midbrain syndrome (also known as the pretectal or Parinaud 
syndrome, where eyelid retraction is referred to as Collier’s sign) (Keane 1990) and 
progressive supranuclear palsy (PSP). Eyelid retraction in these disorders reflects a 
dissociation between eye position and eyelid position such that the CCN is overac-
tive relative to vertical eye position. This may be related to overstimulation of the 
M-group in an effort to overcome a vertical gaze palsy, as eyelid retraction is often 
more prominent during attempted upgaze. Alternatively, retraction could result 
from underinhibition of the M-group by the iNC and nPC during attempted down-
gaze, which manifests clinically as lid lag (a failure of the eyelids to lower suffi-
ciently during attempted downgaze).

2.3  Neurodegenerative Diseases Associated with Eyelid 
Retraction

Eyelid retraction is present in virtually all patients with PSP (Friedman et al. 1992) 
(in contrast, it has only been rarely reported in PD (Onofrj et al. 2011)), and together 
with frontalis and procerus contraction  often results in a characteristic surprised 
appearance or “stare”. This finding coupled with the typical vertical supranuclear 
gaze palsy is consistent with the radiographic finding of midbrain atrophy (hum-
mingbird sign). Eyelid retraction is also a distinguishing feature of spinocerebellar 
ataxia 3 (also known as Machado–Joseph disease); in one study, 65% of patients 
with SCA3 had eyelid retraction resulting in a “bulging eyes” appearance compared 
to less than 5% of patients with other autosomal-dominant spinocerebellar ataxias 
(Moro et  al. 2013). The mechanism for eyelid retraction in SCA3 is unclear, as 
midbrain atrophy is rarely seen on imaging in this disorder (Table 1).
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Fig. 2 Supranuclear control of eyelid movement. (a) The central caudal nucleus (CCN) of the 
midbrain is a midline structure that contributes fibers to both oculomotor nerves, thereby innervat-
ing bilateral levator palpebrae (LP) muscles. The CCN maintains a tonic level of activity to keep 
the eyes open during wakefulness, and this resting tone transiently increases with upward eye 
movements (so the visual target is not occluded by the eyelids) and decreases with downward eye 
movements. The rostral interstitial nucleus of the median longitudinal fasciculus (riMLF) initiates 
the upward saccade by providing excitatory input to the oculomotor subnuclei responsible for 
elevation, i.e., superior rectus (SR) and inferior oblique (IO). (b) The riMLF moves the eyes 
upward, but also influences eyelid position via excitation of the nearby M-group (M). The M-group 
has strong excitatory projections to the CCN, resulting in activation of the LP muscles bilaterally 
and eyelid elevation that occurs simultaneously with upward eye movements. The M-group also 
has weak excitatory influence over the SR and IO subnuclei to assist in coordination of eyelid 
movements and excites the frontalis muscles via excitatory projections to the facial nucleus. A 
normal blink leads to cessation of LP firing and contraction of the orbicularis oculi (OO) muscles, 
which are innervated by the facial nerve. It is thought that the superior colliculus (SC) plays a 
significant role in the coordination of LP and OO activity, via projections to the CCN and facial 
nuclei, respectively. The SC is inhibited by the substantia nigra pars reticulata (SNr), which 
explains abnormalities in blinking in parkinsonian disorders. In parkinsonism, due to increased 
SNr activity, there is greater SC inhibition and a decreased blink rate. Afferents from trigeminal 
and pretectal nuclei also project to the SC, and these inputs modulate reflexive blinking due to 
corneal stimulation and bright light, respectively
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Table 1 Relative frequency of eyelid disorders in inherited and acquired neurodegenerative 
disease

Eyelid Disorder PD PSP MSA SCA HD

Ptosis − − − ± (esp. SCA 28) −
Eyelid retraction ± +++ − ± (esp. SCA 3) ±
Decreased blinking ++ +++ ± ± −
Increased blinking ± − − − +++
Blepharospasm ± +++ + ± ±
Apraxia of eyelid opening ± +++ + ± ±

PD  Parkinson’s disease, PSP  progressive supranuclear palsy, MSA  multiple systems atrophy, 
SCA spinocerebellar ataxia, HD Huntington’s disease

Fig. 2 (Continued)

A. G. Hamedani and D. R. Gold



397

2.4  Lid Nystagmus

The association between vertical eye and eyelid position is maintained even when 
eye movement is involuntary, such as in upbeat nystagmus (UBN). Occasionally, 
rhythmic movements of the eyelids can be seen without visible UBN, resulting in 
so-called eyelid nystagmus or lid flutter (Milivojevic et al. 2013). This dissociation 
between eye and eyelid movement probably occurs similarly to eyelid retraction, as 
eyelid nystagmus is often associated with midbrain ischemic and compressive 
lesions (Howard 1986; Safran et al. 1982). Eyelid nystagmus can be enhanced by 
attempted convergence (also known as Pick’s sign) (Sanders et  al. 1968). This 
reflects the fact that under normal conditions, convergence increases the basal firing 
rate of the LPS, resulting in a small degree of eyelid retraction.

3  Decreased Blinking

3.1  Overview of Eyelid Closure

The orbicularis oculi (OO), which is innervated by the facial nerve, is the primary 
muscle of eyelid closure. It originates from multiple bony and connective tissue 
structures surrounding the medial canthus. The palpebral orbicularis is contained 
within the upper and lower eyelids themselves and inserts on connective tissue 
structures surrounding the lateral canthus. It can be further subdivided into pretarsal 
and preseptal components, which is important for understanding eyelid apraxias 
(discussed later in this chapter). The orbital portion of the orbicularis oculi lies out-
side the eyelids and forms a muscular ellipse encircling the orbit (Liu et al. 2010). 
The distinction between the palpebral and orbital portions of the orbicularis oculi is 
not only anatomic but also physiologic, as they are innervated by separate popula-
tions of motor neurons within the facial nucleus (VanderWerf et al. 2003). Other 
muscles of facial expression, such as the corrugator, can draw the eyelids downward 
or narrow the palpebral fissure as well.

3.2  Supranuclear Control of Spontaneous Blinking

An average person blinks 15–20 blinks times per minute; this frequency varies con-
siderably between individuals and with age and is somewhat higher in women than 
men (Sforza et al. 2008). During a blink, LPS activity abruptly ceases, and the pal-
pebral portion of the OO (but not the orbital portion) contracts. Note that this repre-
sents active eyelid depression, in contrast to the downward eyelid movement during 
downgaze, which occurs passively via relaxation of the LPS but without active con-
traction of the OO. As soon as the upper and lower eyelids appose, the OO abruptly 
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stops firing, and basal activity of the LPS resumes, resulting in eye opening (Esteban 
and Salinero 1979). Blinking occurs rapidly so as to not disrupt visual input. In 
addition to occurring spontaneously, blinking can also occur reflexively in response 
to visual threat, bright light, tactile stimulation of the cornea or eyelids, or loud 
noise. These are all mediated by brainstem reflex arcs except for blinking to threat, 
which requires cortical input. Unlike spontaneous blinks, reflexive blinks may 
involve the orbital portion of the OO, which serves to provide extra protection 
against a potentially harmful stimulus. Blink reflexes must also be modulated so 
that they are not overly sensitive and do not result in unwanted blinks in response to 
non-threatening stimuli.

Empiric evidence suggests that the SC plays a major role in coordinating LPS 
and OO activity during blinks. It receives afferent projections from the trigeminal 
sensory nucleus and the dorsal midbrain, which are stimulated in response to tactile 
corneal stimulation and bright light, respectively, and it sends efferent projections to 
both the facial motor nucleus and the supraoculomotor area, which lies directly 
above the CCN (Schmidtke and Buttner-Ennever 1992). Inhibitory microstimula-
tion of the SC in primates has been shown to both suppress spontaneous blinking 
and increase sensitivity to blink reflexes (Gnadt et al. 1997; Basso et al. 1996).

The SC is inhibited by the pars reticulata of the substantia nigra (SNr), and sig-
naling through these projections in the nigrocollicular pathway is mediated by 
dopamine. In animals, the administration of apomorphine and other dopamine ago-
nists increases spontaneous blinking, and this effect is abolished by pre-treatment 
with sulpiride, a dopamine-receptor antagonist (Karson 1983). Dopamine level in 
the caudate nucleus correlates with blink rate in animal models of MPTP-induced 
parkinsonism (Taylor et al. 1999). Anticholinergic drugs, which induce a relative 
excess of dopamine owing to the importance of dopamine–acetylcholine balance in 
the basal ganglia, also increase spontaneous blinking in experimental models (Basso 
et al. 1996).

3.3  Reduced Spontaneous Blinking in Parkinsonism

The spontaneous blink rate is roughly 30% lower in PD patients compared to 
healthy controls (Biousse et al. 2004; Golbe et al. 1989). Both levodopa therapy 
(Agostino et al. 2008) and deep brain stimulation (DBS) of the subthalamic nucleus 
(Bologna et  al. 2012) increase the blink rate. Rarely, PD patients may have an 
increased spontaneous blink rate that paradoxically decreases with levodopa ther-
apy. This is typically seen in more advanced PD, and given the increase in spontane-
ous blink rate that characterizes blepharospasm (a focal dystonia discussed later in 
this chapter), it has been postulated by some to represent a type of “off-dystonia” 
(Kimber and Thompson 2000). Blink rate is dramatically reduced in PSP to as low 
as three blinks per minute, making this a feature that can help distinguish it from 
PD. “Slow blinks” have also been observed in PSP (Friedman et al. 1992), whereas 
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in PD, the blink rate is reduced but the eyelid movements themselves are of normal 
amplitude and velocity.

Since a major function of spontaneous blinking is to evenly distribute the tear 
film, signs and symptoms of dry eye are extremely common in parkinsonism. In one 
study, 63% of PD patients complained of dry eye and related symptoms and roughly 
50% had objective evidence of xerophthalmia as measured by the Schirmer or tear 
film build-up time tests (Taylor et al. 1999). Chronically dry eyes can also lead to 
blepharitis and meibomian gland disease, both of which are increased in PD 
(Nowacka et  al. 2014). Autonomic dysfunction may further compound dry eye 
symptoms in PD mainly due to inadequate tear production. Artificial tears are often 
recommended, but their efficacy has not been specifically studied in this population. 
A trial of LipiFlow (a pulsating thermal eyepiece) compared to warm compresses 
for the treatment of meibomian gland dysfunction in PD is currently underway 
(NCT02894658) (https://clinicaltrials.gov/ct2/show/NCT02894658?term=lipiflo
w&rank=4).

3.4  Reflexive Blinking in Parkinsonism

Given the inverse relationship between spontaneous blinking and blink reflexes, a 
decrease in dopamine in the SNr would be expected to enhance reflexive blinking. 
In PD, this manifests clinically as the glabellar reflex (blinking in response to tap-
ping the nasion or forehead that fails to habituate, also known as Myerson’s sign) 
(Brodsky et al. 2004), though this may be seen in many other structural, metabolic, 
and degenerative disorders as well. Reflexive blinking to other stimuli such as bright 
light is also increased in parkinsonism, particularly in PSP. Like eyelid retraction, 
the fact that reflexive blinking to light is more pronounced in PSP compared to PD 
is explained by the prominent midbrain involvement in the former (Kuniyoshi 
et al. 2002).

Trigeminally mediated blink reflexes can be studied electrophysiologically by 
stimulating the supraorbital nerve and recording OO activity using surface or needle 
electrodes (Aramideh and Ongerboer de Visser 2002). This elicits two responses: 
R1, a brief ipsilateral response with a latency of about 10 ms, and R2, a more sus-
tained bilateral response with a latency of about 30 ms. When the LPS is recorded, 
there are two corresponding periods of electromyographic silence (SP1 and SP2). 
This means that the LPS and OO are never co-activated under normal conditions. In 
addition, repetitive stimulation can be performed to assess reflex excitability. 
Normally, through a combination of membrane refractoriness after hyperpolariza-
tion and activation of negative feedback circuits, a second stimulus elicits a weaker 
response compared to the first stimulus. Specifically, R2 is absent when the interval 
between two stimuli is less than 200  ms, reduced by 50–60% at an interval of 
500 ms, and reduced by 10–30% at an interval of 1500 ms.

The R2 latency is mildly prolonged in PD, consistent with intrinsic brainstem 
pathology in the early Braak stages of the disease. R2 prolongation has been shown 
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to be greater in PD patients with dyskinesias compared to those without and in 
dementia with Lewy bodies (DLB) compared to PD, both of which are likely a 
reflection of a greater burden of Lewy bodies in the brainstem (Iriarte et al. 1989; 
Bonanni et al. 2007). The blink reflex is also hyperexcitable in PD—that is, when 
the supraorbital nerve is stimulated twice in rapid succession, the second R2 exhib-
its less of a decrease in PD patients compared to healthy controls (Gnadt et  al. 
1997). Dopaminergic therapy and STN DBS in both humans (Costa et al. 2006) and 
animals (Kaminer et al. 2015) reduces blink reflex excitability to normal. The degree 
of blink reflex hyperexcitability also correlates with multiple measures of disease 
severity including bradykinesia, rigidity, gait impairment, dysarthria, and quality of 
life (Iriarte et al. 1988; Matsumoto et al. 1992).

4  Increased Blinking and Blink-Assisted Saccades

4.1  Spontaneous and Reflexive Blinking in Hyperkinetic 
Movement Disorders

Since a relative deficiency of dopamine in the basal ganglia reduces spontaneous 
blinking and increases reflexive blinking, a relative excess of dopamine would be 
expected to increase spontaneous blinking and reduce reflexive blinking. This is 
indeed seen in hyperkinetic movement disorders such as Huntington’s disease (HD), 
where at approximately 36 blinks per minute (Karson et al. 1984), the average blink 
rate is nearly double the normal rate, and up to 75% of HD patients have subjectively 
increased blinking (Fekete and Jankovic 2014). A case of juvenile HD was character-
ized by excessive blinking (40 blinks per minute) that preceded other disease mani-
festations by over 2 years (Xing et al. 2008). Increased spontaneous blinking is the 
first clinical manifestation of blepharospasm (see below) and has also been described 
in Wilson’s disease (Verma et al. 2012). Tourette syndrome (Tharp et al. 2015) and 
schizophrenia, which are also thought to be mediated by a relative excess of dopa-
mine and are treated with dopamine antagonists, are characterized by increased 
spontaneous blinking as well. In HD, increased spontaneous blinking is accompa-
nied by reduced reflexive blinking, as the electrophysiologic blink reflex has been 
shown to be underexcitable compared to normal in both symptomatic (Esteban and 
Gimenez-Roldan 1975) and pre-symptomatic (De Tommaso et al. 2001) individuals.

4.2  Relationship Between Blinking and Saccades

In normal individuals, spontaneous blinks are partially inhibited during voluntary 
saccades. This is done to avoid disrupting visual input during a visually guided task 
and also because saccades are slower and less accurate when they are interrupted by 
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blinks (Rottach et  al. 1998). In parkinsonism, however, patients fail to suppress 
blinks during voluntary saccades. For example, while normal individuals blinked an 
average of 15.7 times per minute when fixating in primary gaze and 9.1 times per 
minute when asked to alternate looking left and right every five seconds in one 
study, PD patients experienced a slight increase in blink rate (from 12.5 to 14.8 per 
minute), and PSP patients a substantial increase in blink rate (from 3.0 to 5.3 per 
minute) during horizontal eye movements (Golbe et al. 1989).

Paradoxically, while blinks reduce the speed and accuracy of saccades in normal 
individuals, in certain patients (saccadic or ocular motor apraxia) blinks can help to 
initiate saccades. In HD, difficulty with saccade initiation and prolonged saccadic 
latency are among the earliest clinical manifestations (Lasker and Zee 1997; 
Golding et al. 2006). Patients frequently employ head thrusts and blinks when per-
forming saccades, and as the disease progresses, patients may be unable to initiate 
voluntary saccades without an obligatory blink (35% in one study) (Leigh et  al. 
1983). Blink-assisted saccades (also termed blink-saccade synkinesis (Zee et  al. 
1983)) can occur in any disease where saccade initiation is impaired. Examples 
include the autosomal-dominant spinocerebellar ataxias, the autosomal recessive 
ataxias with ocular motor apraxia, ataxia-telangiectasia, congenital ocular motor 
apraxia, Gaucher disease, Niemann-Pick disease type C, Joubert syndrome, and 
others (Cogan et al. 1981). Preceding a normal saccade, omnipause neurons in the 
dorsal pons cease firing. This enables activation of excitatory burst neurons in the 
parapontine reticular formation and riMLF (which are normally inhibited by omni-
pause cells), allowing them to generate a horizontal or vertical/torsional saccade, 
respectively. For reasons that are not entirely clear, omnipause neurons also stop 
firing during blinks (Schultz et al. 2010). If ocular motor apraxia is caused by a 
failure to inhibit omnipause neurons through normal supranuclear pathways during 
saccade initiation, then blink-saccade synkinesis may represent a collateral pathway 
to inhibit omnipause neurons and generate saccades.

5  Blepharospasm

5.1  Introduction to Blepharospasm

Blepharospasm is characterized by periods of involuntary, sustained, active eyelid 
closure. As it involves the co-contraction of agonist (OO) and antagonist (LPS) 
muscles, blepharospasm meets the definition of a focal dystonia. Not surprisingly, 
more than half of patients have a geste antagoniste, that is, a sensory trick that can 
temporarily relieve symptoms (Martino et  al. 2010). Blepharospasm presents 
between the fourth and sixth decades of life and is more common in women than 
men (Steeves et al. 2012). The initial clinical manifestation of blepharospasm is an 
increase in spontaneous blink rate (Bentivoglio et  al. 2006). Over time, blinks 
become increasingly forceful and prolonged, involving both the orbital and palpe-
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bral portions of the OO. These have been termed “dystonic blinks” and are different 
from normal spontaneous blinks, which only involve the palpebral OO. Eventually 
these blinks coalesce into periods of sustained eyelid closure whose frequency and 
duration can be so severe as to produce functional blindness (Valls-Sole and 
Defazio 2016).

Co-contraction of the LPS and OO also occurs in eyelid myotonia, but for differ-
ent reasons. In myotonia, neuronal activation of the OO during voluntary or reflex-
ive (e.g., sneezing) eyelid closure appropriately ceases, but the muscle itself fails to 
relax appropriately. This is seen in myotonic dystrophy as well as the non- dystrophic 
myotonias (e.g., myotonia congenita, paramyotonia congenita), which are caused 
by mutations in voltage-gated chloride and sodium channel genes. Myotonia can be 
treated with sodium channel-blocking antiepileptic drugs and the antiarrhythmic 
drug mexilitene (Matthews et al. 2010).

5.2  Pathophysiology of Blepharospasm

Blepharospasm is thought to represent a disorder of overactive reflex blinking, spe-
cifically to light. Several clinical and electrophysiologic observations support this 
hypothesis:

 1. Patients with blepharospasm frequently complain of photophobia and that bright 
light triggers spasms of eyelid closure (Katz and Digre 2016). Because the ratio 
of blepharospasm to cervical dystonia patients in movement disorders cohorts 
varies by season and latitude (Molloy et al. 2016), some have even suggested that 
sun exposure is a risk factor for the disorder, though this theory is not universally 
accepted. Polarized sunglasses have been shown to be a useful adjunctive treat-
ment for blepharospasm (Blackburn et al. 2009). Ocular surface symptoms and 
sensitivity to tactile stimulation of the cornea and eyelids have also been reported 
(Martino et al. 2005).

 2. A feature that distinguishes reflexive from spontaneous blinks is the activation of 
the orbital portion of the OO in the former but not the latter. Given that the dys-
tonic blinks of blepharospasm involve the orbital portion of the OO, it is sug-
gested that they are generated via reflexive rather than spontaneous blinking 
circuits.

 3. While spontaneous and most reflexive blinks are characterized by reciprocal 
coordination of LPS and OO activity such that they never co-activate, in normal 
reflexive blinking to light, subclinical overlap in LPS and OO activity does occur 
and can be seen at the electromyographic level (Manning and Evinger 1986). 
The co-contraction of these muscles in blepharospasm is therefore thought to 
represent an exaggeration of the normal blink reflex to light.

 4. The electrophysiologic blink reflex has been found to be hyperexcitable in 
patients with blepharospasm, that is, it does not appropriately habituate or 
downregulate with repetitive stimulation (Tisch et al. 2006; Schwingenschuh 
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et al. 2011). Similar findings have been reported in other focal dystonias as 
well (e.g., cervical dystonia, spasmodic dysphonia), raising the possibility of 
a shared pathophysiology (Tolosa et  al. 1988; Cohen et  al. 1989). During a 
geste antagoniste, the R2 duration shortens, but the degree of excitability does 
not change (Gómez-Wong et  al. 1998). High-frequency supraorbital nerve 
stimulation has been studied as a method of inducing long-term potentiation of 
the blink reflex to treat blepharospasm, but with disappointing results (Kranz 
et al. 2013).

The localization of blepharospasm remains unknown. The vast majority of 
patients have normal neuroimaging; in a single case series of 1114 patients, only 18 
(1.6%) had abnormal brain MRIs, and lesions localized to a variety of areas includ-
ing the basal ganglia, thalami, cerebellum, midbrain, and even cortex (Khooshnoodi 
et al. 2013). Structural imaging studies have yielded inconsistent results, and it is 
unclear whether any changes that are seen reflect primary pathology or secondary 
adaptations in response to changes occurring elsewhere in the brain (Hallett et al. 
2008). Functional neuroimaging studies have shown hypermetabolism of a variety 
of cortical and deep gray matter foci, both at rest (Zhou et al. 2013) and during tasks 
such as voluntary blinking (Baker et al. 2003). Using dopamine-receptor SPECT 
imaging, decreased striatal dopamine binding has been found in up to one-third of 
patients of blepharospasm (Horie et al. 2009). In one unique case report of cranio-
cervical dystonia treated with deep brain stimulation, electrical activity in the glo-
bus pallidus interna was recorded prior to electrode implantation and was found to 
be increased (Foote et al. 2005).

5.3  Epidemiology and Natural History of Blepharospasm

Blepharospasm may remain limited to the OO or may spread to adjacent muscles of 
the face, jaw, and neck, which is known as craniocervical dystonia or Meige syn-
drome. This spread usually occurs within 5 years of onset (Abbruzzese et al. 2008; 
Svetel et al. 2015) and is said to occur in up to 60% of patients, though this may be 
an overestimate due to referral bias in tertiary movement disorders centers (Martino 
et al. 2012; Weiss et al. 2006). Risk factors for generalization include greater age of 
onset, female sex, and a prior history of minor head trauma (Defazio and Livrea 
2002). In two separate cohorts, a single nucleotide polymorphism in the 3′ untrans-
lated region of the TOR1A gene, which is the causative gene in DYT1, was also 
associated with a twofold increase in risk (Defazio et al. 2009). Spontaneous remis-
sion may occur in up to 12% of patients (Grandas et al. 1998). Blepharospasm can 
occur in patients with inherited focal (e.g., autosomal-dominant focal dystonia) and 
generalized (e.g., DYT1) dystonias. There are reports of blepharospasm in other 
inherited neurodegenerative disorders as well (e.g., autosomal-dominant spinocer-
ebellar ataxias (Gorman et al. 2015), neurodegeneration with brain iron accumula-
tion (Egan et  al. 2005)). It also presents in acquired parkinsonian disorders, 

Eyelid Dysfunction in Neurodegenerative, Neurogenetic, and Neurometabolic Disease



404

especially PSP (20–70% of patients affected) but occasionally multiple system atro-
phy and rarely PD (Friedman et al. 1992; Yoon et al. 2005; Barclay and Lang 1997). 
Comorbid blepharospasm and apraxia of eyelid opening may also occur (Defazio 
et al. 2001), especially in PSP.

5.4  Treatment of Blepharospasm

Botulinum toxin chemodenervation of the OO is the treatment of choice for blepha-
rospasm. In addition to weakening the OO, it lowers the spontaneous blink rate 
(Conte et  al. 2016) and reduces blink reflex hyperexcitability (Quartarone et  al. 
2006). In mild cases where photophobia and increased blink frequency are the chief 
complaints, polarized lenses may be helpful. Some patients report symptomatic 
improvement by wearing a tight band around the forehead, which serves to provide 
a constant geste antagoniste. Other studies of noninvasive treatment include behav-
ioral therapy to encourage eyelid relaxation, biofeedback using EMG recording of 
the frontalis muscle (Surwit and Rotberg 1984), and transcranial magnetic stimula-
tion (Kranz et al. 2010). Medications (e.g., anticholinergics, baclofen, benzodiaze-
pines, levodopa) that are used to treat other dystonias, especially generalized 
dystonias where botulinum chemodenervation is not feasible, have been attempted 
in blepharospasm with mixed results. Surgical myectomy was routinely performed 
in the past but is now mainly reserved for patients who are refractory or intolerant 
to botulinum toxin (Pariseau et al. 2013). Deep brain stimulation has also been suc-
cessfully performed in a few refractory cases (Yamada et al. 2016).

6  Apraxia of Eyelid Opening and Closure

6.1  Overview of Voluntary Eyelid Control

In addition to spontaneous and reflexive blinking, eyelid closure can be initiated and 
sustained at will. The supranuclear pathways responsible for voluntary eyelid con-
trol are poorly understood. Electrical stimulation of various frontal, temporal, pari-
etal, and occipital foci can elicit eye opening or closure, and the cortical control of 
eyelid position is thought to have a right hemispheric predominance (Liu et  al. 
2010). A syndrome of difficulty initiating and maintaining voluntary eye opening 
during a normal waking state was first described by Goldstein and Cogan in 1965, 
who called it “apraxia of lid opening” (Goldstein and Cogan 1965). The use of the 
term apraxia has since been criticized, and other names such as blepharocolysis, 
akinesia of lid opening and function, eyelid freezing, and involuntary levator palpe-
brae inhibition of supranuclear origin have been proposed. Clinically and electro-
physiologically, apraxia of eyelid opening (AEO) is characterized by difficulty 
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initiating eyelid elevation with a lack of appropriate LPS activation following sus-
tained voluntary eyelid closure in the absence of inappropriate orbicularis oculi 
activity. The frontalis muscle is often tonically activated in an attempt to secondarily 
elevate the upper eyelids. Spontaneous blinking and reflexive eye opening are nor-
mal, confirming that the neuromuscular apparatus of the levator palpebrae is intact 
and that the disorder is one of supranuclear control. PET studies have found hypo-
metabolism in the anterior cingulate and supplemental motor areas of the frontal 
lobes (Smith et al. 1995; Suzuki et al. 2003).

Some of the clinical features of AEO resemble a focal dystonia. As many as one- 
third of patients learn to adopt a geste antagoniste, typically a light touch of the 
eyelids, that allows them to initiate eye opening (Defazio et al. 1988). Blepharospasm 
may co-exist, and AEO is occasionally unmasked by chemodenervation of the OO 
to treat blepharospasm. This should not be mistaken as treatment failure or ptosis 
due to the spread of botulinum toxin into the LPS, as the treatment is actually to 
provide additional botulinum toxin to the pretarsal OO (Aramideh et al. 1995; Rana 
et al. 2012; Esposito et al. 2014). In fact, while AEO is defined by clinical and elec-
tromyographic OO silence, selective recordings of the pretarsal OO have shown 
persistent activity during attempted eyelid opening in some patients (Tozlovanu 
et al. 2001). This finding has been difficult to replicate on a larger scale because of 
its technical barriers, so it remains unclear if these patients truly have AEO, a subtle 
variant of blepharospasm, or a distinct entity altogether that some have termed “OO 
motor persistence”.

6.2  Neurodegenerative Diseases Associated with Apraxia 
of Eyelid Opening

AEO may occur in isolation or in association with an underlying neurodegenerative 
disorder. Of 32 patients with AEO seen at a regional referral center in Puglia, Italy, 
over a 10-year period, 10 were healthy, 10 had blepharospasm, 6 had PSP, and 3 had 
idiopathic PD (Lamberti et al. 2002). AEO is seen in anywhere from 30% to 45% of 
patients with PSP (Nath et al. 2003). Furthermore, AEO typically coincides with or 
precedes the onset of parkinsonism in PSP, whereas it is a much later manifestation 
of PD. AEO is also seen in MSA and corticobasal syndrome. In the latter, however, 
the underlying pathology at autopsy is one of PSP (with neuronal tau-positive inclu-
sions) rather than true corticobasal ganglionic degeneration (which is characterized 
by astrocytic tau-positive inclusions and balloon neurons) (Ouchi et al. 2014). There 
are also reports of AEO in amyotrophic lateral sclerosis (ALS) with or without fron-
totemporal disease, HD, SCA2 (Kanazawa et al. 2007), SCA3 (Cardoso et al. 2000), 
Wilson’s disease, and chorea-acanthocytosis among others.

Apraxia of eyelid closure has also been described but is much less common. 
These patients constrict the corrugator and procerus muscles during attempted vol-
untary eyelid closure but not the OO (Aramideh et al. 1997); the LPS remains active, 
and thus this disorder represents a failure to both inhibit the LPS and activate the 
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OO. However, patients are able to close their eyes normally during spontaneous and 
reflexive blinking. It has been reported in PSP (Friedman et al. 1992), HD (Bonelli 
and Niederwieser 2002), Creutzfeldt–Jakob disease (CJD), ALS (Fukishima et al. 
2007), and acquired frontal and parietal lobe disease.

6.3  Treatment of Apraxia of Eyelid Opening

A number of modalities can be used to treat AEO. Conservative measures include 
wearing goggles (Hirayama et al. 2000) or eyelid crutches (Ramasamy et al. 2007). 
While these provide some direct mechanical elevation of the upper eyelid, their 
primary effect is probably as a geste antagoniste. Levodopa may be effective in 
isolated (Dewey Jr and Maraganore 1994) or PD-associated AEO (Yamada et al. 
2004; Lee et al. 2004), but it appears to worsen PSP-associated AEO. Anticholinergics 
(Krack and Marion 1994), atypical antipsychotics (Tokisato et al. 2015), and meth-
ylphenidate (Eftekhari et al. 2015) have been tried in individual case reports. Given 
the finding of abnormal EMG activity in the pretarsal OO in some patients with 
AEO, botulinum injection of the pretarsal OO is frequently performed with success 
(Piccione et  al. 1997). In cases of comorbid blepharospasm and AEO, surgical 
myectomy (Georgescu et al. 2008) or frontalis suspension (Dressler et al. 2017; De 
Groot et al. 2000) can treat both disorders simultaneously but is generally reserved 
as a last resort.

PD-associated AEO is especially complicated as it can be confounded by DBS 
(Baizabal-Carvallo and Jankovic 2016). While AEO may be present in untreated PD 
and improve after STN DBS (Fuss et  al. 2004; Weiss et  al. 2010a), it more fre-
quently emerges or worsens after STN DBS (anywhere from 2% to 31% of patients). 
This is thought to occur via the spread of current into the adjacent corticobulbar 
tract, particularly when higher voltages are applied to more caudal contact points. 
This effect seems to be specific to the STN, as AEO does not seem to occur (and 
may even improve (Goto et  al. 2000)) following the more rostral GPi DBS, and 
experimental low-frequency stimulation of the STN at certain voltage thresholds 
can even induce myoclonus in the pretarsal OO (Tommasi et al. 2012). The weaning 
of levodopa following DBS could also theoretically unmask a pre-existing, 
levodopa-responsive AEO (Umemura et  al. 2008). AEO usually occurs within a 
year of DBS implantation, and an increase in spontaneous blink rate can be a har-
binger of AEO during programming sessions (Weiss et  al. 2010b). Treatment is 
challenging and consists of reducing voltage, increasing frequency, and administer-
ing levodopa in addition to conventional AEO therapies.
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Abstract Spinocerebellar ataxias (SCAs) are clinically heterogeneous forms of 
degenerative disorders with autosomal dominant pattern of inheritance. Among 
more than 40 forms of SCAs, each may have peculiar neurological constellation. 
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identification of various forms of neurological disorders, and utilizing the eye 
movements to differentiate various forms of SCAs remains most critical. In this 
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1  Introduction

Spinocerebellar ataxias (SCAs) are a clinically heterogeneous group of hereditary 
late onset, neurodegenerative disorders, with an autosomal dominant pattern of 
inheritance. In Europe, SCAs have estimated prevalence of 0.8–3.0/1,00,000 popu-
lation (van de Warrenburg et al. 2003; Klockgether 2008). The prevalence world-
wide, however, shows differences among geographical areas due to a founder effect 
of the gene. In this respect, SCA2 is higher in Cuba, SCA3 in Azores, and DRPLA 
in Japan. SCA1, 2, 3, and 6 are the most frequently diagnosed SCAs, all over the 
world, among these, SCA 3 is the commonest type worldwide. There are approxi-
mately 42 clinically different types of SCA identified so far. To date, 22 different 
genes (SCA1, 2, 3, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 17, 22, 23, 27, 28, 31, 35, 36, 
37, 38, 40, 41, 42, 43, 44, 45, 46, 47 and dentatorubropallidoluysian atrophy 
[DRPLA]) and additionally 10 different gene loci (SCA 4, 18, 19, 20, 21, 25,26, 29, 
30, and 32) are identified. SCA1, 2, 3, 6, 7, and 17 are translated CAG repeat expan-
sions coding for an elongated polyglutamine tract within the respective proteins; 
they belong to the group of polyglutaminopathies, also including Huntington’s dis-
ease, DRPLA, and spinobulbar muscular atrophy (Bettencourt et  al. 2016; Jones 
et al. 2017). SCA8, 10, and 12 are due to untranslated repeat expansions in non- 
coding regions of the genes. SCA5, SCA13, SCA14, SCA27, and 16q22-linked 
SCA are associated with point mutations. SCA4 and 16q22-linked SCA (SCA31) 
have been mapped to the same chromosomal region, but no mutations have been 
found in the original SCA4 family (Manto 2010; Klockgether 2008) (Figs. 1 and 2).

The absence of a familiar history does not rule out a genetic ataxia. Patient may 
present with a de novo mutation, or affected relatives may have died before the 
onset of symptoms. Due to the anticipation phenomenon, very common in the domi-
nant ataxias, the elderly relatives carrying the mutation might not have fully devel-
oped the symptoms or may be clinically unaffected. Moreover, false attribution of 
paternity should be taken into account.

Clinical presentation of dominant ataxia is extremely heterogeneous. Common 
clinical findings usually include a late onset presentation, typically around the third or 
fourth decade (McIntosh et al. 2017). In addition, all patients exhibit a slowly pro-
gressive cerebellar syndrome with various combinations of oculomotor disorders, 
dysarthria, dysmetria/kinetic tremor, and/or ataxic gait. Diagnosis is often compli-
cated by the possible concomitance of pigmentary retinopathy, extra- pyramidal disor-
ders and various movement disorders (parkinsonism, dyskinesias, dystonia, chorea), 
pyramidal signs, cortical symptoms (seizures, cognitive impairment/ behavioral 
symptoms), and peripheral neuropathy (Manto 2010). Some clinical signs/symptoms 
may provide a clue to address the diagnosis. In this regard, pure cerebella ataxia is 
typical of SCA6, ophthalmoplegia is quite specific of SCA28, saccade slowing is an 
hallmark of SCA2; pigmentary retinopathy is usually seen in SCA7. Spasticity can be 
encountered in SCA3. Dyskinesias and behavioral changes are typical of SCA17 and 
DRPLA; seizures are often seen in SCA10, SCA17, and DRPLA (Manto 2010).
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Fig. 1 MRI of a 42-year- 
old patient with SCA2, 
showing cerebellar atrophy

Fig. 2 MRI of a 60-year- 
old patient with SCA8
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Overall, eye movement abnormalities are encountered in almost all SCAs, 
though they are, with some important exceptions, not specific. Usually, they are 
related to the cerebellar impairment, such as saccadic dysmetria, changes of pursuit 
gain, and various types of nystagmus. However, progressive atrophy of pons is 
responsible for extreme slowing of saccades in SCA2, and, to a much lesser extent, 
of SCA1 and SCA3. Analogously, frontal cortex involvement is thought to be linked 
to increased latency in SCA2.

In this respect, brain MRI of SCAs can show a pure cerebellar atrophy, a pattern 
of olivopontocerebellar atrophy and a global cerebral atrophy. In most cases, the 
involvement of extracerebellar structures is typical of the later stage of disease of 
most of the SCAs, with some rare exceptions (for example, SCA6, whose degenera-
tion is usually confined to cerebellum). SCA1, SCA2, and SCA7 are characterized 
by olivopontocerebellar atrophy (Table 1).

A hallmark neuropathological feature of polyglutamine ataxias (and polygluta-
mine diseases in general) is the presence of disease proteins aggregation and neuro-
nal nuclear inclusions, also containing other proteins such as chaperones, 
proteasomal subunits, and transcription factors (Schmidt et al. 2002).

Over recent years, it was observed that many genetic ataxias share a similar 
mechanism of disease causation. Particularly, the expansions of polyglutamine 
tracts are associated with transcriptional dysregulation, due to compromission of 
the ubiquitin-proteasome system and macroautophagy (autophagy) process, 
responsible for the degradation and clearance of misfolded and/or superfluous 
proteins and leading to proteins aggregation (McIntosh et al. 2017). Other potential 
mechanism of disease causation are the protein misfolding resulting in altered 
function, the formation of toxic oligomeric complexes, mitochondrial dysfunction, 
impaired axonal transport, aberrant neuronal signaling including excitotoxicity, 
cellular protein homeostasis impairment, and RNA toxicity (Shakkottai and Fogel 
2013; Williams and Paulson 2008). Either direct ion-channel mutations or secondary 
ion-channel dysfunction has been implicated in the pathogenesis of SCA5, SCA6, 
SCA13, SCA15/16, SCA19/22, and SCA27 (Shakkottai and Paulson 2009; Chen 
et al. 2003), while mutations in signal transduction molecules are the direct cause of 
disease in SCA11, SCA12, SCA14, and SCA23 (Shakkottai and Fogel 2013). The 
putative mechanism of disease in SCA8, SCA10, SCA31, and SCA36 includes 
transcriptional alterations and the generation of antisense transcripts, sequestration 
of mRNA-associated protein complexes that lead to aberrant mRNA splicing, and 
processing and alterations in cellular processes, including activation of abnormal 
signaling cascades and failure of protein quality control pathways (Todd and 
Paulson 2010).

2  Spinocerebellar Ataxia Type 1

SCA1 is observed in Italian, South African, Australian, German, Chinese, Korean, 
Japanese, and Spanish populations (Sun et al. 2016).
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Table 1 Eye movement change in SCAs

Subtype Genetic Change Eye Movement Abnormalities

SCA1 Ataxin 1 Saccades hypo/hypermetria, slow/normal speed
Impaired fixation with saccadic intrusions, or oscillations, 
GEN impaired VOR

SCA2 Ataxin 2 Slow saccades, hypometric saccades, Ny, increased latency, 
and high direction errors of antisaccades

SCA3 Ataxin 3 Slow and dysmetric saccades, ophthalmoplegia, impaired 
VOR, ny, and saccadic intrusion or oscillations

SCA4 16q32 Slow saccades, ophthalmoparesis, impaired VOR, ny
SCA5 βIII-Spectrin Slow saccades, fragmented pursuit, ny
SCA6 CACNA1A GEN, rebound ny, PAN, impaired pursuit and VOR, fast 

saccades
SCA7 Ataxin 7 Slow saccades, impaired pursuit and VOR, saccadic intrusions
SCA8 Ataxin 8 Slow saccades, ophthalmoparesis and diplopia, fast downward 

saccades, ny, saccadic pursuit, SWJ
SCA10 Ataxin 10 Ny, SWJ and other ocular oscillations, abnormal pursuit, 

hypometric saccades
SCA11 Tubulin kinase-2 GEN, downbeat ny, fragmented pursuit, and saccades
SCA12 PPP2R2B Ny, fast saccades, abnormal VOR
SCA13 KCNC3 GEN
SCA14 PRKCG GEN and SWJ, slow and hypometric saccades
SCA15/16 ITPR1 GEN, VOR changes
SCA17 TATA-box binding 

protein
Hypometric saccades, errors and increased latency in 
antisaccades, abnormal pursuit, GEN and rebound ny, 
abnormal VOR

SCA 18 IFRD1 GEN
SCA19/22 KCND3 Normal speed saccades, dysmetric saccades, abnormal pursuit, 

GEN
SCA 20 11q22.2-11q12.3 Fast and hypermetric saccades, GEN, downbeat ny, SWJ
SCA 21 TMEM240 SWJ and pursuit changes, normal sacacdes
SCA 23 PDYN on 

20p13-12.3
Slow saccades and GEN

SCA 25 2p15-p21 GEN, downbeat ny, hypermetric saccades, saccadic intrusions
SCA 26 19p13.3 Dysmetric saccades, abnormal VOR gain and pursuit
SCA27 Fibroblast growth 

factor-14
Impired saccades and pursuit, ny

SCA 28 AFG3L2 Slow saccades, ophthalmoparesis, palpebral ptosis, pursuit and 
OKN impairment

SCA 29 ITPR1 GEN and fixation instability
SCA 30 4q34.3-q35.1. Hypermetric saccades, ny
SCA 31 ODZ3 GEN
SCA 34 ELOVL4 GEN, supranuclear ophthalmoplegia, impaired smooth pursuit
SCA 35 20p13-12.2. Slow saccades
SCA 36 NOP56 Impaired pursuit, GEN, supranuclear palsy
SCA 37 DAB1 Vertical gaze impairment, GEN, SWJ

(continued)
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SCA1 gene maps at the locus 6p23; the number of CAG repeats ranges from 6 to 
44  in the general population, being highly polymorphic (Manto 2010). SCA1 
patients typically have expansions between 39 and 82 repeats (Orr et al. 1993). The 
length of the repeat, the age of onset, and the severity of the disease are strictly cor-
related: For longer repeats, the onset occurs earlier and the phenotype is more 
severe. This is due to the dynamic aspect of the mutation during transmission and is 
especially evident for paternal transmission (Goldfarb et al. 1996). The CAG repeat 
in the SCA1 gene encodes a polyglutamine tract. Both SCA1 mRNA and the protein 
ataxin-1 are ubiquitously expressed. This protein is localized mainly in the nuclei of 
Purkinje and brainstem neurons.

The onset of the disease usually occurs during the third or fourth decade of life; 
anticipation phenomenon is very common, successive generations tend to present 
with an earlier onset and more severe manifestations (Orr et al. 1993). Cerebellum 
and brainstem-related symptoms are the most common clinical presentation, but 
patients may exhibit also extrapyramidal signs and peripheral neuropathy. Disease 
progression takes 10–15 years, with a gradual worsening of the ataxia and of the 
bulbar involvement. Neuropathology studies have demonstrated a progressive 
severe neuronal loss in the cerebellum (cerebellar cortx and dentate nuclei) and 
pons. Neuroimaging confirms the pontocerebellar atrophy, and sometimes the pres-
ence of a midline hyperintensity of the pons on T2-weighted sequences has been 
observed (Adachi et al. 2006).

Oculomotor abnormalities, even though not specific, have often been described 
in SCA1, particularly, saccadic dysmetria (Kim et al. 2013a, b; Teive et al. 2012; 
Bürk et  al. 1999), resulting in both hypometria (Alexandre et  al. 2013) or 
hypermetria (Rivaud-Pechoux et  al. 1998; Vale et  al. 2010). Reduced saccadic 
speed has been inconstantly observed (Alexandre et al. 2013, Buttner et al. 1998, 
Klostermann et al. 1997), generally with latency preservation (Alexandre et al. 
2013). As a consequence of the brainstem involvement, both horizontal and verti-
cal ophthalmoparesis may be present (Klostermann et al. 1997), as well as gaze-
evoked nystagmus, expression of the gaze holding impairment (Kim et al. 2013b). 

Table 1 (continued)

Subtype Genetic Change Eye Movement Abnormalities

SCA 38 ELOVL5 Slow saccades, GEN
SCA 40 CCDC88C Vertical gaze restriction, saccade hypometria
SCA 42 CACNA1G Saccadic pursuit, diplopia, GEN
SCA 43 MME Ny
SCA 44 GRM1 Saccadic hypermetria, abnormal pursuit
SCA 45 FAT2 Ny
SCA 46 PLD3 Slow saccades, ny, saccadic pursuit, SWJ
SCA 47 PUM1 Ny
DPRLA ATN1 Saccadic apraxia, slow saccades, ophthalmoplegia, saccadic 

pursuit, ny, SWJ

VOR Vestibulo-ocular reflex, GEN Gaze-evoked nystagmus, NY Nystagmus, PAN Periodic alter-
nating nystagmus, SWJ Square wave jerks, OKN Optokinetic nystagmus
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Gaze steady fixation may be interrupted by saccadic intrusions, both SWJs and 
SO (Kim et al. 2013a). Impaired vestibulocular reflex and optokinetic nystagmus 
have also been reported (Manto 2010).

3  Spinocerebellar Ataxia Type 2

Epidemiologically, SCA2 is more often seen in Italy, India, Mexico, and Cuba.
It is caused by an expansion of an unstable CAG repeat in the ataxin-2 gene 

(12q24.1). The CAG trinucleotide repeat is not highly polymorphic in normal indi-
viduals, ranging from 15 to 32 repeats. A number of 33 CAG repeats is sufficient to 
cause the disease and, as for SCA1, there is a clear correlation between the length 
of the repeat and the age of onset (McIntosh et al. 2017). The polyQ protein affected 
in SCA2, ATXN2, is implicated in a range of biological functions, including cell 
specification, actin filament formation, receptor-mediated signaling, and secretion, 
probably due to its role in cytoplasmic RNA-related functions, in particular the 
regulation of translation (Orr 2012).

Neuropathological characteristic of the disease is the extensive atrophy of cere-
bellum and pons, more severely than in SCA1, with dilation of the fourth ventricle. 
Often, atrophy progression may involve the frontotemporal lobes. Neuronal loss is 
localized principally in the cerebellar Purkinje cells, dentate nuclei, and substantia 
nigra. Demyelination may occur in the posterior columns of the spinal cord and 
spinocerebellar tract (Scherzed et al. 2012; Seidel et al. 2012).

Given this progressive widespread involvement, clinical symptoms may vary, but 
all patients manifest with cerebellar ataxia. Often, a subclinical peripheral neuropa-
thy may occur; seldom, a hyperreflexia due to pyramidal tract involvement may be 
observed. Some families present with parkinsonism or amyotrophic lateral sclerosis 
phenotypes (Pulst 2016). In other individuals, a cognitive decline may develop. 
Rufa et al (2002) reported pigmented retinopathy in a SCA2 family.

Besides cerebellar ataxia, the hallmark of the disease is the severe slowing of 
ocular movements, which has been observed in up to 90% of patients, mostly due 
to the impairment of the excitatory burst neurons in PPRF (Magaña et al. 2013; 
Velázquez-Pérez et al. 2004; Wadia and Swami 1971; Zee et al. 1976a, b; Bürk 
et al. 1999; Federighi et al. 2011; Vale et al. 2010). In a 5-year prospective follow-
up study, Rodriguez-Labrada et al. (Rodríguez-Labrada et al. 2016) observed that 
the progression rate of saccade slowing was influenced by expansion size. Few 
studies also reported hypometric saccades, nystagmus, and SWJs intrusions in 
SCA2 patients (Teive et al. 2012; Kim et al. 2013a, b; Moscovich et al. 2015), 
though at a lower extent than other cerebellar patients. In this regard, (Federighi 
et al. 2011; Rufa and Federighi 2011) hypothesized that SCA2 patients could more 
easily maintain the accuracy of the movement due to their slow velocity and longer 
duration, allowing a visual reference during the execution of movement that may 
guide the eye landing to the target. Increased saccadic latency has been correlated 
with executive functions but not with demographic, clinical, or molecular variables, 
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in Cuban population (Rodríguez- Labrada et  al. 2011). An executive deficit for 
SCA2 patients was also demonstrated in the antisaccade task by the same authors 
(Rodríguez-Labrada et al. 2014), reporting a significant increase of antisaccadic 
errors with low correction rate and prolonged latency in respect to the normal 
population. Antisaccadic data were correlated with the number of CAG repeat 
expansion in this study. The authors hypothesized that antisaccadic changes in 
these patients are due to the spreading of atrophy in frontal/dorsolateral prefrontal 
cortex. In this respect, our group recently reported that in the antisaccade task, 
SCA2 patients had prolonged and variable latency and increased directional error 
rate than normal, but this behavior was not different from that of another cerebellar 
population with isolated cerebellar atrophy (LOCA, late onset cerebellar ataxia). 
Authors suggested a role for the cerebellum in the execution of voluntary 
movements by modulating its initiation and reducing reflexive responses that 
would perturb goal-directed actions (Pretegiani et al. 2018)

4  Spinocerebellar Ataxia Type 3

The frequency of SCA3, or Machado–Joseph disease (MJD), is high in France, 
USA, Japan, Portugal, Brazil, and China. In several studies, it is reported as the 
most common dominant ataxia worldwide (Coutinho and Andrade 1978; Sequeiros 
and Coutinho 1993).

The MJD1 gene of 1776 bp maps to the 14q32.1 region (Kawaguchi et al. 1994). 
The normal range of CAG repeats in the MJD1 gene is up to 47. The expanded 
repeat size is more than 44 (Padiath et al. 2005), with 86 being the largest expanded 
repeat reported. There is an overlap of normal repeat sizes (up to 47), with the 
smallest expanded repeat of 45 CAGs. Individuals with a repeat length in the over-
lapping region do not always present with the disease (reduced penetrance) (Riess 
et al. 2008). The instability of CAG expansion, especially for paternal transmission, 
causes anticipation in children from affected fathers. The age of onset is influenced 
not only by the triplet repeat length but also by additional factors such as homozy-
gosity for the expanded CAG repeat, which predisposes to earlier age at onset (Lang 
et al. 1994), sex (the symptoms appear later in females), and probably lifestyle. The 
length of the repeats is associated with different phenotypes, being a length of CAG 
motifs of less than 73 related to peripheral neuropathy, and more than 73 to pyrami-
dal symptoms. The product is the protein ataxin-3, an ubiquitin-binding protein, 
whose definite functions are still to be clarified, probably participating in protea-
somal protein degradation (Wang et al. 2000).

Neuropathology of SCA3 is characterized by atrophy of cerebellum, pons and 
medulla oblongata, and cranial nerves from III to XII, as well as depigmentation of 
substantia nigra. The areas initially involved by degenerative process are the cerebellum, 
substantia nigra, and a subset of vestibular, oculomotor and precerebellar nuclei, while 
thalamus and the other interested areas become involved later (Scherzed et al. 2012).
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The age of onset can be extremely variable, but often it ranges from 20 to 40 years 
of life. Clinical presentation is often heterogeneous, with a mix of cerebellar and 
extra-cerebellar deficits. Usually, first symptoms include slurred speech, gait ataxia, 
and visual blurring. On the basis of neurological onset and clinical presentation, a 
classification into four subtypes has been proposed:

 – Type I: Early onset (10–30  years), extrapyramidal (dystonia), and pyramidal 
defects

 – Type II: Intermediate onset (20–50 years), with pyramidal, and cerebellar deficits
 – Type III: Late onset (40–75 years), cerebellar deficits, and peripheral neuropathy
 – Type IV: Variable onset, peripheral neuropathy, and parkinsonism

Ocular movements are very frequently abnormal in SCA3 patients. One finding 
is represented by slowing of ocular movements (Teive et al. 2012), though usually 
not as severe as in SCA2; the neuroanatomical substrate is thought to be the involve-
ment of the network including excitatory and inhibitory burst neurons and omnip-
ause neurons in the brainstem (Rüb et al. 2003). Complete ophthalmoplegia and/or 
gaze paralysis have often been reported (Teive et al. 2012; Moscovich et al. 2015; 
Vale et al. 2010).

Alexandre et  al. (2013) found normal saccade velocity in a cohort of SCA3 
patients, except in one case with increased mean velocity and an increase of intra- 
subject variability of amplitude. Saccadic dysmetria were found also by Kim et al. 
(Kim et al. 2013a, b) and Moscovich et al. (2015).

Impairment of vestibulocular reflex or complete vestibular areflexia (Gordon 
et al. 2003; Buttner et al. 1998) is also described in SCA3.Very commonly reported 
are the gaze holding abnormalities, GEN (Moscovich et al. 2015; Kim et al. 2013a, 
b; Teive et al. 2012; Vale et al. 2010), and the impairment of steady fixation with 
saccadic intrusions, including SWJs and SWOs (Kim et al. 2013a, b).

5  Spinocerebellar Ataxia Type 4

SCA4 has been firstly reported in a pedigree from USA of Scandinavian origin 
(Flanigan et al. 1996). Age of onset is variable, with a peak in fourth or fifth decade.

SCA4 maps to chromosome 16q22.1; this locus overlaps with that of a possibly 
related endemic cerebellar syndrome described in Japan, the 16q-ADCA or SCA31, 
which constitutes the third most common dominant ataxia form in Japan after MJD 
and SCA6. However, Edener et  al. (2011) excluded a pathogenic pentanucleotide 
repeat in the BEAN gene, which causes SCA31, as a cause of SCA4 in the family 
reported by Hellenbroich et al. (2003), indicating that SCA4 and SCA31 are not allelic 
disorders. Cerebellar and brainstem neurodegeneration with marked neuronal loss, 
especially in the Purkinje cells layers and cerebellar nuclei (Hellenbroich et al. 2006), 
is the neuropathological characteristic of the disease. Degeneration is also observed in 
the posterior columns and roots of spinal cord.
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Clinically, SCA4 is characterized by ataxia with prominent axonal sensory neu-
ropathy. Full tendon areflexia is sometimes observed; more rarely a Babinski sign is 
present. The 16q-ADCA of Japan is often a pure ataxia syndrome, while rarely 
dementia and hearing impairment have been reported.

Ocular movement abnormalities are represented by saccade slowing and oph-
thalmoparesis, reduced VOR response, and GEN (Maschke et al. 2005).

6  Spinocerebellar Ataxia Type 5

SCA5 has been described in a population descending from US President Abraham 
Lincoln. Though the onset could be variable, symptoms in most cases begin during 
the third or fourth decades. Anticipation is common and early cases are usually 
maternally inherited (Ranum et al. 1994).

Deletions and missense mutations in the beta-III spectrin gene (STBN2) linked 
to chromosome 11q13 cause SCA5. Spectrin mutations affect glutamate signaling.

SCA5 is mainly a cerebellar degeneration. In this respect, clinical symptoms are 
constituted by gait and stance ataxia, and, to a lesser extent, by dysarthria and 
kinetic tremor.

Oculomotor abnormalities are especially characterized by downbeat nystagmus 
or GEN (Bürk et al. 2004). More rarely, saccadic dysmetria and saccade slowing 
have been reported.

7  Spinocerebellar Ataxia Type 6

SCA6 was commonly seen in Korean (15–23%), Japanese (6–23%), Dutch 
(11–23%), Australian (17%), and German populations (10–22%), and less fre-
quently seen in the UK (5%), India (0–4%), and China (0–3%) (Sun et al. 2016). It 
is the only polyglutamate disease caused by mutation in a membrane protein 
(Voltage-gated calcium channel alpha 1 a subunit) (Zhuchenko et al. 1997; Mondal 
et al. 2013). It is caused by CAG triplet expansion in CACNA1A gene, which maps 
to 19p13. Normal alleles range from 4 to 18 units, with expanding alleles ranging 
from 20 to 30 repeats. The expanded CAG repeat number is inversely correlated 
with age at onset; homozygous patients show an earlier onset and a more rapid 
progression (Manto 2010). The size of SCA6 expanded alleles is generally stable 
during transmission, and anticipation is rare. A dosage effect was observed. Age of 
onset varies from 19 to 73 years, with a peak around 45 years.

Neuropathological studies have shown a severe loss of Purkinje cells and 
macroscopically a cerebellar atrophy. Atrophy of cerebral cortex, thalamus, mid-
brain, pons, medulla oblongata is occasionally reported (Seidel et al. 2012). In 
neuroimaging studies, however, atrophy prevails in the vermis, while it is less 
pronounced in the cerebellar hemispheres and not present in the middle cerebel-
lar peduncles, pons, or other posterior fossa structures.
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Usually, SCA6 is a pure cerebellar ataxia, with gait and limb ataxia, cerebellar 
dysarthria as the commonest symptoms complained by patients. The involvement of 
other structures, leading to pyramidal or extrapyramidal signs, is very rare.

Ocular movements speed is generally preserved. Saccades may show variable 
dysmetria, likely due to an impairment of cerebellar fastigial nucleus (Zhang et al. 
2016), while ophthalmoparesis is rare (Moscovich et  al. 2015). Diverse kinds of 
nystamus can be encountered: downbeat, upbeat, GEN, PAN, pendular (Gomez 
et al. 1997; Kim et al. 2013a, b; Zee et al. 1976a, b; Moscovich et al. 2015; Liang 
et al. 2016). Moreover, stability of gaze could be affected by intrusions of SWJs 
subtype (Kim et al. 2013a, b; Moscovich et al. 2015).

The VOR is usually hyperactive (Gomez et al. 1997), and the pursuit may be impaired.

8  Spinocerebellar Ataxia Type 7

SCA7 is rare. It is found in Swedish, Finnish, and South African (22.2%) popula-
tions as well as in Brazilian (6%), Spanish (1%), Portuguese (1%), and Australian 
(2%) populations (Sun et al. 2016). SCA7 is caused by a CAG triplet repeat expan-
sion in gene ATXN7, mapping in chromosome 3p12-21.1. The gene product is the 
protein ataxin-7. Healthy individuals have a range of 7 to 34 CAGs triplets. Repeats 
over 37 cause the phenotype. The length of the repeats is correlated with an earlier 
onset, a more rapid progression and severity; a correlation exists between number of 
repeats and phenotype, as for 59 or under the onset is purely cerebellar, while above 
59 the diseases starts with visual impairment (Johansson et al. 1998). Anticipation 
phenomenon is common, especially in male transmission.

Neuropathology of the disease is macroscopically characterized by atrophy of 
the cerebellar cortex, dentate nuclei, inferior olivary complex and olivocerebellar 
tract, spinocerebellar tract, subthalamic nucleus, and pyramidal tracts. Neuronal 
loss is found extensively in Purkinje cells, inferior olives, motor nuclei of cranial 
nerves, spinal motor neurons, and substantia nigra (Michalik et al. 2004). In addi-
tion, severe degeneration is observed in the retina (Seidel et al. 2012).

At neuroimaging, a marked atrophy of cerebellum and pons is evident.
SCA7 shows a variable clinical severity, ranging from infantile death (Benton 

et al. 1998) to slow progression in elderly. Cerebellar ataxia is the most common 
symptoms. Patients may complain about dysarthria, dysphagia, hypoacusia. 
Involvement of the visual system with pigmentary retinal dystrophy is frequent (Vale 
et al. 2010; Michalik et al. 2004).

As for the efferent system, saccades may show slowing (Schöls et al. 2008) and 
increased latency (Oh et al. 2001; Maschke et al. 2005), progressing to ophthalmo-
paresis (Teive et al. 2012). Usually, gaze holding and fixation are preserved, as well 
as VOR, though nystagmus has been reported in few SCA7 patients (Vale et  al. 
2010; Teive et al. 2012). Pursuit may be impaired.
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9  Spinocerebellar Ataxia Type 8

SCA8 is usually an adult onset (fourth or fifth decade) neurodegenerative disease, 
however the age of onset may vary (Sun et al. 2016). Given the presence of extra- 
cerebellar features such as parkinsonism and migraine, its phenotype is more com-
plex in comparison to other SCAs.

SCA8 is due to CTA and CTG triplet repeat expansion in ATXN8OS/ATXN8/
Kelch-like (KLHL1) genes, located on chromosome 13q21. Normal allele range 
from 15 to 434 repeats, while expanded range from 89 to 155. The expansion is 
expressed in both direction, in coding and non-coding regions, suggesting a toxic 
gain-of-function pathogenesis of the disease (Manto 2010). Relationship between 
the expanded repeats and the age of onset, disease progression or disease severity is 
debated. SCA8 also show reduced penetrance, and the expansion carriers may 
remain asymptomatic for ataxia. Therefore, genetic counseling is critical to explain 
the results in asymptomatic individuals or family members (Sun et al. 2016).

Neuropathology of SCA8 macroscopically show a severe cerebellar atrophy, 
with loss of Purkinje cells and neuronal loss at the inferior olives, but relative spar-
ing of dentate nuclei (Ito et al. 2006). Pancerebellar atrophy is observed at brain MRI.

Symptoms at onset are often dysarthria and gait instability. Patients may then com-
plain of cognitive decline, rapidly progressive parkinsonism resembling cortico- basal 
syndrome, limb spasticity, hyperreflexia, myoclonic jerks at arms and fingers and ath-
etotic movements, and rarely of an amyotrophic lateral sclerosis-like phenotype.

Ocular motor examination can point out a saccadic dysmetria (downward hyper-
metria). Rarely saccades are slow or there is ophthalmoparesis. GEN nystamus may 
be encountered and fixation is usually disturbed by PAN or SWJs. Diplopia is often 
complained by patients (Zee and Leigh 2015; Maschke et al. 2005; Ikeda et al. 2000).

10  Spinocerebellar Ataxia Type 10

SCA10 occurs in Latino-American populations, being the second most common 
SCA in Mexico (after SCA2) and Brazil (after SCA3).

It is caused by a repeat expansion primarily composed of ATTCT pentanucleo-
tide repeats. It is localized in intron 9 of ATXN10 gene on chromosome 22q13.3 
(previously known as E46L gene). SCA10 is the only known human disease caused 
by an expansion of pentanucleotide repeats. The number of repeats is polymorphic 
and ranges from 10 to 29  in normal population, while the expanded allele range 
from 800 to 4500. The length of repeat expansion is inversely correlated with age at 
onset (Matsuura et al. 2000). The repeats show instability during paternal, but not 
maternal, transmission. The gene product is a protein called ataxin-10.

Clinically, cardinal features of SCA10 are represented by cerebellar syndrome, 
including gait ataxia, dysarthria, slurred speech, kinetic tremor, and oculomotor 
abnormalities described below, and epilepsy, which is reported only in pedigree of 
Mexican origin and comprehends generalized or partial motor seizures (Rasmussen 
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et al. 2001). Rarely, mild peripheral neuropathy or hyperreflexia have been reported 
(Rasmussen et al. 2001). Neuroimaging shows pancerebellar atrophy.

Ocular motor involvement is wide. Saccades are generally hypometric (Teive 
et al. 2010, 2012; Rasmussen et al. 2001; Lin and Ashizawa 2005) but of normal 
speed. Gaze-evoked nystagmus is described (Teive et al. 2010). Fixation may be 
disturbed by ocular oscillations. Pursuits are often impaired.

11  Spinocerebellar Ataxia Type 11

SCA11 is caused by mutations of the gene encoding tau tubulin kinase-2 protein 
(TTK2) located at chromosome 15q14-21.3. Insertions or deletions have been reported.

Onset occurs usually during the second decade, progression is slow and life 
expectancy is normal. SCA11 is a relatively pure cerebellar disease, confirmed neu-
ropathologically by an extensive cerebellar atrophy with severe loss of Purkinje 
cells. At brain MRI, besides cerebellar vermis atrophy, a slight atrophy of pons and 
medulla has been observed.

Clinical features are those of cerebellar involvement, with gait and truncal ataxia, 
dysarthria.

Oculomotor examination shows pursuit impairment, GEN or downbeat nystag-
mus are common as well as saccadic abnormalities (Manto 2010; Worth et al. 1999; 
Johnson et al. 2008; Zee and Leigh 2015).

12  Spinocerebellar Ataxia Type 12

SCA12 is very rare worldwide. It has been detected in Indian families, American 
families of German origin, Chinese, Singaporean, and Italian families. It is caused 
by CAG repeat expansion in gene PPP2R2B, mapped to 5q31-q33. Repeats ranges 
from 55 to 78 in affected, from 9 to 28 in normal alleles (Holmes et al. 1999). The 
age of onset varies from 9 to 55 years. Typical clinical feature is action tremor, 
beginning in the fourth decade, variably associated with head tremor, limb ataxia, 
dysmetria, hyperreflexia, and dementia in advanced cases. Some families showed 
psychiatric symptoms (O’Hearn et al. 2001). MRI of the brain showed cortical or 
cerebellar atrophy and white matter hyperintensities. Typical oculomotor abnor-
malities include dysmetric saccades, impaired pursuit, and cerebellar nystagmus 
(O’Hearn et al. 2001).

13  Spinocerebellar Aataxia Type 13

SCA13 is due to conventional mutations in the voltage-gated potassium channel KCNC3 
(chromosome 19q13.3-q13.4) (Herman-Bert et al. 2000). The p.R420H (c.G1260A) 
mutation in KCNC3 is associated with late-onset ataxia, whereas the p.F448  L (c.
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C1344A) and p.R423H (c.G1268A) mutations are related to early-onset ataxia, delayed 
motor milestones, mental retardation, and epilepsy (Sun et al. 2016; Subramony et al. 
2013; Figueroa et al. 2010, 2011). KCNC3 is expressed in Purkinje cells, cerebellar 
granule cells, and cerebellar neurons. It is supposed that SCA13 mutations impair the 
firing properties of fast-spiking cerebellar neurons and influence neuronal function, and 
also interfere with the capacity of cerebellar neurons to handle oxidative stress (Waters 
et al. 2006). Neuroimaging show usually cerebellar hypoplasia for the early-onset sub-
types and progressive cerebellar atrophy for the adult-onset.

Among ocular motor abnormalities, no saccades or pursuit changes have so far 
been reported, while GEN has been described in the R448L and R423H phenotypes 
(Herman-Bert et al. 2000; Khare et al. 2017).

14  Spinocerebellar Aataxia Type 14

SCA14 has been described in Japan and European families (Hiramoto et al. 2006; 
van de Warrenburg et al. 2003; Chelban et al. 2018). It is caused by conventional, 
usually missense, mutations in the protein kinase C gamma (PRKCG) gene in chro-
mosome 19q13.4-qter.

The age of onset may vary, but usually the disease manifests in adulthood, around 
the third decade. (Yamashita et al. 2000; Chen et al. 2003). Clinical characteristics 
are extremely heterogeneous even among the same family. Generally, the onset 
symptom is instability of gait, with slow progression. Other features as myoclonus, 
dystonia, parkinsonian syndrome, reduced tendon reflexes, cognitive deficits, 
epilepsy have been reported (Stevanin et  al. 2004a, b). Brain MRI shows pure 
cerebellar atrophy.

Ocular motor examination frequently shows gaze-evoked nystagmus and/or 
saccadic intrusions of SWJs type (Hiramoto et al. 2006; van de Warrenburg et al. 
2003; Chen et al. 2005a). Occasionally, slow and hypometric saccades have been 
observed.

15  Spinocerebellar Ataxia Type 15/16

SCA 15 is a very rare dominant cerebellar ataxia, originally described in an Australian 
kindred (Gardner et al. 2005) and later observed in European and Japan families. In 
the latter, it was firstly identified as SCA16 (Iwaki et al. 2008). SCA15 and SCA16 
are associated with deletions of the inositol 1,4,5-triphosphate receptor (ITPR1) gene.

Age of onset may vary from seven to 72 years. Major clinical finding is a very 
slow progressive cerebellar ataxia, with associated postural and kinetic tremor. 
Rarely, orolingual dyskinesias or mioclonus have been described. Japanese pedi-
gree showed pyramidal signs (Hara et al. 2008). Cognitive impairment may also be 
present. However, the SCA15 is a relatively pure cerebellar ataxia, confirmed at 
neuroimaging (cerebellar atrophy, mainly of the vermis) (Storey and Gardner 2012).
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Saccades may sometimes be mildly hypometric. Pursuit can be found impaired, 
as well as gain of vestibulocular reflex. In approximately 80% of affected individu-
als, a GEN nystagmus has been described (Dudding et al. 2004; Gardner et al. 2005; 
Miyoshi et al. 2001; Storey and Gardner 2012; Zee and Leigh 2015).

16  Spinocerebellar Ataxia Type 17

SCA17 has been reported in Japanese, Germans, French, Chinese, Koreans, Italian 
Mexicans, Greeks, and Indians, albeit with a frequency much lower than SCA1–3 
(Sun et  al. 2016; Nakamura et  al. 2001; Rolfs et  al. 2003). SCA17 is due to an 
expanded CAG repeat in the TATA-box binding protein (TBP), which is a transcrip-
tion factor expressed from a single gene on chromosome 6q27. The TBP protein is 
the DNA-binding subunit of the RNA polymerase II transcription factor D (TFIID) 
implicated in mRNA transcription. A complete loss of normal TBP function is not 
compatible with life. Normal repeat range is between 25 and 42 residues, with most 
alleles containing 32–39. The threshold for pathological expansion varies from 43 
to 45; this variability is partly related to incomplete penetrance. Repeat expansions 
are quite stable during transmission, and anticipation is very rarely documented. 
Moreover, the inverse relationship between age at onset and size of repeats is not as 
strong as in other dynamic disease mutations. Clinical variability is high, even in the 
same families or in the same size of expansions (Koide et al. 1999).

Neuropathology demonstrates the presence of a diffuse cerebral atrophy, pre-
dominantly in the cerebellum. Loss of Purkinje cells is severe. Caudate nuclei can 
show marked atrophy. The pathological hallmarks of this disease are the presence of 
neuronal intranuclear inclusions containing the pathological proteins, as well as 
heat shock proteins and ubiquitin, although with a lower frequency (Stevanin and 
Brice 2008).

Age of onset ranges between 3 and 75 years, with a mean of 35 years. Clinical 
presentation can be really heterogeneous. Main features are represented by  cerebellar 
deficits (gait ataxia, limb dysmetria, dysarthria), dementia (up to 75% of patients), 
extrapyramidal signs. Most patients, indeed, was diagnosed as having Huntington’s 
disease prior to molecular analysis. SCA17 is also known as Huntington’s disease-
like (HDL4). Occasionally, hypogonadotropic hypogonadism has been described. 
Parkinson’s disease–like, Creutzfeldt-Jakob disease–like, and Alzheimer’s disease–
like phenotypes have also been reported with small SCA17 expansions, while pyra-
midal signs and dystonia are common in larger-sized amplification (>50) (Sun et al. 
2016; Chen et al. 2010).

At the beginning of symptoms, brain neuroimaging can be normal or show a 
moderate atrophy. With the progression of symptoms, the atrophy become more 
pronounced in the cerebellum but the cerebellar cortex and caudate nuclei are 
impaired as well; the brainstem is relatively spared.

Ocular motor abnormalities have often been reported in SCA17 patients, albeit 
their presence is occasional in the clinical picture. Hubner et  al. (Hübner et  al. 
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2007) found normal saccade velocity, with saccadic hypometria in SCA17 patients 
compared to healthy controls. Smooth pursuit initiation and maintenance were 
affected, with increase of latency and decrease of acceleration in a step-ramp para-
digm. Steady fixation and gaze-holding were interrupted by GEN, rebound and 
downbeat nystagmus. A study on antisaccades and memory-guided tasks demon-
strated a pathological increase of errors. These oculomotor abnormalities were cor-
related with disease duration, but not with repeat length. Similar findings were 
described by Mariotti et  al. (2007), though in their patients nystagmus was not 
reported while they presented with hyperreflexia of vestibule-ocular reflexes. Lin 
et al. (2007) reported a case of SCA17 with a phenotype resembling that of PSP/
CBD, including supranuclear palsy.

17  Spinocerebellar Ataxia Type 18

SCA18 is a rare clinical entity, only described in a five generation American family 
of Irish ancestry. It is also known as sensorimotor neuropathy with ataxia (Brkanac 
et  al. 2002, 2009). Brkanac et  al. (Brkanac et  al. 2002) identified a pathological 
mutation in the IFRD1 gene, mapped to locus 7q22-q32, which segregated perfectly 
with the phenotype of the affected family. However, they concluded that mutation 
analysis of IFRD1 in additional patients with similar phenotypes was needed for 
demonstration of causality and further evaluation of its importance in neurologic 
diseases (Brkanac et al. 2009).

Age of onset was in the second or third decade. Main clinical symptom was a gait 
ataxia, but patients also complained of dysmetria, tendon hyporeflexia/areflexia, 
muscular weakness and atrophy, pes cavus. At brain MRI, cerebellar atrophy was 
pointed out.

Ocular motor examination showed GEN, while no other changes were reported 
(Brkanac et al. 2002).

18  Spinocerebellar Ataxia Type 19/22

SCA19 was firstly reported in a Dutch family (Schelhaas et al. 2001). In 2003, a 
family with similar characteristics and a linkage at the same locus was described in 
China and called SCA22 (Chung et al. 2003), but these disorders could represent the 
same SCA subtype. The SCA19 locus is located on chromosome 1p21-q21 (Dutch 
family) and 1p21-q23 (Chinese family), and the gene KCND3 is affected by conven-
tional mutations.

In the Dutch family, age of onset ranges from 10 to 45 years. Anticipation was 
empirically noted, but not yet demonstrated. Clinical features mostly include a cer-
ebellar syndrome (ataxia, dysarthria, oculomotor abnormalities) with very slow pro-
gression. Additionally, mood disturbances, impulsive behavior, irregular postural 
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head tremor, myoclonic jerks, and tendon hypo/areflexia have been reported, but not 
in the Chinese family. Brain MRI showed cerebellar atrophy of vermis and hemi-
spheres; occasionally, also atrophy of cerebral cortex have been described.

Oculomotor abnormalities are typical of cerebellar impairment: saccades are 
dysmetric but with normal speed; pursuit are impaired and GEN may occur during 
gaze holding (Schelhaas et al. 2001; Chung et al. 2003; Zee and Leigh 2015).

19  Spinocerebellar Ataxia Type 20

SCA20 has been reported in an Australian pedigree of Anglo-Celtic origin (Knight 
et al. 2004) and is associated with a duplication at chromosome 11q22.2–11q12.3 
(Knight et al. 2008). The gene locus overlaps that of SCA5, but the phenotypes are 
different.

Age of onset varies from 19 to 64 years, with a peak around the fourth decade. 
Anticipation phenomenon is described. The clinical pictures are characterized by a 
very slow progression, usually dysarthria without ataxia as first symptom. Cerebellar 
ataxia usually follows later in the course of the disease, sometimes with head and 
upper limbs tremor and spasmodic dysphonia. Majority of patients exhibit palatal 
tremor. Occasionally, pyramidal features without spasticity may be present. 
Neuroimaging of SCA20 is peculiar: brain CT scans show dentate nuclei calcifica-
tions and occasionally concomitant pallidal calcifications. At brain MRI, cerebellar 
atrophy is usually seen and, in the cases of palatal tremor, a pseudohypertrophy of 
inferior olives. SCA20 needs to be differentiated by familiar progressive ataxia and 
palatal tremor: in the latter, no olivary hypertrophy is seen.

Saccades appear hypermetric, pursuit are impaired. Gaze holding is affected by 
GEN or downbeat nystagmus, while steady fixation may be disturbed by SWJs 
(Storey et al. 2005; Knight et al. 2004).

20  Spinocerebellar Ataxia Type 21

SCA21 was firstly observed in a French family (Devos et  al. 2001). The gene 
TMEM240 on chromosome 1p36.33–p36.32 (previously mapped on 7p21.3-p15.1) 
was found to be affected by conventional mutations (Vuillaume et al. 2002; 
Delplanque et al. 2014).

The age of onset ranges from 1 to 30 years.
Clinical picture is characterized by slowly progressive cerebellar syndrome asso-

ciated with mild cognitive impairment and extrapyramidal features, poorly respon-
sive to L-Dopa. An isolated cerebellar atrophy has been observed at brain MRI 
(Delplanque et  al. 2008). Neuropathological study evidenced a slight loss of 
Purkinje cells, with normal macroscopic appearance of cerebellum and brain.
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Neurophthalmological examination pointed out, in the affected, the impairment 
of smooth pursuit and the presence of SWJs on steady fixation. No saccades abnor-
malities were described.

21  Spinocerebellar Ataxia Type 23

SCA23 was described in a two-generation Dutch family (Verbeek et al. 2004) with 
slowly progressive ataxia. The candidate gene identified is PDYN on chromosome 
20p13–12.3; in the affected, three heterozygous mutations were identified (Bakalkin 
et al. 2010). At neuropathological examination in one SCA23 patient, atrophy of 
frontotemporal regions, cerebellar vermis, pons, and spinal cord was identified 
(Manto 2010; Verbeek et al. 2004)

The mean age of onset is 50.4 years. Clinical features include, besides slowly 
progressive cerebellar syndrome, rare presence of pyramidal signs or decreased 
vibration sense below the knees.

At neurophthalmological examination, saccades were reported to be dysmetric 
and with mild reduction of speed. Rarely, a GEN has been observed (Jezierska et al. 
2013; Verbeek et al. 2004).

22  Spinocerebellar Ataxia Type 25

Stevanin et al. (Stevanin et al. 2004a, b) reported a large family of Southeastern 
France with cerebellar ataxia with sensory involvement. SCA25 maps on chromo-
some 2p15–p21 and is genetically characterized by reduced penetrance without evi-
dence of anticipation.

The age of onset ranged from 17 months to 39 years. Clinical symptomatology 
was characterized by cerebellar ataxia and severe sensory neuropathy, confirmed at 
EMG examination. Patients also complained of scoliosis and pes cavus. Global cer-
ebellar atrophy was observed at brain MRI.

Saccades were found hypermetric of normal speed. Fixation and gaze-holding 
stability were affected by the presence of SWJs, GEN, and downbeat nystagmus.

23  Spinocerebellar Ataxia Type 26

Yu et al. (2005) reported a new form of SCA in a six-generation family of Norwegian 
ancestry, immigrated to the USA.  The locus SCA26 mapped on chromosome 
19p13.3, adjacent to the gene of SCA6.
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Age of onset ranged from 26 to 60 years, without anticipation. Patients present 
with pure cerebellar syndrome, with ataxia, dysarthria, normal intelligence. Pure 
cerebellar atrophy is seen at MRI.

Ocular movement examination pointed out dysmetric saccades, impairment of 
horizontal and vertical pursuit, sporadic GEN (Yu et al. 2005).

24  Spinocerebellar Ataxia Type 27

SCA27 was firstly reported in a Dutch family (van Swieten et al. 2003). SCA27 is 
caused by a missense mutation (F145S) in the gene encoding fibroblast growth fac-
tor- 14 (FGF14) on chromosome 13q34 (Brusse et al. 2006; Misceo et al. 2009).

The first appearing symptom, starting in childhood, is a tremor at both hands of 
high frequency and small amplitude. Gait ataxia appears later in the course of the 
disease. Patients also complain of orofacial dyskinesias, depression and aggressive 
behavior, occasional mental retardation, pes cavurs (Dalski et al. 2005). Moderate 
cerebellar atrophy is present at brain MRI.

Saccades are dysmetric, pursuit are impaired. Gaze-holding is impaired by GEN 
and fixation stability by SWJs (Dalski et al. 2005; Coebergh et al. 2014).

25  Spinocerebellar Ataxia Type 28

SCA28 was initially described in a four-generation Italian family (Cagnoli et  al. 
2006) with slowly progressive ataxia. The candidate disease locus, named SCA28, 
was identified on chromosome 18p11.22–q11.2; several conventional mutations 
were later identified for gene AFG3L2 (Cagnoli et al. 2010; Di Bella et al. 2010), 
probably affecting the mithocondrial and protheolytic functions of the product pro-
tein by dominant-negative and loss of function effects (Zuhlke et al. 2015).

The reported age at onset varied from 12 to 36 years, without evidence of antici-
pation. Patients showed a similar phenotype. First symptom was usually the gait 
ataxia and unbalanced standing. Other symptoms included pyramidal syndrome 
(Cagnoli et al. 2010) or dystonia. MRI showed isolated cerebellar atrophy.

Two patterns of ocular movement deficits were observed. Patients with shorter 
duration of disease prevalently showed cerebellar nystagmus (Cagnoli et al. 2006). 
Those with longer disease duration presented with dysmetric saccades, slowing of 
saccades to ophthalmoparesis, palpebral ptosis, pursuit and OKN impairment 
(Mariotti et al. 2008; Politi et al. 2016), most likely due to a specific impairment of 
mitochondrial energy metabolism.
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26  Spinocerebellar Ataxia Type 29

SCA29 is an autosomal dominant neurologic disorder characterized by onset in 
infancy of delayed motor development and mild cognitive delay. It is caused by 
mutations in the ITPR1 gene in the 3p24.2-3pter chromosome; heterozigous muta-
tions also cause SCA15, which is different for later age at onset and normal cognition.

The disease usually appears in infancy. Clinical features are those of a slowly 
progressive cerebellar syndrome (gait and limb ataxia, intentional tremor, dysar-
thria), though some patients exhibited partial seizures (Huang et al. 2012). Brain 
MRI showed cerebellar vermis atrophy.

Oculomotor examination showed prevalently GEN and fixation instability 
(Huang et al. 2012; Dudding et al. 2004).

27  Spinocerebellar Ataxia Type 30

SCA30 has been reported in an Australian family of Anglo-Celtic ethnicity (Storey 
et al. 2009). Disease locus was identified on chromosome 4q34.3–q35.1.

Mean age of onset was 52 years, but with very insidious onset. The phenotype 
was characterized by relatively pure, slowly evolving gait and appendicular ataxia 
with mild to moderate dysarthria. In some cases, hyperreflexia at lower limbs was 
described. No neuropathy was observed. Brain MRI of two patients showed pure 
cerebellar atrophy with preservation of the brainstem.

At neuro-ophthalmic examination, all patients had hypermetric saccades with 
normal gain of VOR. One patient showed GEN.

28  Spinocerebellar Ataxia Type 31

For a further description, see SCA4. This ataxia has been described in a Japanese 
population. The candidate gene ODZ3 might be involved.

Clinical features are those of a pure cerebellar ataxia, though some patients pres-
ent with dementia and hearing impairment; differently from SCA4, no peripheral 
neuropathy was observed.

GEN was the most common eye movement abnormality seen (Nagaoka et al. 
2000; Ouyang et al. 2006; Hirano et al. 2009).

29  Spinocerebellar Aataxia Type 34

SCA34 was firstly described in a five-generation French–Canadian family (Giroux 
and Barbeau 1972; Cadieux-Dion et al. 2014); later, it was identified in another fam-
ily from Japan (Ozaki et al. 2015).
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Disease locus was identified on chromosome 6q14.1. Various missense 
mutations were identified in affected patients in gene ELOVL4.

Besides slowly progressive cerebellar ataxia, the French–Canadian family pre-
sented with papulosquamous erythematous ichthyosiform plaques appearing soon 
after birth, with disappearance with age. Cerebellar syndrome then became the pre-
dominant feature, and many patients become wheelchair-bound in later life. Japan 
variant differed for the absence of dermatological involvement and the minor sever-
ity of ataxia. Conversely, patients might present pyramidal tract signs and auto-
nomic symptoms. Brain imaging showed cerebellar and pontine atrophy. In addition, 
four patients had cruciform hyperintensities (“hot cross bun sign”) and two other 
patients had pontine midline linear hyperintensity, both of which often appear in 
patients with multiple system atrophy.

In the French–Canadian family, nystagmus was mainly seen. In the Japan vari-
ant, many patients had GEN (78%), while less commonly a supranuclear ophthal-
moplegia (33%) and impaired smooth pursuit (56%) were observed.

30  Spinocerebellar Ataxia Type 35

SCA35 was prevalently described in Chinese families (Wang et al. 2010; Li et al. 
2013; Guo et al. 2014). The age of onset varied from teenage to late adulthood, and 
the disorder was slowly progressive. Missense mutations were identified in TGM6 
gene on chromosome 20p13–12.2.

Clinical pictures included limb and gait ataxia, dysarthria, hand tremor, hyperre-
flexia. Brain imaging showed cerebellar atrophy. Patients also exhibited dysmetric 
saccades, sometimes slow, and saccadic pursuit. Nystagmus has not been reported.

31  Spinocerebellar Ataxia Type 36

SCA36 has been described in Japanese families and in another family from Costa 
de Morte, in Galicia, Spain (Kobayashi et al. 2011; Ikeda et al. 2012; García-Murias 
et al. 2012). SCA36 is caused by heterozygous expansion of an intronic GGCCTG 
hexanucleotide repeat in the NOP56 gene on chromosome 20p13. Unaffected indi-
viduals carry 3–14 repeats, whereas affected individuals carry 650–2500 repeats.

Mean age of onset was in the fifth decade. Clinical features include gait ataxia, 
truncal instability, dysarthria. Later in the course of the disease, patients developed 
tongue atrophy with fasciculation or skeletal muscle atrophy at lower limbs and 
trunk and signs of lower motor neuron involvement at EMG. Brain MRI showed 
pancerebellar atrophy, later evolving in olivopontocerebellar atrophy.

Eye movement examination pointed out impaired smooth pursuit and GEN 
(Ikeda et al. 2012); rarely, vertical or horizontal gaze limitation has been observed 
(García-Murias et al. 2012).
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32  Spinocerebellar Aataxia Type 37

SCA37, described in Spanish (Serrano-munuera et al. 2013) and Portuguese (Seixas 
et al. 2017) families, is caused by heterozygous ATTTC insertion, ranging from 31 
to 75 repeats, in the DAB1 gene (603448) on chromosome 1p32. There was an 
inverse correlation between ATTTC insertion size and age of onset. In addition, 
there was instability upon transmission of the pathogenic repeat, with an increase in 
length particularly when the father was the transmitting parent. Onset was usually 
in the fourth decade, with gait instability and dysarthria. Later on, patients had trun-
cal ataxia, dysmetria, and dysphagia. At brain MRI, cerebellar atrophy with sparing 
of brainstem was observed. All patients had ocular movement abnormalities. 
Particularly, saccades were dysmetric, prominently in the vertical plane. Analogously, 
pursuit and OKN were impaired, particularly vertically. Few patients had GEN and 
saccadic intrusions of SWJs subtype.

33  Spinocerebellar Ataxia Type 38

SCA38, reported in four unrelated families, three from Italy and one from France, is 
caused by heterozygous missense mutations in the ELOVL5 gene on chromosome 
6p12. The onset was between the third and fourth decade. All patients had slowly pro-
gressive gait ataxia. Some exhibited peripheral axonal neuropathy. All patients had ocu-
lar movement abnormalities such as slow saccades and GEN (Di Gregorio et al. 2014).

34  Spinocerebellar Ataxia Type 40

SCA 40 has been reported in a family from Hong Kong with five affected individu-
als and is caused by heterozygous mutation in the CCDC88C gene on chromosome 
14q32 (Tsoi et al. 2014)

Clinical features included gait ataxia, wide-base gait, intentional tremor, scan-
ning speech, hyperreflexia, spastic paraparesis. Patients were wheelchair-bound. 
Brain MRI showed pontocerebellar atrophy.

Ocular movement abnormalities comprehended saccadic dysmetria and impaired 
vertical gaze.

35  Spinocerebellar Aataxia Type 42

SCA 42 was described in French and Japanese families (Coutelier et  al. 2015; 
Morino et  al. 2015). It is caused by heterozygous missense mutations in the 
CACNA1G gene on chromosome 17q21.
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Age of onset was highly variable. Clinical features included gait ataxia, dysar-
thria and, less commonly, urinary disturbances and decreased distal vibratory sense, 
pyramidal signs.

Patients exhibited saccadic pursuit, diplopia, GEN.

36  Spinocerebellar Ataxia Type 43

SCA43 was reported in a Belgian family. It is caused by heterozygous missense 
mutations in the MME gene on chromosome 3q25. Main clinical features were 
cerebellar ataxia and severe peripheral neuropathy. Cerebellar atrophy was observed 
at brain MRI.

Inconstantly, GEN was observed (Depondt et al. 2016).

37  Spinocerebellar Ataxia Type 44

SCA44, caused by heterozygous missense mutation in the GRM1 gene on chromo-
some 6q24, has been reported in two unrelated families with slowly progressive 
spinocerebellar ataxia (onset range 20–50 years) (Watson et al. 2017).

Clinical phenotype included gait ataxia, though no patient was wheelchair- 
bound, dysphagia, dysarthria, dydiadocokinesia, and rarely spasticity. At brain 
MRI, a cerebellar atrophy was seen.

Ocular movement changes, mainly saccadic hypermetria and impaired smooth 
pursuit, were inconstantly described.

38  Spinocerebellar Ataxia Type 45

SCA45 is caused by heterozygous missense mutations in the FAT2 gene on chromo-
some 5q33. It has recently been described (Nibbeling et al. 2017) in a family whose 
affected members had pure cerebellar syndrome. Brain MRI showed cerebellar ver-
mis atrophy and hemosiderin deposit on meencephalon.

Patients related to the family presented with nystagmus, which was absent in an 
unrelated, affected patient.

39  Spinocerebellar Aataxia Type 46

SCA 46 is caused by heterozygous mutation in the PLD3 gene on chromosome 
19q13. One Dutch family has been reported by van Dijk et  al. (1995). Affected 
patients had adult-onset sensory ataxic neuropathy with cerebellar signs and vari-

Eye Movements in Autosomal Dominant Spinocerebellar Ataxias



438

able sensory neuropathy at lower limbs. No cerebellar atrophy was evident at brain 
MRI. At follow-up (Nibbeling et al. 2017), patients had variable combination of 
sensory polineuropathy and cerebellar ataxia, the former being prevalent. Only in 
one patient there was mild cerebellar atrophy.

Ocular movement abnormalities included nystagmus, saccadic slowness and 
dysmetria, saccadic pursuit, presence of SWJs at steady fixation.

40  Spinocerebellar Ataxia Type 47

SCA47 has been recently identified (Gennarino et al. 2018) and is related to hetero-
zygous missense mutations in the PUM1 gene on chromosome 1p35.

Gennarino et  al. (2018) reported a family, affected by adult-onset cerebellar 
ataxia, with dysmetria, dysarthria, gait ataxia, and mild cerebellar vermis atrophy at 
brain MRI.  Some patients exhibited diplopia. Moreover, they reported an early- 
onset phenotype in two unrelated girls with delayed motor development, early-onset 
ataxia, and short stature. The less severely affected girl showed chorea, ataxia, dys-
arthria, spasticity, ballismus, and fine-motor incoordination, with normal brain 
imaging. The second girl was more severely affected with an epileptic encephalopa-
thy, progressive ataxia, hypotonicity of the lower limbs, global developmental delay 
with cortical visual impairment, and stereotypic hand movements. She also showed 
hypotonia, scoliosis, facial dysmorphism, and low bone mineral density. At brain 
MRI, enlargement of fourth ventricle and shortening of cerebellar vermis were 
noticed. The two distinct phenotypes were related to a diverse reduction of 
PUM1 levels.

41  Dentatorubral-Pallidoluysian Atrophy (DPRLA)

DPRLA term was firstly used in a sporadic case (Smith et al. 1958). Familiar cases 
were then reported in Japan (Naito and Oyanagi 1982; Sasaki et al. 2003), with a 
prevalence ranging from 0.2 to 0.7 per 100.000. Other rare cases have been described 
in European and North American families (Farmer et al. 1989; Connarty et al. 1996).

It is caused by CAG repeat expansions in gene ATN1 on chromosome 12p13.31. 
In normal individuals, size of expansion ranges from 6 to 35 (with repeats larger 
than 17 prevalently seen in Japanese population), while in affected ranges from 48 
to 93. Anticipation is severe and more prominent for paternal transmission. 
Neuropathological changes are eponym with the name and consist of combined 
dentatorubral and pallidoluysian systems degeneration. Neuronal inclusions have 
been described, as well as accumulation of the mutant DRPLA protein (atrophin-1).

The onset varied from childhood to late adulthood. Clinical heterogeneity is 
marked and patients exhibit various combinations of cerebellar ataxia, choreoath-
etosis, epilepsy, myoclonus, dementia, and psychiatric symptoms. The juvenile 
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form (<20 years) is mainly characterized by progressive myoclonic epilepsy and 
intellectual deterioration. With presentation after 20 years, the occurrence of sei-
zures decrease and the main clinical features are cerebellar ataxia, choreoathetosis, 
and dementia, mimicking Huntington’s disease. Typical MRI findings are the atro-
phy in the cerebellum and brainstem, particularly pontomesencephalic tegmentum 
(Manto 2010). Occasional white matter hyperintensities on T2-weighted images 
are seen. Rarely, the appearance of the pons resembles a central pontine myelinolysis.

At neurophthalmological examination, some patients exhibit increase of sac-
cadic latency and slow saccades, progressing to palsy. Impairment of smooth pur-
suit is common, as well as GEN and SWJs on steady fixation (Muñoz et al. 1999; 
Vinton et al. 2005).
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Ocular Motor Apraxia
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Abstract Ocular motor apraxia is a syndrome of gaze shifting failure, mainly  
saccades, in which patients show absent or highly delayed voluntary eye move-
ments, although other eye movements can be preserved. One phenotype is charac-
terized by absent or great disability to perform horizontal and vertical voluntary 
gaze shifting, with preservation of slow and quick phases of vestibular nystagmus. 
It is observed in acute brain lesions and adult-onset neurodegenerative diseases and 
results from dysfunction of cortical (and basal ganglia) control of voluntary eye 
movements. The congenital form, renamed “infantile-onset saccade initiation 
delay,” is characterized by head thrust, highly hypometric staircase saccades, 
increased saccade latency, and impaired quick phases of nystagmus. It may result 
from involvement of superior collicular, cerebellar, and/or cerebrocerebellar circuits 
of conjugate gaze shifting. This last phenotype is close to the one associated with 
Joubert syndrome, some Gaucher disease patients, ataxia-telangiectasia, and ataxia 
with oculomotor apraxia.
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1  Introduction

According to Cogan, ocular motor apraxia should refer specifically to a form of 
paralysis of conjugate gaze, in which gaze shifting eye movements, mainly sac-
cades, are impaired when they are called for in willed or purposeful action, although 
individual random eye movements can be fully executed (Cogan 1952). This rela-
tive specificity of the deficits indicates that the brain regions responsible for ocular 
motor apraxia are located upstream from the saccadic brainstem generator (Leigh 
and Zee 2015) and possibly include the frontoparietal cortical areas, the basal gan-
glia, the cerebellum, and/or the superior colliculus (Zee et al. 1977). Ocular motor 
apraxia is a syndrome that has been mainly described in acute brain lesions, adult- 
onset neurodegenerative diseases, malformative disorders such as Joubert syn-
drome, and inherited cerebellar ataxia or as a proper entity: the congenital ocular 
motor apraxia recently renamed “infantile-onset saccade initiation delay” 
(Salman 2015).

2  The Nosology of Ocular Motor Apraxia

The first difficulty to tackle this syndrome comes from the fact that the suitability of 
the term has been debated for decades. Cogan, who was one of the pioneers of this 
syndrome description in congenital and acquired forms, already noted that “The 
term ocular motor apraxia may or may not be well chosen” (Cogan and Adams 
1953). The term apraxia is defined by an inability to properly execute a learned 
skilled movement, while no weakness, sensory deficit, language, or intellectual 
deficit can explain it (Etcharry-Bouyx et al. 2017). While this definition can account 
for acquired forms of ocular motor apraxia, the debate comes from the fact that 
specifically in the congenital form the entity includes less specific cases of conju-
gate gaze failure. Furthermore, compensatory head thrusts subtending change in 
gaze position are so characteristic of congenital ocular motor apraxia, “as to become 
diagnostic of the entity” (Cogan 1952). With this assertion, a lot of publications 
defining ocular motor apraxia by head thrust led to include patients without any 
given description of the underlying gaze palsy or to include improperly patients 
with acquired supranuclear brainstem saccadic gaze palsy (Yee and Purvin 2007; 
Zackon and Noel 1991). On the other hand, ocular motor apraxia can occur without 
head thrust and may be underestimated if the diagnosis is made on the presence of 
head thrust. Some authors suggested using the terms “intermittent horizontal sac-
cade failure” (Harris et al. 1996) or more recently “saccade initiation delay” (Salman 
and Ikeda 2013) instead of “ocular motor apraxia” to better describe the eye move-
ment disorder in this infantile form.

The second confusing element is the fact that the term congenital ocular motor 
apraxia has not been limited to symptoms occurring at or soon after birth, but in 
infancy, and includes a broad range of developmental, malformative, inherited, and 
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degenerative diseases, overlapping acquired degenerative disease of adult-onset 
forms. Salman therefore suggested using the term “infantile-onset” saccade initia-
tion delay instead of “congenital” ocular motor apraxia (Salman 2015; Salman and 
Ikeda 2010). Infantile-onset ocular motor apraxia is often associated with head 
thrust and to a wider deficit in eye movements, while adult-onset descriptions are 
more limited to isolated ocular motor apraxia. Whether or not both phenotypes 
encounter for the same anatomo-clinical entity remains to be answered.

3  Shifting Gaze Network and Ocular Motor Apraxia

Ocular motor apraxia relates to disturbances of a repertoire of gaze-shifting eye 
movements, allowing redirecting the line of sight to a new object of interest. These 
eye movements are saccades, smooth pursuit, and vergence. The specificity of this 
syndrome is to preserve the repertoire of gaze-shifting eye movements that rely on 
brainstem commands only, such as quick phases of nystagmus. A basic knowledge 
of the neural network subtending saccadic eye movement is necessary to better 
understand ocular motor apraxia in its different forms (Kennard 2011).

The first level of saccades in this repertoire is represented by quick phases of 
nystagmus. Quick phases enable a preview of the oncoming visual scene by redi-
recting gaze in direction opposite to compensatory slow eye movements that are 
observed during sustained vestibular or optokinetic stimulation (Leigh and Zee 
2015). As for voluntary saccades, the anatomic substrate controlling the dynamic of 
these eye movements is in the paramedian reticular formation of the pons and mes-
encephalon. As for voluntary saccades, they are paralyzed or slowed in cases of 
brainstem lesion involving these nuclei, a syndrome called supranuclear brainstem 
saccadic gaze palsy (Lloyd-Smith Sequeira et al. 2017; Solomon et al. 2008). But 
contrary to the voluntary saccades, quick phases do not relate to upstream cortical 
control and should theoretically not be paralyzed in ocular motor apraxia.

The second level of eye movements in this repertoire is represented by voluntary 
saccades. Voluntary saccades are generated under a broad range of conditions. What 
can be called reactive (or reflexive) saccades are generated by the appearance of 
unexpected novel objects seen or heard. Volitional saccades on the other hand are 
made as part of purposeful behavior, such as visual searching, reading, or simply on 
command. This voluntary control of gaze depends upon multiple cortical areas that 
work in network. The main ocular motor areas in the frontal lobe are the frontal eye 
field (FEF), the supplementary eye field, and the dorsolateral prefrontal cortex and 
in the parietal lobe the parietal eye field (PEF) (Kennard 2011). Both parietal and 
frontal cortical areas are involved in saccade triggering, yet with a gradient between 
more reactive saccades mainly generated by the PEF, and more volitional saccades 
mainly generated by the FEF (Gaymard 2012). Descending pathways from these 
cortical areas will connect directly or via the basal ganglia from the frontal lobe, to 
superior colliculus and the brainstem neurons. Finally, the cerebellar ocular motor 
areas (mainly the dorsal vermis and fastigial nucleus) ensure an online side-loop 
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control of saccade amplitude system (Manto et  al. 2012). Ocular motor apraxia 
would result from a deficit of the circuit controlling voluntary saccades, from corti-
cal areas to descending information in the basal ganglia, superior colliculus, and 
cerebellum before reaching the brainstem saccade generator (Zee et al. 1977). The 
deficit results in great difficulties in shifting gaze, ranging from total absence of 
voluntary saccades to saccades performed with high latencies or highly hypometric 
saccades with a staircase aspect. The nosology of ocular motor apraxia does not 
encomprize increased saccade latency that are infraclinical and only observed on 
eye movement recording. When saccades are triggered, they show normal saccade 
dynamics, meaning normal velocity relative to amplitude, a second feature that 
distinguishes ocular motor apraxia from supranuclear gaze palsy.

4  Clinical Typical Presentation of Ocular Motor Apraxia

The main common manifestation of ocular motor apraxia in infant or adult-onset is 
abolition of eye movements on command, while random and apparently purposeless 
or involuntary movements of the eyes are retained (Cogan and Adams 1953).

4.1  Acquired Form of “Pure” Ocular Motor Apraxia

In the clinical observations of “pure” and complete acquired forms of adult, ocular 
motor apraxia manifests as a loss or great disability to perform horizontal and verti-
cal cortically controlled eye movements (voluntary saccades, pursuit, and vergence), 
with conservation of brainstem-controlled eye movements such as slow and quick 
phases of vestibular ocular reflex (VOR) (Dehaene and Lammens 1991; Genc et al. 
2004; Monaco et al. 1980; Pierrot-Deseilligny et al. 1988). Loss of initiation of both 
volitional and reactive saccades has been described in cases with extended fronto-
parietal lesions (Dehaene and Lammens 1991; Genc et al. 2004; Pierrot-Deseilligny 
et al. 1988) or disruption of the descending pathways (Chung et al. 2006). Loss of 
initiation of voluntary saccades with dissociated preservation of reactive saccades 
was observed in some cases with prominent involvement of the frontal lobe (Chen 
and Thurtell 2012; Desestret et al. 2013; Sharpe et al. 1979). As a mirror model, loss 
of visually guided reactive saccades (also reported as gaze apraxia or psychic paral-
ysis of gaze in Balint’s syndrome) with relative preservation of voluntary triggered 
saccades was observed in patients with bilateral posterior parietal lobe lesions 
(Biotti and Pisella 2012; Cogan 1965; Hecaen and De Ajuriaguerra 1954; Pierrot- 
Deseilligny et  al. 1986). Acquired ocular motor apraxia is most often associated 
with a disturbance of the ability to shift the direction of attention, more specifically 
in the parietal lobe presentation (Nyffeler et al. 2005). In all cases, it appears that the 
harder the patient tries to turn his eyes in the desired direction, the more he is unable 
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to do so (Cogan and Adams 1953). Some patients can better trigger some saccades 
with small head movements and/or blinks (Pierrot-Deseilligny et al. 1988; Rambold 
et al. 2006). Large head thrusts are barely observed in acquired adult-onset ocular 
motor apraxia, while it has been observed in patients with supranuclear brainstem 
saccadic gaze palsy (Yee and Purvin 2007; Lee et al. 2017). The following ocular 
responses during smooth pursuit or optokinetic stimulation in the horizontal and 
vertical plane are absent or greatly disturbed (Genc et al. 2004; Pierrot-Deseilligny 
et al. 1988; Chung et al. 2006; Pierrot-Deseilligny et al. 1986). Convergence has not 
been tested systematically but seems to be impaired (Pierrot-Deseilligny et  al. 
1988). Since following responses during optokinetic stimulation is impaired, the 
only way to check quick phase is to test the vestibulo-ocular reflex: both slow phases 
and quick phases of VOR must be preserved.

4.2  Congenital Ocular Motor Apraxia

In the original description of congenital ocular motor apraxia by Cogan, patients 
showed an inability to move their eyes voluntarily in a horizontal direction despite 
the fact that random eye movements and vertical ocular motility were perfectly 
normal (Cogan 1952; Altrocchi and Menkes 1960). It manifests by abnormal ocular 
following movements noticed by the parents a few weeks after birth, and infants are 
often thought to be blind. Around 4–6 months, while developing head control, the 
typical head thrusts become obvious (Salman 2015). Patients use overshooting head 
movement to trigger intact VOR, which drives their eyes into an extreme 
contraversive position in the orbit until they become aligned with the target. Then 
the head rotates backward, while the eyes maintain fixation on the target using again 
VOR. The patients show great difficulties to perform horizontal saccades in both 
directions on command or on purpose, but random saccades can be elicited (Cogan 
1952). Smooth pursuit is not systematically impaired, but absent quick phases of 
horizontal optokinetic nystagmus (OKN) and VOR are noticed in the initial cases 
(Cogan 1952). Vertical saccades, slow phases of OKN, and VOR remain normal in 
most of the cases.

Ocular motor recording with the head immobilized demonstrate a number of 
horizontal ocular motor abnormalities, but delayed initiation (increased latency) 
and hypometria of voluntary saccades are the most prominent (Zee et  al. 1977; 
Harris et  al. 1996). When saccades are hypometric, multiple small saccades are 
sometimes required to reach the target, a pattern called staircase saccades. Saccadic 
velocity relative to amplitude is preserved, allowing for a clear differentiation from 
supranuclear brainstem saccadic gaze palsy. However, unlike acquired ocular motor 
apraxia, initiation of quick phases of vestibular and optokinetic nystagmus may 
show some failures (Zee et al. 1977; Harris et al. 1996). Vertical saccades appear 
normal clinically, but eye movement recording can show impairment (Orssaud 
et al. 2009).
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5  Etiologies and Specific Clinical Phenotypes

Ocular motor apraxia is mainly a syndrome occurring in different entities such as 
acute brain lesions, adult-onset neurodegenerative diseases, malformative disorders 
such as Joubert syndrome, metabolic diseases such as Gaucher disease, and inher-
ited cerebellar ataxia or as a proper entity named infantile-onset saccade initiation 
delay (congenital ocular motor apraxia).

5.1  Acquired Ocular Motor Apraxia due to Acute Brain Lesion

Acquired ocular motor apraxia is a rare entity that has been described in nonspecific 
brain lesions following cerebral venous thrombosis, frontoparietal tumor, meningo-
encephalitis, head trauma, angioma, ischemic or hemorrhagic stroke, or hypoxia 
(Cogan and Adams 1953; Dehaene and Lammens 1991; Genc et al. 2004; Monaco 
et al. 1980; Pierrot-Deseilligny et al. 1988; Chen and Thurtell 2012; Cogan 1965; 
Pierrot-Deseilligny et al. 1986).

The lesions are always bilateral; their precise topography has been described on 
brain neuropathology (Cogan and Adams 1953; Dehaene and Lammens 1991; 
Hecaen and De Ajuriaguerra 1954; Pierrot-Deseilligny et  al. 1986; Michel and 
Jeannerod 2005), CT scan (Monaco et al. 1980), or MRI (Genc et al. 2004; Pierrot- 
Deseilligny et al. 1988; Chen and Thurtell 2012; Nyffeler et al. 2005; Rambold et al. 
2006). The majority of cases involve bilaterally the frontoparietal lobes, and some 
patients disclose lesions limited to the frontal or to the parietal lobes. Only one 
patient had lesions involving bilaterally the basal ganglia (Chung et  al. 2006). 
Precise anatomical analysis of lobar lesions showed involvement of the cortical 
areas involved in eye movement, either FEF (sometimes with supplementary eye 
fields) or PEF (Dehaene and Lammens 1991; Pierrot-Deseilligny et al. 1988; Chen 
and Thurtell 2012; Pierrot-Deseilligny et al. 1986).

The clinical presentation is typical of what has been described previously in 
complete acute acquired forms of adult. In patients with pure frontal lobe lesions, 
ocular motor apraxia may be isolated or associated mostly with bilateral motor defi-
cits, apraxia of lid closure (Monaco et  al. 1980), or flattened affect (Genc et  al. 
2004). In patients with parietal lesions, the syndrome of ocular motor apraxia is 
always associated with symptoms of Balint’s syndrome such as optic ataxia and/or 
simultagnosia (Hecaen and De Ajuriaguerra 1954). Finally, the patient with bilateral 
basal ganglia lesions showed dysphasia, dysarthria, facial diplegia, and apraxia of 
lid opening (Chung et al. 2006).
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5.2  Acquired Ocular Motor Apraxia due to Adult-Onset 
Neurodegenerative Disorders

Ocular motor apraxia may be part of symptoms observed in focal onset degenerative 
disorders. It has been reported regularly in the syndrome of posterior cortical atro-
phy (PCA). Posterior cortical atrophy was first used by Benson et al. (Benson et al. 
1988). It is described as an insidious onset and progressive cognitive deficit in which 
the onset is characterized by early, higher-order visual deficits, whereas anterograde 
memory, speech and nonvisual language function, executive functions, and behav-
ior and personality are preserved or only mildly impaired until late in the clinical 
course. Patients develop features such as space perception deficit, simultagnosia, 
object perception deficit, constructional dyspraxia, environmental agnosia, ocular 
motor apraxia, dressing apraxia, optic ataxia, alexia, left/right disorientation, acal-
culia, limb apraxia (not limb-kinetic), aperceptive prosopagnosia, agraphia, hom-
onymous visual field defect, and finger agnosia (Crutch et al. 2017). Some symptoms 
are features of Balint’s syndrome (ocular motor apraxia, optic ataxia, and simultag-
nosia) and Gerstmann’s syndrome (acalculia, agraphia, finger agnosia, and left–
right disorientation). Progression of PCA ultimately leads to a more diffuse pattern 
of cognitive dysfunction. Predominant parieto-occipital or occipito-temporal atro-
phy/hypometabolism/hypoperfusion is demonstrated on magnetic resonance imag-
ing (Benson et  al. 1988), FDG-PET studies (Bokde et  al. 2001), and SPECT or 
combined PET-MRI (Moodley et  al. 2015). Within PCA, Balint’s syndrome and 
ocular motor apraxia are more correlated with damage to the bilateral dorsal parieto- 
occipital regions (Kas et al. 2011). In these cases frontal and mesiotemporal regions 
are relatively spared (Bokde et al. 2001). Neuropathological studies showed that the 
majority of PCA are Alzheimer disease (Formaglio et al. 2011), more rarely corti-
cobasal degeneration, Lewy body disease, or prion disease (Crutch et  al. 2017; 
Renner et al. 2004; Tang-Wai et al. 2004).

Ocular motor apraxia has also been described as a predominant clinical syn-
drome associated with frontotemporal lobar degeneration (FTLD). Clinically, pro-
gressive behavioral and language dysfunctions are the dominant manifestations of 
FTLD, but we described a patient with progressive reading difficulties revealing an 
acquired horizontal form of ocular motor apraxia associated with vertical supranu-
clear ophthalmoplegia, in whom neuropathological analysis diagnosed frontotem-
poral lobar degeneration (Desestret et al. 2013) (Fig. 1).

5.3  Ocular Motor Apraxia in Joubert Syndrome

Joubert syndrome (JS) is an inherited mid-hindbrain malformation that manifests as 
congenital cerebellar ataxia and can be associated with variable organ involvement 
(Romani et al. 2013). JS is part of the expanding group of disorders collectively 
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Fig. 1 Eye-movement recordings in a patient showing ocular motor apraxia in the context of 
fronto-temporal lobe degeneration syndrome (Desestret et al. 2013). In all six graphs, horizontal 
eye position (full line) and target position (dashed line) in degrees (deg) are presented relative to 
time in seconds (sec). Rightward and leftward reactive saccades appear normal in latency and 
amplitude. Rightward scanning voluntary saccades present abnormal latency and amplitude, while 
leftward voluntary saccades are absent and interrupted by a blink (arrow). Vestibulo-ocular reflex 
during pendular chair stimulation is normal and leads to rightward and leftward (arrows) quick 
phases (reflexive saccades). Smooth pursuit shows saccadic (arrows) following of the target
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termed “ciliopathies,” related to the dysfunction of the primary cilium, hence the 
large spectrum of associated diseases, either congenital or progressive. It typically 
begins during infancy by hypotonia, abnormal ocular movements (mainly ocular 
motor apraxia, nystagmus and strabismus), and occasionally alterations of the respi-
ratory pattern (Joubert et al. 1969). Later, children are delayed in their acquisition 
of developmental steps, show intellectual disability and speech disorders due to 
oromotor apraxia. The molar tooth sign (MTS) seen on brain MRI is characteristic 
of the disease (Fig.  2). The MTS corresponds to absent or hypoplastic posterior 
cerebellar vermis, horizontalized, thickened and elongated superior cerebellar 
peduncles, deep interpeduncular fossa, showing on axial neuroimaging a unique 

Fig. 2 The molar tooth sign (MTS) on T1-weighted MRI in a 9-month-old infant. Top left: axial 
images with MTS appearance, deep interpeduncular fossa, thickened superior cerebellar pedun-
cles. Top right: coronal image showing the thickened superior cerebellar peduncles. Bottom left: 
sagittal image showing dysplasia of the superior vermis and enlargement of the fourth ventricle. 
Bottom right: parasagittal image showing thickened, elongated and horizontalized superior cere-
bellar peduncles
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“molar tooth” appearance of these structures (Maria et  al. 1997). Other organ 
 dysfunction can be observed, the most frequent being retinal dystrophy, renal 
defects, polydactyly, and congenital liver fibrosis (Fig. 3). To date, more than 20 
causative genes have been identified, all encoding for proteins of the primary cilium 
or its apparatus (Romani et al. 2013).

Ocular motor abnormalities in JS include ocular motor apraxia, defect in smooth 
pursuit, VOR cancellation deficit (related to cerebellar dysfunction), horizontal stra-
bismus, pendular nystagmus (related to visual acuity defect), see-saw nystagmus, 
elevation of the abducting eye in lateral gaze and periodic alternating gaze deviation 
(Maria et al. 1997; Papanagnu et al. 2014; Tusa and Hove 1999; Weiss et al. 2009). 
One particular study investigated specifically ocular motor apraxia in 12 patients 
with JS (Tusa and Hove 1999). In this study, subjects showed partial to complete 
ocular motor apraxia in which initiation of saccades was prolonged or impaired. 
The dysfunction involved both volitional saccades and quick phases of nystagmus 
in the horizontal and vertical directions. When obtained, increased saccade latency 
and hypometric staircase saccades were commonly seen (Sturm et al. 2010). Head 
thrust are common.

Ocular motor apraxia in JS has been said to differ from the “idiopathic” forms of 
infantile-onset saccade initiation delay syndrome in the fact that both horizontal and 
vertical eye saccades could be involved, that it would not improve with aging and 
that associated cerebellar abnormal eye movements are commonly observed. 
However, the current view is that all infantile saccade initiation delay syndromes 
would lie on the same large spectrum, the most sever forms only having been for-
merly recognized in the past as JS.

Fig. 3 Diagram showing 
the main diagnoses 
associated with Joubert 
syndrome
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5.4  Ocular Motor Apraxia in Gaucher Disease

Gaucher disease is a recessively inherited metabolic sphingolipid storage disease 
caused by deficiency in glucocerebrosidase. Besides splenomegaly and bone 
involvement, neurological manifestations are observed in type II and III. The major 
findings are seizures, myoclonus and dementia. Among these 2 forms, disturbances 
of horizontal gaze seem to be mainly observed in type III, where neurologic involve-
ment progresses more slowly. Two different types of disturbances of horizontal gaze 
are observed: there is a predominance of slowing of horizontal saccades suggestive 
of supranuclear brainstem saccadic gaze palsy (Benko et al. 2011; Bohlega et al. 
2000; Cogan et al. 1981) but some patients show aspects of ocular motor apraxia 
that resembles infantile-onset saccade initiation delay syndrome. In the latter form, 
the patients show no voluntary saccades or random horizontal eye movements, nor-
mal pursuit, preserved vertical eye movements and compensatory head thrusts 
(Cogan et al. 1981; Gross-Tsur et al. 1989; Nagappa et al. 2015).

5.5  Ocular Motor Apraxia Associated with Inherited 
Cerebellar Ataxia

Ocular motor apraxia is a dominant symptom in a group of autosomal recessive 
cerebellar ataxia (ARCA), including ataxia-telangiectasia (A-T), A-T like disorders 
and ataxia with ocular motor apraxia type 1, type 2, and type 4. Putative underlying 
molecular dysfunction of this group of ARCA concerns the control of polynucleo-
tides metabolism and of cell cycle (Fogel and Perlman 2007).

 Ocular Motor Apraxia in Ataxia-Telangectasia and the Like Disorders

Ataxia-telangiectasia (A-T) is an autosomal recessive inherited progressive infant- onset 
cerebellar ataxia characterized by associated ocular motor apraxia, choreoathetosis, 
dystonia, myoclonus, telangiectasias of the conjunctivae, immunodeficiency and 
frequent infections, and an increased risk of malignancy (Lohmann et  al. 2015; 
Meneret et al. 2014). It is linked to the ataxia-telangiectasia mutated gene.

Besides ocular motor findings that are suggestive of cerebellar dysfunction, such 
as impaired smooth pursuit, optokinetic slow phases, vestibular slow phases, can-
cellation of vestibular slow phases, nystagmus and saccadic intrusions, the disease 
is characterized by ocular motor apraxia (Lewis 2001; Lewis et al. 1999; Shaikh 
et  al. 2009, 2011). Ocular motor apraxia has been investigated in details in A-T 
(Lewis et  al. 1999) and is characterized by reflexive and voluntary prolonged 
latency, hypometric amplitude, and the use of head movements to initiate gaze. This 
is observed in most patients. A stair-case pattern of hypometric saccades is the rule, 
specifically when the head is immobilized (Lewis et al. 1999). It is noteworthy that 
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saccade peak velocities are found normal for the intended saccade amplitude and 
even abnormally high for the hypometric generated saccades. Head thrust is found 
in nearly all patients, with the particularity of not turning past the target contrary to 
the head thrust observed in Cogan’s ocular motor apraxia.

A-T- like disorder is a rare autosomal recessive inherited progressive infant- 
onset cerebellar ataxia close to the A-T phenotype except for a slower progression. 
It is linked to hMRE11 gene mutation and has been published in 6 families (Delia 
et al. 2004; Fernet et al. 2005). The ocular motor apraxia is observed but has not 
been detailed.

 Ocular Motor Apraxia in Ataxia with Ocular Motor Apraxia Types 1, 2, 
and 4

Ataxia with oculomotor apraxia type 1 (AOA1) is related to mutations in the 
aprataxin (APTX) gene (Date et al. 2001; Le Ber et al. 2003; Moreira et al. 2001; 
Tranchant et al. 2003) with early initial signs at the mean age of 7 years (Le Ber 
et al. 2003). Clinical phenotype associates usually ocular motor apraxia, progressive 
cerebellar ataxia, chorea, axonal sensorimotor neuropathy and deep sensory loss 
along with hypoalbuminemia, high cholesterol and LDL and normal alpha-
fetoprotein (AFP) serum level.

AOA type 2 is caused by the mutations in the senataxin (SETX) gene (Moreira 
et al. 2004). The onset of the disease usually occurs later than AOA1, classically 
between the age of 12 and 20 years (Le Ber et al. 2004). It is one of the most fre-
quent types of autosomal degenerative cerebellar ataxia with a relative frequency 
estimated at approximately 8% of non-Friedreich’s ARCA (Le Ber et  al. 2004). 
Clinical presentation is less severe than in AOA1, with polyneuropathy, ocular 
motor apraxia, and, less frequently pyramidal signs and movement disorder, with 
increased AFP serum level.

AOA4 was more recently described in a Portuguese family with mutations in the 
PNKP (polynucleotide kinase 30-phosphatase) gene (Bras et al. 2015). This disease 
develops at a mean age of 4 years with dystonia, ataxia, ocular motor apraxia, severe 
disabling polyneuropathy, hypoalbuminemia, high cholesterol and LDL with a 
normal AFP (Bras et al. 2015). The ocular motor apraxia has not been detailed in 
this study.

Recently, a patient with cerebellar ataxia, ocular motor apraxia, and peripheral 
neuropathy was found to have XRCC1 gene mutation (Hoch et  al. 2017). 
Interestingly XRCC1 is a protein that assembles single-strand break repair multi- 
protein complexes that are involved in AOA1, 2 and 4 mutations. The aspect of 
ocular motor apraxia was not detailed.

Ocular motor apraxia as defined by horizontal gaze failure and compensatory 
head thrust is not a permanent symptom of AOA1 and 2. Indeed previous studies 
evaluated its occurrence in 86% of the AOA1 and 51% of the AOA2 patients (Le 
Ber et al. 2003; Anheim et al. 2009). However, ocular motor apraxia can be most  
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frequently observed without compensatory head thrust (Panouilleres et al. 2013). 
In a detailed analysis of eye and head movement in AOA2 in patients without head 
thrust, our team found that latencies were normal for reactive saccades, scanning 
saccades and anti-saccades while they were longer for memory-guided saccades. 
Patients made hypometric primary saccades followed by staircase corrective sac-
cades (Fig. 4). Saccade dynamics were slightly affected in patients and character-
ized by slower reactive and scanning saccades compared to controls. In AOA1, 
eye movement recording showed normal horizontal saccade latencies, with hypo-
metric staircase aspect, with relative normal velocity (Le Ber et al. 2003). Clinical 
examination and eye movement recording in both AOA1 and 2 revealed less spe-
cific cerebellar oculomotor dysfunction such as fixation instability or squarewave 
jerks, saccadic pursuit and gaze-evoked nystagmus in all patients (Le Ber et al. 
2003; Anheim et  al. 2009). The few AOA4 clinically reported patients showed 
saccadic intrusions and difficulty initiating changes in gaze and a hypometria 
(undershooting) of saccades with normal speed with compensatory head thrust 
(Schiess et al. 2017).

Patients with AOA1 and 2 show low frontal scores on neuropsychological assess-
ments (Le Ber et al. 2003; Klivenyi et al. 2012). However, performance on neuro-
psychological tests, especially those that require rapid performance and eye or 
hand-eye control, must be analyzed with respect to the oculomotor deficit (Clausi 
et al. 2013).

Fig. 4 Examples of saccadic recordings for a patient with AOA2. The horizontal eye position 
(black for control and dark gray for patient) during a reactive saccade trial is presented as a func-
tion of time and is aligned on target appearance (light gray). In these recordings, the target was 
presented at −20°. The primary saccade is initiated after a normal latency; however, this saccade is 
small (<5°) and is followed by six other saccades (“staircase”) directed toward the target
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5.6  Idiopathic Infantile-Onset Saccade Initiation Delay 
(Congenital Ocular Motor Apraxia)

The syndrome of congenital ocular motor apraxia has been renamed as infantile- 
onset saccade initiation delay by Salman and Ikeda in 2010 (Salman and Ikeda 
2010). It mainly corresponds to the original description of Cogan (1952) that has 
been developed previously.

An exhaustive review of all published articles recruiting 288 patients quantified 
the ocular motor abnormalities (Salman and Ikeda 2013). A lot of publications does 
not report all eye movements and only results after excluding unreported cases are 
presented below. Horizontal head thrusts were reported in 85% and blinks without 
head thrusts in 41%. Spontaneous or random saccades are observed in 100% of 
patients. The fast phases of the optokinetic response and vestibulo-ocular reflex 
were abnormal or absent in 99% and 94% respectively. Smooth ocular pursuit was 
abnormal or absent in 69%, especially on eye movement recording and vestibulo- 
ocular reflex cancellation was defective in 93% of patients. Optokinetic slow phase 
was found impaired or absent in 19% of reported cases. Patients may also present 
with nystagmus or strabismus (esophoria). Besides the ocular motor abnormalities, 
infantile-onset saccade initiation delay can be associated with ataxia or clumsiness, 
hypotonia, developmental delay, cognitive delay, speech and language delay, read-
ing difficulties and motor delay in around 50% of cases (Salman and Ikeda 2013). 
The same quantifying review disclosed normal imaging in about 40% of patients. 
Other patients showed different pattern of abnormalities with involvement of the 
cerebellum (25%), cerebrum (16%) or corpus callosum (6%) being the most con-
stant (Salman and Ikeda 2013). In a study correlating clinical manifestations and 
brain MRI findings, the same team demonstrated that horizontal head thrusts typi-
cally occurred in patients with normal brain MRI or infratentorial abnormalities, 
whereas vertical head thrusts were a more common feature in patients with supra-
tentorial abnormalities (Salman and Ikeda 2014). The slow phases of the optoki-
netic response were typically impaired in patients with MRI abnormalities than in 
patients with a normal brain MRI (Salman and Ikeda 2014).

Another review (Wente et al. 2016) showed that most infants with “idiopathic” 
saccade initiation delay actually had Joubert syndrome. The imaging signs of 
Joubert syndrome can easily be missed in young infants. Careful analysis of brain 
MRI in saccade initiation delay is mandatory. The entity of “idiopathic” saccade 
initiation delay is shrinking over time and might disappear. It may be that such cases 
are ciliopathies with no sign or minimal signs on conventional brain MRI.

The clinical manifestations of ocular motor apraxia usually improve with age 
(Prasad and Nair 1994). Head thrust become smaller, and patients compensate 
impaired saccade initiation by blink and small head jerk as observed in acquired 
form of ocular motor apraxia (Zee et al. 1977). Some adults are even unaware that 
they had a congenital ocular motor apraxia during their childhood (Orssaud 
et al. 2009).
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6  A Single Entity?

The clinical aspect of what has been called ocular motor apraxia can be divided in 
two different phenotypes. However, overlapping manifestations can be 
demonstrated.

In patients with acute or degenerative brain lesions involving the parietal or fron-
tal eye fields, patients present with paralysis of conjugate gaze, although random 
eye movements can be fully executed with quite normal saccade amplitude and 
velocity. The absence of dysfunction of brainstem triggered quick phases of nystag-
mus allows distinguishing it easily from acquired supranuclear brainstem saccadic 
gaze palsy. In this phenotype, a deficit in the cortical circuit for the control of con-
jugate gaze disrupting descending information to basal ganglia, superior colliculus, 
cerebellum and/or brainstem saccade generator is the most likely.

In patients with infantile-onset saccade initiation failure, Joubert syndrome, 
inherited cerebellar ataxia associated with ocular motor apraxia and in some scare 
Gaucher disease, the ocular motor phenotype is dominated by head thrust, deficit in 
gaze shifting due to highly hypometric staircase saccades with relative appropriate 
saccade velocity and impaired quick phases of nystagmus and less constantly the 
presence of spontaneous or random saccades and increased saccade latency. Even if 
the clinical picture is different, manifestations such as observation of random sac-
cades, normal saccade velocity and increased saccade latencies helps to distinguish 
it from acquired supranuclear brainstem saccadic gaze palsy and overlap the pheno-
type observed in acute or degenerative brain lesions. This eye movement deficit 
suggests a predominant involvement of superior collicular and/or cerebellar circuit 
of conjugate gaze shifting but the presence of concomitant deficit of frontal execu-
tive functions can also suggest associated cerebrocerebellar circuit involvement.

Infantile-onset saccade initiation failure is also unique among the different dis-
eases in presenting with unique (or dominant) involvement of horizontal saccades 
and the syndrome improving with age suggestive of a delay in maturation of the 
cerebrocerebellar ocular motor circuits more than a lesional pathogenesis. All other 
clinical phenotypes in adults or infants share an involvement of both horizontal and 
vertical gaze shifting process.

Finally overlapping presentation of associated head thrust is also observed in the 
different phenotypes. The compensatory overshooting head thrust is a quite con-
stant symptom of infantile-onset ocular motor apraxia phenotype, like infantile- 
onset saccade initiation delay, Joubert syndrome and ataxia-telangiectasia. It is less 
frequent in ataxia with ocular motor apraxia type 1 or 2, and not reported in patients 
with ocular motor apraxia due to acute or degenerative brain lesions. However, this 
syndrome is not specific of infantile-onset gaze palsy since it has also been described 
in supranuclear brainstem saccadic gaze palsy due to acute lesions in adults (Yee 
and Purvin 2007; Lee et al. 2017). In ataxia-telangiectasia only, head thrust not turn-
ing past the target has been observed (Leigh and Zee 2015). Finally small head 
thrusts and/or blinks performed to better trigger saccades has been described in both 
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acquired ocular motor apraxia in adulthood and with aging in infantile-onset 
 saccadic initiation failure (Zee et al. 1977; Pierrot-Deseilligny et al. 1988; Rambold 
et al. 2006).

7 Conclusion

The two major phenotypes of ocular motor apraxia share some common features 
which are random saccades, normal saccadic velocity, increased saccadic latency 
suggesting that both are linked to a dysfunction of the circuits controlling conjugate 
gaze shifting. The acquired acute or degenerative form is mostly due to a dysfunc-
tion of cortical control of this circuit through descending pathways, while the 
infantile- onset, malformative, inherited forms are more linked to a dysfunction of 
the superior colliculus/cerebellum and cerebrocerebellar pathways within this 
circuit.
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Opsoclonus Myoclonus Syndrome

Lauren Cameron and Camilla Kilbane

Abstract Opsoclonus-myoclonus syndrome (OMS) refers to the combination of 
irregular, multidirectional, and chaotic eye movements that occur in all planes of 
gaze and is exacerbated with smooth pursuit. In addition, myoclonus, ataxia, or 
behavioral changes occur. Although often associated with neuroblastoma, OMS was 
first described in cases of encephalitis, but can occur due to various etiologies such 
as infections, a paraneoplastic phenomenon, or an idiopathic syndrome. OMS is 
rare. The pathophysiology of OMS remains unknown; however, several hypotheses 
have been proposed and will be discussed in this chapter. Patients usually present 
subacutely and require prompt workup which includes blood and cerebrospinal 
fluid for infections and paraneoplastic antibodies as well as imaging for occult 
malignancies. Treatment options include various immunomodulatory medications; 
however, chronic sequelae are common.

Keywords Opsoclonus · Myoclonus · Ataxia · Eye movements · Ocular flutter · 
Burst neurons · Brainstem · Oscillopsia

1  Definition

OMS is also known as opsoclonus-myoclonus-ataxia syndrome. “Opsoclonus” was 
first described by a Polish neurologist Orzechowski, in 1913, to describe rapid, 
chaotic, but conjugate, eye movements that he discovered in several cases of 
encephalitis. The term was derived from the Greek language for vision (opsis) and 
turmoil (klonos) (Smith and Walsh 1960). In 1962, an Australian pediatric neurolo-
gist named Marcel Kinsbourne then associated the syndrome with neuroblastoma in 
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encephalopathic infants (Kinsbourne 1962). Other historical names for the same 
clinical phenomenon include “infantile myoclonic encephalopathy” and “dancing 
eyes-dancing feet” syndrome; however, “opsoclonus-myoclonus syndrome” has 
been the most widely accepted term to date.

Opsoclonus is defined as irregular, arrhythmic, and chaotic eye movements that 
occur in all directions and planes of gaze and exacerbates with pursuit (Leigh and 
Zee 2015). The saccadic movements of opsoclonus can be horizontal, vertical, and 
torsional. Opsoclonus can also be observed with closed eyelids. Smooth pursuit and 
optokinetic nystagmus are typically normal but may be difficult to interpret due to 
superimposed opsoclonus (Shawkat et al. 1993). It should be noted that ocular flut-
ter and opsoclonus fall along a spectrum, and it is possible for ocular flutter to 
progress to opsoclonus. Opsoclonus can be differentiated from ocular flutter because 
of its multidirectional nature, whereas ocular flutter purely consists of horizontal 
oscillations (Leigh and Zee 2015).

Opsoclonus-myoclonus syndrome is frequently manifested by opsoclonus, 
myoclonus, ataxia, and behavioral changes. Myoclonus is defined as a sudden, 
brief, spontaneous, usually stimulus sensitive jerks of synchronized muscles typi-
cally lasting 10–50 milliseconds (Eberhardt and Topka 2017). The face, eyelids, 
limbs, fingers, head, and trunk are involved. However, up to one third of cases have 
an atypical presentation. In addition to the ocular findings, there are several other 
common symptoms such as tremor, dysarthria, mutism, aphasia, ataxia, and psychi-
atric symptoms. The syndrome typically presents itself subacutely and tends to 
progress quickly. There is chronic neurological sequelae in about 50–70% of 
patients, most notably in the cognitive and behavioral domains (Pranzatelli 
et al. 2017a).

2  Epidemiology and Diagnostic Criteria

OMS is a rare disorder. The incidence of OMS was 0.18 cases per million popula-
tion per year in a prospective survey of the UK pediatric neurology centers. Males 
and females are equally affected (Pranzatelli et al. 2017a). Given the rarity of the 
condition, many providers will only see a few cases over their careers, and atypical 
presentations with, for example, delayed opsoclonus are not uncommon, occurring 
in 20% of presentations in the UK prospective study. Opsoclonus may also be 
completely absent (Herman and Siegel 2009; Krug et al. 2010). Common misdiag-
nosis includes Guillain-Barre syndrome, cerebellar ataxia, and epileptic seizures 
(Haden et al. 2009; Tate et al. 2005).

A set of diagnostic criteria has been proposed by international collaborators 
(Matthay et al. 2005). These criteria specify that three out of four features must be 
present for a diagnosis of OMS: (1) opsoclonus, (2) ataxia and/or myoclonus, (3) 
behavioral changes or sleep disturbances, and (4) a diagnosis of neuroblastoma 
(Matthay et al. 2005). Given the atypical presentations, only three out of four fea-
tures must be present to make the diagnosis.
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3  Etiology

Opsoclonus-myoclonus syndrome has been associated with viral infections, toxins, 
metabolic disorders, and neoplastic diseases but is in most instances idiopathic. In 
adults, about 14% of patients with opsoclonus are found to have an underlying can-
cer (Klaas et al. 2012). It affects 2–3% of children with neuroblastoma (Pranzatelli 
et al. 2017a) (Table 1).

Table 1 Etiology of opsoclonus myoclonus

Structural brain lesions
  Midbrain or thalamic hemorrhages
  Hydrocephalus
Parainfectious
  Viral
   Epstein-Barr virus
   Coxsackievirus B2
   Enterovirus
   Human herpes virus (HHV-6)
   Influenza
   West Nile virus
   Varicella
   Cytomegalovirus
   Human immunodeficiency virus8

   Hepatitis C
  Bacterial
   Mycoplasma pneumoniae

   Salmonella

   Streptococcus

  Note: Postimmunization associations have been reported following varicella, measles, and 
diphtheria-pertussis-tetanus vaccine administration

Toxins
  Phenytoin, diazepam, lithium, thallium, amitriptyline, organophosphates, cocaine, toluene
Metabolic: Celiac disease, hyperosmolar coma
Autoimmune
  Guillain-Barre syndrome (anti-GQ1b antibodies)
  Sarcoidosis
  Myasthenia gravis
  Multiple sclerosis
Head trauma
Post-allogeneic hematopoietic stem cell transplantation
Complication of pregnancy
Transient phenomenon of normal infants
Idiopathic

aNote: The presence of a “viral infection” should not preclude the search for a tumor
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There are several well-described paraneoplastic syndromes that have first  
clinically presented with opsoclonus-myoclonus syndrome (OMS). In childhood, 
neuroblastoma, which usually presents before age 3, is the most commonly associ-
ated malignancy (Pranzatelli et al. 2017a). In adults, the most frequently involved 
tumor is lung cancer, particularly small cell lung cancer, followed by breast and 
gynecological cancers (Klaas et al. 2012).

4  Neuroblastoma

The prevalence of neuroblastoma in OMS was 8% in the 1970s, 16% in the 1980s, 
38% in the 1990s, and 43% in the 2000s, with tumors being mainly low grade 
(Pranzatelli et  al. 2017a; Brunklaus et  al. 2011). It typically presents between 
6 months and 3 years of age. CT/MR imaging of the chest and abdomen is the most 
accurate test to detect occult neuroblastoma and should be the gold standard in the 
workup (Brisse et al. 2011).

Two thirds of patients will develop typical symptoms of OMS including opsoc-
lonus, myoclonus, ataxia, and behavioral changes. However, up to one-third of 
cases have an atypical presentation (Pranzatelli et al. 2017a). Dysarthria, expres-
sive, and receptive vocabulary impairment as well as attention deficit issues are 
common. Delayed diagnosis has shown a higher correlation with short-term mem-
ory deficits and motor disabilities. There are often chronic neurological sequelae in 
about 50–70% of patients, most notably in the cognitive and behavioral domains 
(De Grandis et al. 2009). In one study, borderline low IQ or mental retardation was 
found in 62% of children with opsoclonus-myoclonus syndrome related to neuro-
blastoma (Klein et al. 2007).

Patients with a neuroblastoma-associated OMS may have a better survival com-
pared to patients with neuroblastoma alone (Cooper et al. 2001). Autoantibodies in 
OMS, against both intracellular and surface epitopes to cerebellar neurons, are pre-
dominantly IgG3. This effect is not caused by a difference in total serum IgG3. An 
autoimmune pathogenesis of pediatric OMS is supported not only by the detection 
of autoantibodies but also by the response to immunosuppressive treatment and 
inflammatory changes in the CSF.

Other paraneoplastic antibodies associated with OMS are anti-Hu, anti-Ro, anti-
 Ri, anti-Ma1 and anti-Ma 2, anti-Ta-Ma2, and anti-CRMP-5/anti- CV-2; however, 
there continues to be additional antibodies identified in case reports. Anti-Yo anti-
body, or Purkinje cell cytoplasmic antibody type 1 (PCA1), is the most common 
variant of paraneoplastic cerebellar degeneration (PCD) (Venkatraman and Opal 
2016). The majority of cases reported have been women with pelvic or breast 
tumors. Anti-Ri has been associated with lung, breast, cervix, and bladder cancer. 
Anti-Ri antibody reacts with 55-kd and 80-kd proteins (Grant and Graus 2009). 
ANNA-1 is a marker of cytotoxic T-cell-mediated neuronal injury that has been 

L. Cameron and C. Kilbane



475

associated with small cell lung carcinoma and neuroblastoma (Grant and Graus 
2009). Antineurofilament antibodies (NF210K antibody), anti-Purkinje cell anti-
bodies, and immunoglobulin G autoantibodies binding to the surface of isolated rat 
cerebellar granular neurons have been isolated (Hero and Schleiermacher 2013). 
GABABR antibody and amphiphysin antibody are seen in limbic encephalitis. One 
reported case showed opsoclonus that developed months before limbic encephalitis. 
Clinical improvement has shown some correlation with B-cell reduction in the cere-
brospinal fluid (CSF) (Armangue et al. 2014).

N-methyl-D-aspartate receptor (NMDAR) antibodies are associated with sys-
temic teratomas.

Epidemiologic studies have shown that teenagers and young adults, particularly 
females, are more likely to have a teratoma if presenting with acute-subacute onset 
OMS with CSF pleocytosis (Armangue et al. 2014). Voltage-gated potassium chan-
nel (VGKC) complexes are plasma membrane proteins that primarily function as 
regulators for axonal conduction, neurotransmitter release, and control of neuronal 
excitability. VGKC complexes become dysfunctional when in contact with patho-
genic antibodies. Another similar target for VGKC complex antibodies have been 
described in anti-contactin-associated protein-like 2 (CASPR2) or leucine-rich 
glioma- inactivated 1 (LGI1).

CSF studies in paraneoplastic syndromes are often positive for oligoclonal 
bands, which is a marker for inflammation and neuronal injury. There is often lym-
phocytic pleocytosis (white blood cell count >5/μL) and elevated protein (>45 mg/
dL) (Pranzatelli et al. 2004).

There continues to be additional paraneoplastic syndromes discovered for sev-
eral neurological disorders. Treatment is not antibody-specific; however, in para-
neoplastic syndromes, patients typically improve after immunotherapy such as 
intravenous immunoglobulin (IVIG) and/or plasma exchange (Pranzatelli and 
Tate 2017) (Table 2).

Table 2 Common paraneoplastic antibodies associated with opsoclonus

Antibody Neurologic signs/symptoms Cancer type

Anti-Yo (Purkinje cell) Cerebellar Breast, pelvic tumors
ANNA-2 (anti-Ri) Cerebellar Lung, breast, cervix, bladder 

cancers
ANNA-1 (anti-Hu) Encephalitis, cerebellar, sensory 

neuropathy
SCLC, neuroblastoma

N-methyl-D-aspartate receptor 
(NMDAR)

Limbic encephalitis Systemic teratomas

Anti-ta-Ma2 Encephalitis, lateral medullary 
syndrome

Testicular germ cell tumors

Anti-Ma1 Encephalitis, cerebellar Lung cancer
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5  Pathophysiology

The exact pathophysiology remains unknown; however, several hypothesis have 
been proposed. The most supported theories include the following (1) disinhibition 
of the fastigial nucleus in the cerebellum, (2) damage to afferent projections to the 
fastigial nucleus, and/or (3) a delay in the saccadic burst neuron circuitry in the 
brain stem (Brunklaus et al. 2011).

One of the most accepted hypotheses involves disinhibition of the fastigial 
nucleus of the cerebellum. Disruption of Purkinje cells in the dorsal vermis and/or 
their inhibitory projections to the fastigial nucleus results in the disinhibition of the 
fastigial nucleus in the cerebellum. The fastigial nucleus outflow pathway passes 
contralaterally through the uncinate fasciculus, near the opposite fastigial nucleus, 
to the brain stem. If there is a lesion in one fastigial nucleus it could possibly affect 
the contralateral fastigial nucleus or its efferents, causing bilateral saccadic over-
shoot dysmetria. Research supporting this hypothesis includes the following:

 1. A functional magnetic resonance imaging (MRI) study demonstrating bilateral 
activation (i.e., disinhibition) of the fastigial nucleus in two patients with opsoc-
lonus, not observed in healthy controls while performing high frequency sac-
cades (Brisse et al. 2011).

 2. Histopathological examination of a patient with opsoclonus revealing damage to 
afferent projections to the fastigial nucleus (De Grandis et al. 2009).

 3. Single-photon emission computed tomography identified the area of dysfunction 
to the cerebellar vermis, where Purkinje cells normally exert inhibitory control 
over the fastigial nucleus in two patients with opsoclonus (Klein et  al. 2007; 
Cooper et al. 2001).

 4. Nova-2 is a neuronal-specific RNA binding protein that is an autoimmune target 
in patients with paraneoplastic opsoclonus. Defective Nova-2, which normally 
contributes to inhibitory synaptic transmission or synaptic plasticity, may be 
responsible for reduced inhibitory control of movements seen in opsoclonus- 
myoclonus syndrome (Venkatraman and Opal 2016).

Another hypothesis of the pathophysiology of opsoclonus involves the instability 
and delay in brain stem circuitry. Opsoclonus occurs when saccadic oscillations of 
both the horizontal and vertical saccadic pulse generators become unstable (Grant 
and Graus 2009; Hassan et  al. 2008). Saccadic oscillations can arise both from 
intrinsic lesions of the pulse generator and from abnormal inputs to the pulse gen-
erator including those from the midbrain, the diencephalon, and probably the 
cerebellum.

There is likely two distinct mechanisms for saccadic oscillation, one which 
causes large oscillations, such as opsoclonus or flutter, and another which causes 
small oscillations such as voluntary nystagmus or microsaccadic flutter (Grant and 
Graus 2009; Hassan et al. 2008).

Intrinsic biological delays along neural pathways that are involved in the propa-
gation of impulses lead to oscillations. As the delay is increased, the amplitude of 

L. Cameron and C. Kilbane



477

the oscillation increases and the frequency decreases. If the delay is large enough, 
oscillations can be sustained even when the level of pause cell tone is normal. Also, 
when the delay is set between the normal value and the value required for sustained 
oscillation, damped/smaller oscillations can be produced after a saccade terminates. 
This may explain why flutter often occurs immediately after a voluntary saccade 
(Grant and Graus 2009).

Compared to microsaccadic flutter, the oscillations of flutter and opsoclonus are 
lower in frequency and larger in amplitude than those produced by removing the 
pause cell input alone. To simulate flutter and opsoclonus, one must not only 
decrease the level of pause cell activity but also increase the delay in the feedback 
signal by the saccadic pulse generator to terminate the saccade (Grant and 
Graus 2009).

Microelectrode studies in pontine reticular formation of monkeys have identified 
three types of premotor neurons related to saccadic eye movements: burst, tonic, 
and pause cells.

Omnipause neurons include Purkinje cells, granular cells, and the dentate nuclei 
of the cerebellum. Omnipause neurons inhibit horizontal saccadic burst neurons in 
the pontine paramedian reticular formation (PPRF). They also inhibit vertical sac-
cadic burst neurons in the rostral interstitial nucleus of the medial longitudinal fas-
ciculus (MLF). Omnipause neurons are found between the abducens nuclei in the 
nucleus raphe interpositus (Armangue et al. 2014). Inputs into the omnipause neu-
rons arise in the superior colliculus, frontal eye fields, and mesencephalic reticular 
formation. The sources of excitatory and inhibitory input to the pause neurons 
remain unclear. These pause cells tonically discharge except during saccades. When 
they pause, they inhibit burst cells and prevent saccadic oscillations. Omnipause 
neuronal dysfunction affects saccades in all directions of gaze.

The neural integrator is comprised of neurons that provide a tonic signal propor-
tional to eye position and provide innervation needed to maintain eccentric position 
of gaze after a saccade is completed. The neural integrator for horizontal move-
ments is found just below the abducens nucleus in the nucleus prepositus hypoglossi 
and medial vestibular nuclei. Most of the neural integrator neurons discharge in 
proportion to saccadic velocities. The neural integrator is thought to be distributed 
over a network of burst-tonic neurons (Pranzatelli et al. 2004).

6  Pathology

Pathological reports of OMS show a variety of dysfunction. Purkinje cell loss and 
gliosis in the cerebellum, lesions in the periaqueductal gray, and olivary nucleus as 
well as perivascular inflammatory infiltrates. Granular cell layer loss in the cerebel-
lum is also common. Lymphocytic infiltrates can be seen in the neocortex, pons, and 
cerebellum. Despite these abnormalities, approximately half of OMS patients are 
found with no significant central nervous system pathology (Stefanowicz et al. 2008).
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7  Clinical Investigations

Those developing acute or subacute opsoclonus myoclonus in which an immediate 
underlying cause, i.e., viral infection or drug intoxication, cannot be identified, 
should promptly be worked up, including in particular serum examination for para-
neoplastic autoantibodies. Both antibody-positive and antibody-negative patients 
need cancer workup. Even in patients whom the initial search for cancer is negative, 
they should be considered tumor suspects and investigated at frequent, appropriate 
intervals.

8  Laboratory Investigations

A diagnostic approach to OMS is provided in Fig. 1.

• CSF oligoclonal banding and flow cytometry. Oligoclonal bands were found in 
35% of pediatric OMS patients in a prospective study of 135 patients, with the 
highest frequency in severe cases. Neuroblastoma detection, duration of disease, 
or relapse history did not differ. In untreated patients, there was a 75% reduction 
of bands after immunotherapy, indicating that it could serve as a marker for 
response to therapy. Flow cytometry is however a more sensitive marker of B-cell 
infiltration (Pranzatelli et al. 2011).

• Antigliadin antibodies of immunoglobulin A subtype, anti-endomysial antibod-
ies, and anti-CV2 antibodies (celiac disease). Confirmatory diagnosis of celiac 
disease includes a duodenal biopsy which shows villous atrophy. Eight to ten 
percent patients with celiac disease have neurological manifestations (Deconinck 
et al. 2006).

• Check levels of urinary catecholamine metabolite. Homovanillic acid (HVA) and 
vanillylmandelic acid (VMA) are useful tumor markers for neuroblastoma. 
These assays are reportedly elevated in 95% of cases of neuroblastoma and are 
useful for confirmatory purposes (Wong 2007). There are, however, cases of 
falsely negative results, and therefore these urinary assays alone are inadequate 
for assessing for the presence or absence of neuroblastoma.

• Infectious workup.
• Serum and cerebrospinal fluid paraneoplastic screening.

9  Radiological Investigations

• Magnetic resonance imaging (MRI) with thin cuts through the brain as well as 
MRI or CT imaging of the neck, thorax, abdomen, and pelvis is recommended 
for evaluation for possible neuroblastoma.

• Mammography and colonoscopy in adults.
• Whole body 18F-fluoro-2-deoxyglucose positron emission tomography (FDG- 

PET) scan should be considered if above is negative.
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10  Clinical “Mimics” of Opsoclonus

Ocular flutter (OF) is considered a subtype of opsoclonus and is typically described 
as infrequent, rapid, conjugate, and horizontal oscillations occurring in bursts. Eye 
measurements reveal bursts of fast phases without inter saccadic intervals 
(Anagnostou et al. 2013). Frequencies of OF are typically higher than opsoclonus. 
OF has been described in patients with essential tremor (ET) (Anagnostou et al. 
2013). The pathophysiology of OF remains controversial; however, it is hypothe-
sized that abnormal cerebellar Purkinje cell activity leads to reduced inhibition on 
the fastigial nucleus. This therefore leads to enhanced inhibition of brain stem 
neurons. This is clinically demonstrated by saccadic burst neurons that become 
free to oscillate. Studies showing Purkinje cell loss in neuropathological investiga-
tion in essential tremor patients support the underlying cerebellar pathology 
(Anagnostou et al. 2013).

Opsoclonus myoclonus discovered on 
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Fig. 1 Stepwise schematic workup for opsoclonus myoclonus
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Other mimics of opsoclonus are voluntary nystagmus and ocular microtremor. 
Voluntary nystagmus has a frequency of 10–25 Hz, has amplitude of up to 60, and 
can be maintained for up to 35 s (Zahn 1978). This high-frequency pendular nystag-
mus can be initiated voluntarily independent of fixation. A convergence or wide 
opening movement of the eyelids are triggers for initiation. It is typically limited by 
fatigue. Oscillopsia and visual blurring are often coexisting.

Ocular microtremor can be recorded in normal subjects during steady fixation. It 
is a continuous near sinusoidal oscillation that has a frequency of 100 Hz and a 
mean amplitude of 30 (Zahn 1978).

Microsaccadic flutter consists of back-to-back saccadic oscillations, not visible 
by unaided inspection but seen with an ophthalmoscope. They are usually conju-
gate, horizontal, and symmetric in both directions of gaze. For most patients it is a 
benign disorder not associated with a neurological disease (Ashe et al. 1991).

Voluntary nystagmus only occurs in the horizontal plane and consists of a series 
of back-to-back and to-and-fro saccadic eye movements. Voluntary nystagmus is a 
type of pendular nystagmus. Its frequency is approximately 5–28 Hz, slower than 
physiological nystagmus (30–90 Hz) (Zahn 1978). Voluntary nystagmus typically 
cannot be maintained for more than 25 seconds (Aschoff 1976).

11  Medical Management

Treatment of the underlying etiology of opsoclonus myoclonus is the primary goal. 
Often, immunomodulatory therapies such as intravenous immunoglobulin (IVIG), 
rituximab, cyclophosphamide, azathioprine, or plasmapheresis are combined with 
corticosteroids or ACTH.

11.1  Corticosteroids and Immunomodulatory Agents

Corticosteroids are usually given orally as prednisolone or prednisone at a starting 
dose of 2 mg/kg/day. If symptoms improve, prednisone is slowly tapered starting at 
2–3 months over a 9–12-month period. Recent studies have shown favorable out-
comes after intravenous or oral pulses of 20  mg/m2/day of dexamethasone for 
3 days given monthly (Rostasy et al. 2006). If a relapse should occur, then a higher 
dose of prednisone would be initiated.

ACTH: ACTH is normally secreted by the pituitary gland, and stimulates the 
adrenal gland to produce cortisol. It is given intramuscularly starting at 75 IU per 
dose twice daily × 40–52 weeks with a slow taper (Tate et al. 2012). The combina-
tion of IVIG and corticosteroids has been tried in recent years. ACTH alone and 
corticosteroids alone have only shown short-term benefits. Side effects of long-
term therapy ACTH can include cushingoid features, fluid retention, psychological 
effects, cardiovascular effects, gastric ulcers, skin changes, osteoporosis, infec-
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tion, and diabetes mellitus. Most are related to the treatment duration and dose. 
Growth suppression is common but reversible.

A treatment study with 74 children with OMS compared combination therapies 
of corticotropin alone, corticotropin in combination with IVIG, corticotropin in 
combination with IVIG and Rituxan, corticotropin in combination with IVIG and 
Cytoxan, and Rituxan plus chemotherapy. Fifty-five percent had adverse events 
(corticosteroid excess), more so with multiagents, and 10% had serious adverse 
events. The results showed better long-term clinical improvement in the groups with 
the three-agent and four-agent multimodal treatments compared to conventional 
treatment with corticotropin alone. This study demonstrated greater efficacy of 
corticotropin- based multimodal therapy compared with conventional therapy, 
greater response to corticotropin than corticosteroid-based therapy, and overall tol-
erability. The treatment responses did not differ significantly between patients 
whom had tumors discovered (Tate et al. 2012).

Intravenous immunoglobulins (IVIG): IVIG binds to autoantibodies and target 
cells and decreases levels of circulating immune complexes. IVIG is a useful treat-
ment when given as 1–2 g/kg/day for 1 or more days then a monthly maintenance 
dose of 1 g/kg. There are typically fewer side effects than chemotherapy or cortico-
steroids. Potential side effects include headache, nausea, fever, or flu-like symptoms 
but are usually mild and self-limited. Renal impairment and aseptic meningitis can 
occur. Some strategies to prevent these side effects include reducing the rate of the 
infusion and/or concomitant administration of Benadryl and acetaminophen intra-
venously 30 min prior to IVIG infusion. Preliminary blood work includes an IgA 
level and kidney function tests (Pless and Ronthal 1996).

There may not be any response until 10–14 days from the first infusion. If there 
is a good response, IVIG should be given monthly. If there is lack of efficacy, a 
higher dose should be used the following month. If there is no significant improve-
ment after the second infusion, IVIG should be discontinued.

When a child does not respond to IVIG or has side effects, a different brand 
should be tried.

Some IVIG subtypes: Cytomegalovirus IVIG, Gamimune N S/D 10%, 
Flebogamma,Gamunex, Privigen, Gammagard, Panglobulin, Polygam solvent/
detergent treated, normal immunoglobulin (human) 12% (120  g/L) intravenous 
injection (Sandoglobulin), Venoglobulin-S (5% or 10%), and Rho(D) immune glob-
ulin intravenous (Hartung 2008).

Azathioprine (Imuran): Dose is typically 50  mg per day for 6  months. Prior 
blood work is necessary before starting Imuran which includes peripheral leukocyte 
count, platelet count, and liver function tests. The delay to onset of therapeutic 
effect is 6–12 months. Potential adverse effects are fever, rash, flu-like symptoms, 
and nausea.

Approximately 10% of patients develop an idiosyncratic flu-like reaction pre-
cluding its use. Another important adverse effect is bone marrow suppression.

Rituximab (Rituxan): Rituximab, a chimeric anti-CD20 monoclonal antibody 
that depletes circulating B cells, has been shown to be well tolerated and beneficial. 
It is given by intravenous infusion once a week for total of four doses. Its effect can 
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last 6–9 months. Rituximab can be associated with more serious hypersensitivity 
reactions such as low blood pressure (hypotension), breathing difficulties (broncho-
spasm), and sensation of the tongue or throat swelling (angioedema). Epinephrine, 
antihistamine, and corticosteroids should be on hand for treatment of hypersensitiv-
ity. Complete blood counts (CBC) and platelet counts should be monitored at inter-
vals. Twelve immunotherapy-naïve children with opsoclonus-myoclonus syndrome 
and CSF B-cell expansion received rituximab, ACTH, and IVIG. Motor severity 
lessened 73% by 6 months and 81% at 1 year (Pranzatelli et al. 2010). Additional 
maintenance rituximab may be necessary to prevent relapses (Toyoshima et  al. 
2016; Leen et al. 2008).

Cyclophosphamide (Cytoxan): Cytoxan can be given in different forms, tablet, 
injectable, or oral solution. Typical pediatric dose is 1–5 mg per kg of body weight. 
It is taken over a period of 60 to 90 days. Frequent monitoring for leukopenia as 
well as hematuria is suggested.

Potential adverse effects include loss of appetite, nausea, vomiting, constipation, 
temporary hair thinning or brittleness, and increased risk of infections. Combination 
therapy of cyclophosphamide and dexamethasone pulses showed improvement in 
two girls with prolonged clinical course with many relapses, even after 18 months 
of treatment (Wilken et al. 2008).

6-mercaptopurine (6-MP): 6-MP, a known immunosuppressant, has been shown 
to normalize cerebrospinal fluid (CSF) lymphocyte frequencies in opsoclonus- 
myoclonus syndrome and function as a steroid sparer. 6-MP is difficult to titrate and 
may elevate liver transaminases, which are typically mild and reversible. Possible 
side effects include anemia, risk of bruising or bleeding, infection, nausea, sour 
taste, and increased uric acid levels (Pranzatelli et al. 2017b).

Therapeutic Apheresis: Five or six exchanges are usually required. Improvement 
may be rapid and last for up to 2 months. One of the main limitations in small 
children is that plasmapheresis is technically infeasible. Compared to IVIG, the 
main disadvantages include reduced blood volume, which may induce hypoten-
sion, increased immunosuppression, and the placement of a large bore central 
venous catheter, leading to more frequent and serious side effects (Yiu et al. 2001) 
(Table 3).

12  Prognosis

In adults younger than 40 years of age, the most likely cause of OMS is idiopathic 
or parainfectious, both of which have a better prognosis than paraneoplastic-related 
OMS or OMS in children (De Grandis et al. 2009). A Mayo case series of adult- 
onset OMS showed a favorable outcome with an idiopathic (presumed parainfec-
tious) disorder of short duration, with full recovery after 4 to 6 weeks of treatment. 
Of the 19 patients, OMS remitted in 13 patients and improved in 3. Nonetheless, in 
the Mayo Clinic patients, cancer was an important cause in (14%), and a few patients 
also had a relapsing course or a poor outcome (Klaas et al. 2012).
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Opsoclonus can remit spontaneously or have a relapsing-remitting course. Even 
after resolution, formal testing typically still reveals abnormalities of eye movement 
pursuits and to a lesser extent saccadic eye movements.

For the pediatric population, younger age and severity upon presentation seem to 
have a worse prognosis for developing neurologic sequelae. Relapses should be 
treated. Usually children who responded initially to immunotherapy will do so 
again, even to a single agent.

Table 3 Treatment options for opsoclonus myoclonus

Agent Dosing Potential adverse effects Other

Corticosteroids Starting oral dose of 
prednisone 2 mg/kg/
day with slow tape 
starting at 2–3 months 
over a 9–12-month 
period

Cushingoid symptoms, 
impaired glucose levels, 
insomnia, hair growth, high 
blood pressure, leg swelling, 
muscle weakness, easy 
bruising

ACTH Intramuscularly starting 
at 75 IU per dose twice 
daily x 40–52 weeks 
with a slow taper

Growth suppression, 
Cushing’s syndrome, hair 
growth, acne

IVIG Intravenous injection of 
1–2 g/kg/day x 1 or 
more days and then a 
monthly maintenance 
dose of 1 g/kg

Headache, nausea, fever, or 
flu-like symptoms

Preliminary 
blood work 
includes an IgA 
level and kidney 
function tests

Azathioprine 
(Imuran)

50 mg per day x 
6 months

Fever, rash, flu-like 
symptoms, nausea, 
idiosyncratic flu-like reaction
Bone marrow suppression

Rituximab 
(Rituxan)

4–5 IV infusions of 
375 mg/m2

Low blood pressure, breathing 
difficulties, and sensation of 
the tongue or throat swelling 
(angioedema)

CBC and 
platelet counts 
should be 
monitored

Cyclophosphamide 
(Cytoxan)

1–5 mg per kg of body 
weight x 60 to 90 days

Loss of appetite, nausea, 
vomiting, constipation, 
temporary hair thinning or 
brittleness, and increased risk 
of infections
Hemorrhagic cystitis

6-mercaptopurine 
(6-MP)

Unclear off-label use. 
Oral 100–200 mg daily 
x 2 months

Anemia, risk of bruising or 
bleeding, infection, nausea, 
sour taste, increase uric acid 
levels, elevated liver 
transaminases

Monitor CBC, 
LFTs

Therapeutic 
apheresis

5–6 exchanges every 
other day

Reduces blood volume and 
therefore may induce 
hypotension, 
immunosuppression

Requires the 
placement of a 
large bore 
central venous 
catheter
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Although childhood neuroblastoma carries a significant mortality rate, neuro-
blastomas associated with OMS tend to be low grade and have a more favorable 
outcome (De Grandis et al. 2009). Overall, the survival prognosis of children with 
OMS secondary to neuroblastoma is very favorable. One series of patients with 
neuroblastoma reported that 90% of patients with OMS presented with nonmeta-
static disease, whereas nonmetastatic disease was present in only 35% of patients 
without OMS. In the same series, OMS patients were estimated to have a 3-year 
survival rate of 100%, whereas those without OMS had a survival rate of 77% 
(Rudnick et al. 2001). Despite this excellent survival prognosis, children with OMS 
have a more guarded neurological prognosis. Mitchell et  al. reported that only a 
minority of patients followed a monophasic course and that those patients generally 
had a more favorable neurologic prognosis than patients who followed a more 
chronic, relapsing course (Mitchell et al. 2005). Russo and colleagues reported that 
69% of children with OMS suffered from long-term neurological problems. 
Interestingly, ten of the patients received chemotherapy for their underlying neuro-
blastoma, and six of those ten patients had no neurological sequelae. In contrast, 19 
children did not receive chemotherapy, and only 3 of them were free of neurological 
sequelae. This may suggest that more intense immunosuppression with chemother-
apy may help improve neurological outcomes in OMS patients (Russo et al. 1997). 
The reported expansion of autoreactive B cells has been thought to correlate with 
severity and duration of OMS; however, it remains controversial if this is an ade-
quate biomarker of disease. B-cell activating factor (BAFF), a key molecule neces-
sary for B-cell survival, seems to be involved in the intrathecal B-cell expansion 
(Armangue et al. 2014). Some studies have followed serum and CSF B lymphocytes 
after treatment with rituximab, and it appears that lower values correlate with better 
prognosis (Armangue et al. 2014).
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Abstract A broad spectrum of eye movement disorders can be observed in patients 
with epilepsy, many of which are consequences of antiepileptic medications but can 
also occur secondary to epileptic discharges. In this chapter, we will review clinical 
phenomenology and mechanistic underpinning of the eye movement deficits in epi-
lepsy patients due to both etiologies.

Keywords Eye movements · Epilepsy · Nystagmus · Antiepileptic drugs

1  AED-Induced Eye Movement Disorders

Antiepileptic medications reduce neuronal depolarization in order to prevent the 
abnormal rhythmic and synchronous discharges seen in seizures. Such mode of 
action to depress neuronal activity can induce a wide range of eye movement disor-
ders. In this section we will discuss AEDs that are known to cause eye movement 
disorders, and for each AED discussed, we will review the mechanistic underpin-
ning of the induced ocular motor deficit.

Multiple neuroanatomical circuits will be discussed in further detail below. As an 
overview, the main components involved in AED-induced eye movement disorders 
include the horizontal neural integrator, the vertical neural integrator, and the neu-
roanatomical components of smooth pursuit and saccades. The role of the neural 
integrator is to integrate information regarding eye velocity and eye position and to 
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provide signals to extraocular motoneurons to maintain or attain a new position of 
the eyes. The horizontal neural integrator is comprised of the medial vestibular 
nucleus and nucleus prepositus hypoglossi located in the caudal pons and the rostral 
medulla, while the vertical neural integrator is comprised of the interstitial nucleus 
of Cajal and the rostral interstitial medial longitudinal fasciculus located in the ros-
tral midbrain. Both the horizontal and vertical neural integrators are fine-tuned by 
projections from the vestibulocerebellum (Sanchez and Rowe 2016). In addition to 
the neural integrators, AEDs can impair smooth-pursuit and saccade generation net-
works. The network for smooth pursuit includes the vestibulocerebellum, dorsolat-
eral pontine nucleus, nucleus reticularis tegmenti pontis, and inferior olive, whereas 
the network for saccade generation includes the superior colliculus, omnipause neu-
rons, and excitatory burst neurons.

AEDs can impair the normal functioning of these networks introduced here and 
can manifest as different eye movement disorders observed in patients with epilepsy 
to be discussed in detail below (Fig. 1).

Fig. 1 Neuroanatomical networks. Horizontal gaze network (red) includes oculomotor nucleus 
(CN III), medial longitudinal fasciculus (MLF), medial vestibular nucleus (MVN), abducens 
nucleus (CN VI), and nucleus prepositus hypoglossi (NPH) and fined-tuned by the vestibulocere-
bellum. Vertical gaze network (blue) includes rostral interstitial medial longitudinal fasciculus 
(riMLF), interstitial nucleus of Cajal (INC), and trochlear nucleus (CN IV) and fine-tuned by the 
vestibulocerebellum. Saccade network (green) includes paramedian pontine reticular formation 
(PPFR), and nucleus raphe interpositus (NRi); of note burst neurons for vertical and torsional sac-
cades lie within the rostral interstitial medial longitudinal fasciculus (riMLF, labeled in blue). 
Smooth-pursuit network (orange) includes dorsolateral pontine nucleus (DLPN), nucleus reticu-
laris tegmenti pontis (NRTP), inferior olive (IO), and vestibulocerebellum. Vestibulocerebellum is 
comprised of the flocculus and nodulus, known as the flocculonodular lobe
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2  Sodium Valproate

Sodium valproate, a commonly used anticonvulsant, blocks voltage-gated sodium 
channels and increases the levels of gamma-aminobutryic acid (GABA). Sodium 
valproate possibly inhibits GABA degradative enzymes, such as GABA transami-
nase and succinate-semialdehyde dehydrogenase, and inhibits GABA reuptake thus 
raising cerebral and cerebellar levels of this inhibitory neurotransmitter. The eye 
movement abnormalities associated with valproate include gaze-evoked nystagmus 
and vertical gaze palsies.

2.1  Gaze-Evoked Nystagmus

Gaze-evoked nystagmus is an oscillation of the eyes that occur when attempting to 
maintain extreme eye positions. Gaze is unable to be held in an extreme position, and 
the eyes drift back toward the null point (which is often straight-ahead gaze), and a 
corrective saccade is generated to move the eyes back to the eccentric position. This 
process repeats which is seen as a rhythmic oscillation of the eyes. The classic descrip-
tion of the gaze-evoked nystagmus is that it is caused by a deficiency of the neural 
integrator which is comprised of a cellular network converting the eye velocity com-
mands into an eye position signal. The nucleus prepositus hypoglossi is a major con-
tributor for the horizontal neural integrator with a minority of inputs being from the 
medial vestibular nucleus. Both nuclei are located within the region of the caudal pons 
and rostral medulla. The vertical and torsional neural integrator is in the interstitial 
nucleus of Cajal, within the midbrain. If there is minimal abnormality in integrator 
function, gaze-evoked nystagmus will manifest in extreme angles of gaze. If there is 
major dysfunction in integrator function, gaze-evoked nystagmus will appear as soon 
as the eyes deviate from the primary gaze (Suzuki et al. 2003).

Many antiepileptic drugs, including sodium valproate, will cause gaze-evoked 
nystagmus, and it is likely due to its effects on the neural integrator. These medica-
tions can cause decreased firing of the neural integrator network, affecting its ability 
to effectively transform velocity to position. This phenomenon, termed a leaky neu-
ral integration, causes the eyes to drift while attempting to fixate in an eccentric 
position. Then a corrective saccade is made to attempt to maintain the eccentric 
position. This cycle will then continue to repeat, and a gaze-evoked nystagmus will 
be observed (Glassauer et al. 2003; Rett 2007).

The brainstem neural integrators receive fine tuning by the cerebellum, in par-
ticular the floccular and parafloccular Purkinje cells within the vestibulocerebellum. 
These Purkinje cells are known for their inhibitory nature and influence the brain-
stem neural integrators via the cerebellar peduncles (Sanchez and Rowe 2016). 
Sodium valproate also leads to dysfunction at the level of cerebellar Purkinje neu-
rons with prolonged use resulting in cerebellar atrophy (Zaccara et al. 2004). Lack 
of optimized Purkinje neuron function results in deficient feedback to the integrator, 
hence its dysfunction, and subsequent gaze-evoked nystagmus (Zee et al. 1976).
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2.2  Vertical Gaze Palsy

Sodium valproate’s effect on GABA may be the cause for selective vertical gaze 
palsy seen when there is sodium valproate toxicity. Vertical gaze control centers are 
the rostral interstitial medial longitudinal fasciculus and the interstitial nucleus of 
Cajal (INC) which are housed in the midbrain. The INC in particular has abundant 
GABAergic neurons. Studies in the macaque monkey discovered GABAergic pro-
jections from the interstitial nucleus of Cajal to the contralateral superior oblique 
and inferior rectus motoneurons. During upward eye movements, these commis-
sural GABAergic projections inhibit the superior oblique and inferior rectus moto-
neurons and premotor down-burst-tonic neurons (Horn et al. 2003). The proposed 
mechanism for selective vertical gaze palsy with sodium valproate toxicity is based 
on increased levels of GABA. At high concentrations of sodium valproate, GABA 
transaminase is inhibited and the degradation of GABA is prevented. Subsequently, 
there will be elevated levels of GABA and deactivation of the vertical burst neurons 
producing a selective vertical gaze palsy in valproate toxicity (Gosala Raja 
et al. 2013).

3  Phenytoin/Fosphenytoin

The mechanism of action of phenytoin is thought to involve blockade of voltage- 
gated sodium channels by preferentially binding to the fast inactive state. This 
blocks high-frequency firing of action potentials. There are various eye movement 
abnormalities that have been reported with phenytoin and fosphenytoin. These 
include gaze-evoked nystagmus, impaired smooth pursuit, impaired VOR suppres-
sion, downbeat nystagmus, periodic alternating nystagmus, and pendular nystag-
mus. It should be noted that the phenytoin serum concentration does not necessarily 
correlate with the appearance of phenytoin-induced eye movement disorders (Riker 
et al. 1978).

3.1  Gaze-Evoked Nystagmus

Gaze-evoked nystagmus secondary to phenytoin is thought to be due to a leaky 
neural integrator with a similar mechanism discussed above with sodium valproate. 
The neural integrator’s role is to mathematically integrate eye and head velocity 
signals to provide an accurate eye position signal to maintain gaze. Much of the eye 
and head velocity signals are provided from vestibular and cerebellar connections. 
It is also believed that phenytoin likely impairs the central vestibular and cerebellar 
connections required by the neural integrator. This pharmacologic impairment of 
the neural integrator can manifest clinically as a gaze-evoked nystagmus in addition 
to ataxia (Riker et al. 1978).
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3.2  Smooth Pursuit

Smooth-pursuit movements are slower tracking movements of the eyes to keep a 
moving target on the fovea. Cerebral cortical areas concerned with visual motion 
are relayed to brainstem gaze-holding network which integrates eye and head veloc-
ity signals, vestibular, and pursuit eye movements into eye position commands. In 
addition to brainstem networks, the cerebellum will provide information regarding 
initiation and programming of the pursuit movements. The three components of the 
cerebellum involved in smooth pursuit are the vestibulocerebellum (paraflocculus), 
dorsal vermis and its projections to the fastigial nucleus, and the ansiform lobule 
(VII) of the cerebellar hemisphere. Pharmacological inactivation of the parafloccu-
lus and flocculus in the macaque monkey substantially impairs smooth pursuit and 
VOR cancellation (Belton and McCrea 2000). The mechanism in which phenytoin 
impairs smooth pursuit is likely due to its disrupting effects on the flocculus and 
paraflocculus and is discussed further below.

3.3  Vestibulo-Ocular Reflex Suppression

The vestibulo-ocular reflex (VOR) maintains gaze on stationary object while the head 
is moving. Consequent eye movements are generated with equal speed (as head move-
ment) but in the opposite direction, with a goal to maintain visual fixation. Smooth 
pursuit is used to track moving objects while the head is stationary. An instance where 
the VOR and smooth-pursuit systems come into conflict is when the head is moving 
with a moving target. Here the VOR drives the eyes in the opposite direction while the 
pursuit system attempts to overcome this by driving the eyes with the target. This 
mechanism to overcome the VOR is termed VOR suppression.

Impairments in both smooth pursuit and VOR suppression can be seen with phe-
nytoin. It may be related to phenytoin’s effects on cerebellar Purkinje cells and 
impairing the functions of the flocculus and paraflocculus. The abnormalities in 
smooth pursuit and VOR suppression can be seen in patients who do not have any 
clinical or biochemical evidence of anticonvulsant toxicity. This has been seen in 
patients treated with phenytoin or phenobarbital, and marked improvements in 
smooth pursuit and VOR suppression is seen after discontinuation of those antiepi-
leptic medications (Bittencourt et al. 1980).

3.4  Downbeat Nystagmus

Downbeat nystagmus results from a defective vertical gaze holding causing a patho-
logic updrift of the eyes and a corrective downward saccade. Downbeat nystagmus 
can be seen in dysfunction of Purkinje cells within the floccular lobe of the vestibu-
locerebellum. The anterior semicircular canal provides vestibular inputs which are 
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normally inhibited by the floccular lobe. Floccular dysfunction can result in disinhi-
bition of the anterior semicircular canals and give rise to an upward drift of the eyes 
with corrective downward saccades. This is seen clinically as downbeat nystagmus. 
The presence of downbeat nystagmus seen with phenytoin is likely related to its 
effects on the vestibulocerebellum (Berger and Kovacs 1982).

3.5  Periodic Alternating Nystagmus

Periodic alternating nystagmus (PAN) is a horizontal nystagmus that predictably 
oscillates in direction, frequency, and amplitude. For example, a leftward beating 
nystagmus will develop increasingly larger amplitudes and higher frequencies until 
a point in which it will then progressively diminishes. There will then be a brief null 
period in the horizontal nystagmus where downbeat nystagmus or square wave jerks 
can be seen. Then a reversal in the direction of nystagmus begins where a right beat-
ing nystagmus of progressively larger amplitudes and higher frequencies is seen 
until a point where it will begin to wane. This cycle continues to repeat in a 
crescendo- decrescendo pattern and reverses direction approximately every 2 min.

PAN can be acquired from disruption of vestibulocerebellum’s nodulus and 
uvula. These cerebellar structures play a role in the time constant of rotational 
velocity storage. Pharmacological evidence suggests that the nodulus and uvula 
maintain inhibitory control on the vestibular rotational responses. Dysfunction can 
result in an oscillatory shifting of the null point (Cohen et al. 1987). Phenytoin can 
disrupt the vestibulocerebellum’s normal inhibitory control on rotational vestibular 
inputs thus precipitating a PAN (Campbell 1980; Schwankhaus et al. 1989).

3.6  Pendular Nystagmus

Pendular nystagmus when acquired is a type of ocular oscillation which often causes 
continuous oscillopsia. There are typically horizontal, vertical, and torsional com-
ponents. Depending on whether the horizontal and vertical oscillatory components 
are in phase or out of phase, the resultant trajectories can either be oblique, ellipti-
cal, or circular. Also when comparing the oscillations of each eye, the nystagmus 
may be conjugate or disconjugate with different sizes of oscillations.

The etiology for acquired pendular nystagmus lies within the neural substrates 
for gaze holding, particularly the neural integrator. The neural integrator involves a 
network within the brainstem and cerebellum. This network will mathematically 
integrate vestibular, optokinetic, saccadic, and pursuit eye velocity signals. This 
network then takes these signals and provides information for eye position to main-
tain gaze. If there is instability in the neural integrator, pendular nystagmus can arise.

Phenytoin causes slowing of neural conduction. This slowing can delay feedback 
between the cerebellum and the oculomotor neural integrator. Since the neural inte-
grator network’s role is to mathematically integrate eye and head velocity signals to 
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provide an accurate eye position signal to maintain gaze, a slowing of neural con-
duction can lead to its instability. This instability is owed to the neural integrators 
inability to quickly and accurately provide the correct eye position based on eye and 
head velocity signals. The delayed feedback from slowed neural conduction will 
disrupt gaze holding due to errors in eye position from the integrator. This erroneous 
eye positioning for gaze holding can then manifest as pendular nystagmus. The 
instability of the neural integrator from pharmacologically slowed neural conduc-
tion is the likely etiology of phenytoin-induced pendular nystagmus (Shaikh 2013).

4  Carbamazepine

Carbamazepine binds preferentially to the voltage-gated sodium channels in their 
inactive conformation, preventing repetitive and sustained neuronal depolarization. 
Its anticonvulsant efficacy is due to the inhibition of sodium channel activity.

Impairments of eye movements associated with carbamazepine include gaze- 
evoked nystagmus, slowing of saccade velocity, impaired smooth pursuit, downbeat 
nystagmus, jerk seesaw nystagmus, oculogyric crisis, and ophthalmoplegia.

4.1  Gaze-Evoked Nystagmus

As commonly seen with other antiepileptic use, the gaze-evoked nystagmus is also 
seen in patients who take carbamazepine. The mechanism of gaze-evoked nystag-
mus secondary to carbamazepine also involves the vestibulocerebellum (flocculo-
nodular lobe) or its connections (Umeda and Sakata 1977; Remler et  al. 1990). 
Further details regarding neuroanatomy and mechanism are discussed above under 
sodium valproate-induced gaze-evoked nystagmus.

4.2  Slow Saccades

Saccades are ballistic movements of the eyes that abruptly change the point of fixa-
tion. Generation of saccades include the eye fields in cerebral cortex, superior col-
liculus, and the brainstem saccadic pulse generator network. Within the brainstem 
network that generates premotor saccade commands are two types of neurons: burst 
neurons and omnipause neurons. For horizontal saccades, the saccadic burst neu-
rons are within the paramedian pontine reticular formation within the caudal pons. 
For vertical and torsional saccades, burst neurons are within the rostral interstitial 
nucleus of the medial longitudinal fasciculus. There are two types of burst neurons: 
excitatory burst neurons and inhibitory burst neurons (Büttner Ennever and Büttner 
1988). The excitatory burst neurons when activated will cause tonic firing of the 
associated extraocular muscle to perform a saccade. The inhibitory burst neurons’ 
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roles include silencing activity in antagonist extraocular muscles during saccades. 
Another role may be to help end the saccade when the eye is on target (Tedeschi 
et al. 1989). The duration of most saccades is less than 100 milliseconds and have a 
peak velocity of approximately 500 degrees/second. Carbamazepine may decrease 
peak saccade velocity. This may be due to carbamazepine causing dysfunction neu-
ronal depolarization of the brainstem saccade pulse generator system in the parame-
dian pontine reticular formation (Tedeschi et al. 1989).

4.3  Smooth Pursuit

Smooth-pursuit movements are slower tracking movements of the eyes to keep a 
moving target on the fovea. Neuroanatomical structures involved for smooth pursuit 
include cerebral cortical areas, the neural integrator, and vestibulocerebellum. 
Further details are discussed above under phenytoin and smooth pursuit.

The mechanism in which carbamazepine impairs smooth pursuit can be presumed 
to be similar to phenytoin as they have similar inhibitory actions on sodium channels. 
Phenytoin impairs smooth pursuit via its effects on the vestibulocerebellum. The ves-
tibulocerebellum provides information regarding initiation and programming of the 
pursuit movements. If dysfunction of the vestibulocerebellum occurs, impairments in 
smooth pursuit may occur. Thus it may be carbamazepine’s disrupting effects on the 
vestibulocerebellum that give rise to smooth-pursuit impairments (Reilly et al. 2008).

4.4  Downbeat Nystagmus

Downbeat nystagmus results from a defective vertical gaze holding causing a patho-
logic updrift of the eyes and a corrective downward saccade. Downbeat nystagmus 
can be present in dysfunctions of the vestibulocerebellum. Further information 
regarding downbeat nystagmus is discussed above under phenytoin and downbeat 
nystagmus. In summary, floccular dysfunction can result in disinhibition of anterior 
semicircular canals, giving rise to an upward drift of the eyes with a corrective 
downward saccade.

The induction of downbeat nystagmus by carbamazepine may reflect disruption 
of the cerebellum and its control of vestibular, pursuit, or otolith-ocular reflexes 
(Chrousos et al. 1987).

4.5  Seesaw Nystagmus

Seesaw nystagmus consists of a half cycle with elevation and intorsion of one eye 
and synchronous depression and extorsion of the other; during the next half cycle, 
the vertical and torsional movements reverse. Jerk nystagmus will have an alteration 
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in slow and quick phases. Factors that contribute to jerk seesaw nystagmus include 
imbalance and miscalibration of vestibular responses that normally optimize gaze 
during head rotations in roll. The vestibular nuclei will provide inputs to oculomotor 
and trochlear nuclei via the medial longitudinal fasciculus (MLF) to maintain gaze. 
Discoordination and miscalibration between these structures may manifest as jerk 
seesaw nystagmus. Oxcarbazepine may disrupt the coordination between vestibular 
inputs and normal gaze to cause a jerk seesaw nystagmus (Adamec et al. 2013).

4.6  Oculogyric Crisis

Oculogyric crisis is characterized by prolonged involuntary upward gaze deviation.
In an oculogyric crisis, affected patients have great difficulty in looking down-

ward as the eyes become fixed in an upward gaze. It is often associated as an acute 
dystonic reaction due to neuroleptic drug treatment. But it can rarely be seen in 
carbamazepine use. This may be related to an imbalance of the neural integrator and 
it’s vertical gaze-holding mechanism (Berchou and Rodin 1979).

4.7  Ophthalmoplegia

One study described ophthalmoplegia induced by carbamazepine (Noda and 
Umezaki 1982). It is possible that global weakening of burst generation or pro-
found and sustained inhibition by the omnipause neurons have caused the deficit. 
The omnipause neurons are located within the nucleus raphe interpositus which 
is located within the dorsal caudal pons. They exert a tonic inhibition upon hori-
zontal and vertical saccadic burst neurons during fixation or smooth-pursuit eye 
movements. Before a saccade is generated, the high level of tonic inhibition by 
the omnipause neurons is removed. The release of inhibition by omnipause neu-
rons disinhibits the saccadic burst neurons which are then able to perform a sac-
cade (Horn et al. 1994). It may be that carbamazepine impairs the normal release 
of inhibition by omnipause neurons which would lead to a constant high tonic 
inhibition upon eye movement networks that may manifest as an 
ophthalmoplegia.

5  Lamotrigine

The mechanism of action of lamotrigine is not fully elucidated as it may have mul-
tiple actions that likely contribute to its broad clinical efficacy. In regard to its anti-
epileptic effect, lamotrigine is a member of the sodium channel blocking class. 
Lamotrigine blocks voltage-activated sodium channels which decreases presynaptic 
release of excitatory neurotransmitters such as glutamate.
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5.1  Downbeat Nystagmus

Lamotrigine toxicity can cause downbeat nystagmus. The presence of downbeat 
nystagmus supports the involvement of the vestibulocerebellum, particularly the 
floccular lobe as it contains gaze-velocity Purkinje cells with a downward on- 
direction for smooth pursuit and participates in gaze holding. The flocculus nor-
mally inhibits the central vestibular pathways from the anterior but not from the 
posterior semicircular canals. Disinhibition of the anterior semicircular canals due 
to floccular dysfunction would give rise to upward drift of the eyes and result in 
downbeat nystagmus. Thus, lamotrigine may give rise to a pharmacologically 
induced transient dysfunction of the vestibulocerebellum resulting in downbeat nys-
tagmus (Oh et al. 2006; Alkawi et al. 2005).

6  Benzodiazepines and Barbiturates

Lorazepam, diazepam, clobazam, and others are among the class of benzodiazepine 
antiepileptic drugs. They enhance the effect of the inhibitory neurotransmitter 
GABA at the GABAA receptor to decrease the excitability of neurons. 
Benzodiazepines binding acts as a positive allosteric modulator and hyperpolarizes 
the neuronal membrane potential by increasing the chloride ion conductance. 
Barbiturates, such as phenobarbital and primidone, have a similar mechanism of 
action as benzodiazepines as they too potentiate the effects of GABA. Like benzo-
diazepines, barbiturates bind as a positive allosteric modulator to the GABAA recep-
tor. At higher doses, they will act as GABAA agonists. Benzodiazepines increase the 
frequency of chloride channel opening, whereas barbiturates will increase the dura-
tion of opening. In addition, barbiturates block the excitatory glutaminergic AMPA 
and kainate receptors. Taken together, barbiturates potentiate inhibitory GABAA 
receptors and inhibit excitatory AMPA receptors. Similar eye movement abnormali-
ties arise in patients taking benzodiazepines or barbiturates. This may be due to their 
GABAergic properties. They include increase duration and decreased velocity of 
saccades and impaired smooth pursuit.

6.1  Saccade Duration and Velocity

During a saccade, a high-frequency burst of activity occurs in ocular motoneurons 
and its agonist ocular muscle. This burst of activity is the saccadic pulse of innerva-
tion and generates the force necessary to overcome the orbital viscous drag for the 
eyes to move. After the pulse of innervation to perform the saccade, the eyes are 
held in the new position by the orbital muscles countering the orbital elastic restor-
ing forces. To hold the eyes in this new position after a saccade, a higher level of 
tonic innervation of the ocular motoneurons and its agonist orbital muscles is 
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required and is termed the saccadic step of innervation. Meanwhile, reciprocal 
inhibitory changes occur in the antagonist orbital muscles and motoneurons to per-
form the saccade.

The neuroanatomy for saccade initiation includes the caudal pons (burst neurons 
within the paramedian pontine reticular formation) for horizontal saccades and ros-
tral midbrain (burst neurons within the rostral interstitial nucleus of the medial lon-
gitudinal fasciculus) for vertical and torsional saccades. Omnipause neurons (OPNs 
within the nucleus raphe interpositus in the caudal PPRF exert continuous inhibition 
upon all burst neurons for saccade generation in any direction. For saccade initia-
tion, the high tonic inhibition of OPNs is released. This disinhibition of the burst 
neurons allows activation of ocular muscles resulting in a saccade. In addition, the 
superior colliculus has projections to regulate the OPNs and thus has strong control 
over saccade generation.

Saccades necessitate a fine balance between inhibitory and excitatory activity as 
well as close interplay between structures throughout the brainstem, cerebellum, and 
cortical eye fields. Antiepileptics can impair the neural network that generates sac-
cades. This can result in reduced velocity, increased latency, and increased duration of 
saccades in the setting of barbiturate or benzodiazepine use. The velocity of saccades 
is strongly related to the discharge rate of burst neurons in the PPRF. A factor that influ-
ences burst neuron discharge rate in the PPRF includes a person’s level of sedation as 
slower saccades occur in drowsiness. Benzodiazepines and barbiturates have sedating 
properties which alter the tonic firing of saccadic OPNs (Keller 1977).

In addition to sedation decreasing the velocity of saccades, there can also be 
increased saccade latencies. Diazepam was found to increase latencies of saccades 
in saccadic reaction time testing. This finding may be owed to the vigilance- lowering 
properties of diazepam and its effects on attention (Fafrowicz et  al. 1995; 
Rothennberg and Selkoe 1981; Masson et al. 2000). Another study found that serum 
concentrations of benzodiazepines, such as diazepam, also resulted in decreased 
peak horizontal saccadic velocity. This demonstrated a relationship between serum 
benzodiazepine concentration and its slowing and sedating effect on brainstem 
reticular formation function by measuring peak saccade velocity (Bittencourt 
et al. 1981).

In conjunction with their sedative effects, the GABAA agonist activity of benzo-
diazepines may also influence the neural networks of saccades through the OPNs. 
OPNs have GABAergic, glycinergic, and glutaminergic afferents. The inhibitory 
GABAA agonist activity of benzodiazepines may impair normal OPNs activity upon 
burst neurons and play a role in increased saccade latency and reduced peak saccade 
velocity (Jürgens et al. 1981).

6.2  Smooth Pursuit

Smooth-pursuit eye movements allow clear vision of objects by reducing retinal slip 
from the fovea as it moves within the visual environment. Descending pathways 
serving smooth visual tracking include cortex, pons, and cerebellum which then 
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project to ocular motoneurons. Within the cerebellum, the dorsal vermis and para-
flocculus receive inputs from the pons (dorsolateral pontine nucleus and nucleus 
reticularis tegmenti pontis) and from the inferior olive. Then the dorsal vermis and 
paraflocculus project to the fastigial nucleus and vestibular nucleus which then pro-
vide outputs to the ocular motoneurons to perform smooth-pursuit eye movements.

The dorsal vermis and caudal fastigial nucleus contribute most to the onset of 
smooth pursuit, while the vestibulocerebellum contributes most to steady-state 
tracking. Purkinje cells in the paraflocculus and flocculus modulate their discharge 
according to gaze velocity and position during smooth pursuit. The caudal fastigial 
nucleus receives inputs from Purkinje cells of the dorsal vermis and axon collaterals 
from pontine nuclei and discharge to initiate onset of smooth pursuit.

Impairment of smooth pursuit by antiepileptic medications may be due to its 
effects on the cerebellum. There are multiple brain regions where benzodiazepines 
will bind, one of which being the vestibulocerebellum. Benzodiazepines bind 
densely to vermal and floccular cerebellar areas. Binding sites within these cerebel-
lar areas with GABAA receptors include the granular layer (houses granule cells and 
Golgi cells) and the molecular layer (houses Purkinje cell dendrites, parallel fibers, 
stellate cells, and basket cells).

These inhibitory GABAergic effects on the cerebellum may be the mechanism in 
which benzodiazepines impair smooth pursuit. Particularly, diazepam can reduce 
the amplitude (gain) of smooth pursuit eye tracking as well as decrease smooth- 
pursuit velocity (Rothenberg and Selkoe 1981; Bittencourt et al. 1983).

7  Propofol and Midazolam

Propofol and midazolam are intravenous anesthetics commonly employed in the 
management of patients in status epilepticus. Both propofol and midazolam act 
upon GABAA receptors. Propofol increases GABA-mediated inhibitory tone in the 
central nervous system by decreasing the rate of dissociation of GABA from the 
GABAA receptor. This results in hyperpolarization of cell membranes by increasing 
the duration of GABA-activated opening of chloride channels. At higher concentra-
tions, propofol behaves as a receptor agonist by directly activating GABAA recep-
tors in the absence of GABA. Midazolam also enhances the effect of GABA on the 
GABAA receptor by increasing the frequency of chloride channel opening resulting 
in neuronal hyperpolarization. Midazolam does not activate GABAA receptors 
directly, differing from propofol at higher concentrations.

7.1  Saccade Latency and Velocity

The described eye movement abnormalities associated with both propofol and mid-
azolam include increased latency and decreased peak velocity of saccades. Propofol 
has also been found to reduce ocular microtremor which is a small high-frequency 
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random tremor of the eyes linked to neural activity in the brainstem and reticular 
formation. The sedative effect upon saccadic metrics can be attributed to their sup-
pression of the brainstem reticular formation, which is supported by alterations in 
the ocular microtremor observed in anesthetized patients. There are also effects 
upon the OPNs that feature a high baseline firing rate and briefly stop during sac-
cades and blinks. They exert a powerful inhibitory action upon saccadic burst neu-
rons and have glycine as a neurotransmitter. Although OPNs use glycine, they 
receive GABAergic, glycinergic, and glutaminergic afferents. Anesthetics affect 
alertness via suppression of the brainstem reticular formation and will also alter the 
tonic firing of the saccadic OPNs by altering the tone of their GABAergic afferents 
(Busettini and Frolich 2014; Bojanic et al. 2001).

8  Ictal Eye Movement Disorders

Eye and head movement abnormalities are common clinical manifestations of epi-
leptic seizures. They include horizontal gaze deviations seen in versive seizures and 
epileptic nystagmus.

9  Versive Seizures

Versive movements are defined by lateral head and eye deviations to a position that 
is involuntary, sustained, and unnatural. The eye movements precede the head 
movements in which the eyes first deviate laterally followed by head turning. Also, 
the gaze deviation of the eyes can either appear to move horizontally in a stepwise 
fashion, or the eyes can appear to move horizontally in a smooth and continu-
ous manner.

The direction of gaze deviation and head turning in a versive seizure can aid 
localization of the seizure focus. The direction of version typically occurs contralat-
eral to the seizure focus but can also be ipsilateral. Version can also be seen in fron-
tal, temporal, or occipital lobe foci. One distinguishing factor to aid localization of 
the seizure focus is if awareness is preserved during version. If awareness is main-
tained during versive movements, the focus originates in the contralateral frontal 
lobe. Loss of awareness during versive movements are more likely to occur with 
temporal lobe foci. In addition to loss of awareness in temporal lobe foci, the direc-
tion of version can either be ipsilateral or contralateral to the temporal lobe focus. 
This is in contrast to frontal lobe seizure foci which are typically always contralat-
eral to the direction of version.

Frontal eye field activation causes the contralateral horizontal gaze deviation. 
The frontal eye fields are located in the frontal lobe and are located near the inter-
section of the caudal end of the middle frontal gyrus and the precentral gyrus. 
During the initiation of eye movements, such as voluntary saccades and pursuit 
movements, the frontal eye field is activated and provides input to the contralateral 
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paramedian pontine reticular formation (PPRF) via the frontopontine fibers. From 
there, the medial longitudinal fasciculus (MLF) system is activated which coordi-
nates horizontal eye movements by stimulating the oculomotor nucleus and its 
innervation to the medial rectus and the abducens nucleus and its innervation to the 
lateral rectus. In summary, a seizure can stimulate the ipsilateral frontal eye field 
which will cause contralateral horizontal gaze deviation via descending frontopon-
tine fibers to activate the PPRF-MLF network.

A seizure focus in the right frontal lobe stimulates the right frontal eye field 
which send excitatory inputs to the left PPRF via the frontopontine fibers and ulti-
mately activates the medial rectus of the right eye and lateral rectus of the left eye. 
Clinically this is seen as a left horizontal gaze deviation typical of versive seizures. 
In this example, awareness is preserved. In contrast, versive seizures seen in tempo-
ral lobe epilepsy first has loss of awareness and later can stimulate the frontal eye 
field as the seizure spreads from the temporal lobe to the frontal lobe. In addition, 
version can be contralateral or ipsilateral to the temporal lobe seizure foci. The ipsi-
lateral version may be due to seizure spread to the contralateral medial temporal 
lobe and further spread to cortical and subcortical structures of the frontal and pari-
etal lobes. This spread may then stimulate the frontal eye field contralateral to the 
temporal lobe seizure focus and generate an ipsilateral versive seizure.

A similar mechanism of version is also seen in parietal and occipital lobe epilep-
sies. In these cases, the direction of version is typically contralateral, similar to 
frontal lobe seizures. It is also likely due to parietal eye field activation from seizure 
spread from parietal and occipital lobe foci (McLachlan 1987).

It was mentioned earlier in this section that the eye movements seen in versive 
seizures can either be stepwise or smooth and continuous. This difference is depen-
dent on the area within the frontal eye field that is activated. Stimulation studies 
performed on the frontal eye field resulted in different patterns of eye version. When 
the posterior portion of the frontal eye field is stimulated near the precentral gyrus, 
a contralateral smooth-pursuit eye movement is seen. When the frontal eye field is 
stimulated more anteriorly, contralateral stepwise saccades are seen (Schall 2009). 
In addition to the stepwise or smooth-pursuit eye movements seen with stimulation 
of different portions of the frontal eye field, there can also be a difference in the size 
of saccades as well. Stimulation of the ventrolateral portion of the frontal eye field 
generates shorter saccades, whereas stimulation of the mediodorsal frontal eye field 
generates larger saccades (Milea et al. 2002) (Fig. 2).

10  Epileptic Nystagmus

Epileptic nystagmus is due to epileptic activity which causes rapid, repetitive eye 
movements. If observed, it is a reliable sign lateralizing the epileptogenic zone to 
the contralateral hemisphere to the fast phase of nystagmus. The duration of epilep-
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tic nystagmus is short and persist less than 1 min (Ma et al. 2015). There are two 
proposed mechanisms for epileptic nystagmus. One involves epileptic activation of 
a cortical saccade region (frontal eye field, supplementary eye field, posterior pari-
etal cortex) causing contraversive quick phases combined with a defect in the gaze- 
holding system such as a leaky neural integrator. This allows the eyes to drift back 
toward the midline. In this situation, an epileptic discharge would cause a contraver-
sive quick-phase eye movement followed by a slow phase caused by the leaky neu-
ral integrator (which is based upon an assumption of impaired neural integrator 
function secondary to AED use and is discussed further in the next paragraph) that 
would bring the eyes toward the midline of the orbit. Another mechanism involves 
epileptic activation of a cortical pursuit region (primary visual areas, temporo- 
parietal- occipital junction) generating an ipsiversive slow phase followed by a 
reflexive saccade as the eye reaches the far eccentric position in the orbit (Kaplan 
and Tusa 1993).

The proposed neural mechanism for epileptic nystagmus is based on the assump-
tion of a leaky neural integrator. Many antiepileptic medications such as phenytoin, 
phenobarbital, carbamazepine, and benzodiazepines can cause a leaky neural inte-
grator. Also in patients found to have epileptic nystagmus, many had seizure activity 
within the temporo-parieto-occipital cortex and had high-frequency epileptic dis-
charges greater than 10 Hz. Epileptic nystagmus may be rarely seen as these com-
binations of factors are uncommonly met (Kaplan and Tusa 1993; Kellinghaus 
et al. 2008).

Fig. 2 Frontal eye field. Located at the caudal end of the middle frontal gyrus and anterior to the 
precentral gyrus. Posterior frontal eye field (blue) activation results in a contralateral smooth- 
pursuit eye movement. Activation of the anterior frontal eye field results in contralateral stepwise 
saccades. If the anterior ventrolateral region of the frontal eye field (orange) is activated, shorter 
saccades are seen. If the anterior mediodorsal region of the frontal eye field (red) is activated, 
larger saccades are seen
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11  Epileptic Monocular Nystagmus

Epileptic monocular nystagmus is a rarely reported phenomenon with an unclear 
mechanism of action. One report found epileptic monocular nystagmus provoked 
by intermittent photic stimulation in a cognitively impaired 15-year-old girl with 
poor visual acuity of the involved eye and generalized epilepsy. The authors con-
cluded was due to a pathologic form of flash-induced after nystagmus (Jacome and 
FitzGerald 1982). Another report described epileptic monocular nystagmus in a 
patient with a right occipital lobe lesion secondary to Sturge-Weber syndrome. This 
patient had focal occipital lobe seizures contralateral to the involved eye. That 
patient’s seizure semiology was limited to altered visual perceptions of the left 
hemifield and left eye and left-beating epileptic monocular nystagmus. The authors 
provided a few proposed mechanisms. One being that the seizure discharge acti-
vated a cortical saccade region and caused simultaneous supranuclear inhibition of 
ipsilateral eye movement. Another proposed mechanism relies on the theory of von 
Helmholtz in that premotor eye movement commands are monocular and that the 
focal seizure discharge creates a monocular eye movement command at the cortical 
or brainstem level thus manifesting as epileptic monocular nystagmus (Grant et al. 
2002). Another study described ictal monocular nystagmus of the left eye secondary 
to a right frontal focal cortical dysplasia type 2b. In addition, there was also interic-
tal monocular nystagmus of the right eye. The proposed hypothesis included not 
only focal cortical activation but also an irregular brainstem imbalance that over-
rides the regular binocular cortical and subcortical eye movement control mecha-
nisms. The finding of interictal right eye monocular nystagmus may be due to a 
dysfunction of the right brainstem with possibly a “Todd’s paralysis” of the analo-
gous left brainstem nuclei due to high seizure frequency. In summary, this proposed 
hypothesis states that the simultaneous control of eye movements was transiently 
overridden by epileptic activity of the right frontal cortical focus exciting the right 
frontal eye field, stimulating cranial nerve nuclei III and VI in the ictal state, result-
ing in monocular nystagmus of the left eye. Then during the interictal state there 
was a monocular nystagmus of the right eye due to a presumed Todd’s paralysis-like 
phenomenon of the left brainstem (Schulz et al. 2013).

12  Ictal Eye Blinking

Ictal eye blinking is thought to occur from ictal cortical activity with descending 
activation of brainstem trigeminal fibers resulting in eye blinks (Saporito et  al. 
2017). Ictal unilateral blinking is a lateralizing sign in epilepsy to the ipsilateral 
hemisphere, typically being frontal but has been described secondary to ictal activ-
ity in other brain regions as well (Kalss et al. 2013a). The pathway and mechanism 
for unilateral eye blinking are not well understood. Ipsilateral precentral, postcen-
tral, temporal, and cerebellar regions as well as trigeminal fibers are thought to play 
a role in ipsilateral eye blinking. One proposed hypothesis is that ictal activity may 
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pathologically inhibit the contralateral eye from blinking with descending inputs to 
trigeminal fibers causes blinking of the ipsilateral, non-inhibited eye (Kalss et al. 
2013b). Another proposed theory regarding ipsilateral eye blinking is based on 
stimulation studies of the dura. This hypothesis is based upon ictal activity stimulat-
ing trigeminal fibers coursing through and innervating subdural structures and pial 
vessels of the ipsilateral hemisphere which then unilaterally stimulates blinking of 
the ipsilateral eye (Falsaperla et al. 2014) (Table 1).

Table 1 Summary of mechanism and neuroanatomical site of action of each anti-epileptic drug 
and the resulting eye movement abnormality

AED
Mechanism of 
action

Eye movement 
abnormality Mechanism of abnormality

Valproate Na channel 
blocker

Gaze-evoked 
nystagmus

Neural integrator

Increases GABA Vertical gaze palsy Deactivation of vertical burst 
neurons

Phenytoin Na channel 
blocker

Gaze-evoked 
nystagmus

Neural integrator

Impaired smooth 
pursuit

Vestibulocerebellum – 
flocculus and paraflocculus

VOR suppression Vestibulocerebellum – 
flocculus and paraflocculus

Downbeat nystagmus Vestibulocerebellum – 
flocculus

Periodic alternating, 
nystagmus (PAN)

Vestibulocerebellum – 
nodulus and uvula

Pendular nystagmus Neural integrator
Carbamazepine Na channel 

blocker
Gaze-evoked 
nystagmus

Neural integrator

Slowed saccades PPRF (burst neurons)
Impaired smooth 
pursuit

Vestibulocerebellum

Downbeat nystagmus Vestibulocerebellum – 
Flocculus

Seesaw nystagmus Vestibular inputs and gaze 
holding

Oculogyric crisis Neural integrator and vertical 
gaze holding

Ophthalmoplegia Omnipause neurons
Lamotrigine Na channel 

blocker
Downbeat nystagmus Vestibulocerebellum – 

flocculus
Benzodiazepines Enhances GABA Slowed saccades PPRF (burst neurons) and 

OPNs
Barbiturates Enhances GABA, 

AMPA Antagonist
Impaired smooth 
pursuit

Vestibulocerebellum – vermis 
and flocculus

Propofol 
midazolam

Enhances GABA Slowed saccades PPRF and OPNs

Eye Movement Disorders in Patients with Epilepsy
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A
Aataxia

SCAs (see Spinocerebellar ataxias (SCAs))
Accessory optic system (AOS), 27
Active head rotation, 169, 177
Acute vertigo, 81
Acute vestibular syndrome (AVS)

clinical localization, 309
CT and MRI, 310 
skew deviation, 290
symptoms, 285
three-step exam, 285 (see also  

Video- oculography (VOG))
Allocentric orientation, 44
Alpha-fetoprotein (AFP), 462
Alternate monocular occlusion (AMO),  

274, 275
Amblyopia, 256, 257, 260
Anterior inferior cerebellar artery (AICA), 

287, 294, 312, 328
Anti-contactin-associated protein-like 2 

(CASPR2), 475
Antiepileptic drugs (AED)

benzodiazepines and barbiturates (see 
Benzodiazepines and barbiturates)

carbamazepine (see Carbamazepine)
ictal disorders (see Ictal disorders)
phenytoin/fosphenytoin (see Phenytoin/

fosphenytoin)
propofol and midazolam (see Propofol and 

midazolam)
sodium valproate (see Sodium valproate)

Antisaccades, 379
Antisaccadic error rate (AER), 380

Antisaccadic movement, 379
Aprataxin (APTX), 462
Apraxia of eyelid closure, 405
Apraxia of eyelid opening (AEO), 404, 405

clinical features, 405
conservative measures, 406
neurodegenerative diseases, 405–406
OO motor persistence, 405
treatment, 406
voluntary eyelid control, 404–405

Ataxia with oculomotor apraxia type 1 
(AOA1), 462

Ataxia with oculomotor apraxia type 1 
(AOA2), 463

Ataxia with oculomotor apraxia type 1 
(AOA4), 462

Ataxia-telangiectasia (A-T), 461, 462, 465
Attention-deficit hyperactivity disorder 

(ADHD), 118
Autism spectrum disorder (ASD), 119
Automated decision support, 303
Autonomic dysfunction, 399

B
Balint’s syndrome, 454, 456, 457
Bang-bang control model, 16
Basal ganglia, 206, 207
Bayesian approach, 14
B-cell activating factor (BAFF), 484
Benign paroxysmal positional vertigo  

(BPPV), 194, 197, 198, 287, 288, 
301, 303, 310

Benign positional vertigo (BPV), 363

Index
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Benzodiazepines and barbiturates
saccade duration, 497
saccade velocity, 497
smooth-pursuit, 497

Binocular control, 260
Binocular non-correspondence

hemifields, 265
hemiretina, 263
mechanism, 263
monocular bias, 263
MSTd efferents project, 265
nasalward gaze, 265
VF, 263
visual cortex, 263

Bithermal caloric test, 354
Bivariate contour ellipse area (BCEA), 114, 

116, 119
Black-box models, 11
Blepharospasm

clinical manifestation, 401
co-contraction, 402
description, 401
epidemiology and natural history, 403
pathophysiology, 402, 403
treatment, 404

Blindness, 115
Blink-assisted saccades, 401
Blood-oxygenation-level-dependent  

(BOLD), 101
Bottom-up approach, 2
Brainstem, 222, 225, 226, 231, 235, 236,  

244, 245
blinking, 398
direction of gravity

perceptual measurements, 75, 76
reflexive measurements, 76, 77

in eyes distorting and perception of  
gravity, 74

Lewy bodies, 400
peripheral vestibular lesions,  

77, 78
skew deviation, 276

Bruns nystagmus, 288
Burst neurons (BNs), 117

C
Carbamazepine

downbeat nystagmus, 494
gaze-evoked nystagmus, 493
lamotrigine, 495
oculogyric crisis, 495
ophthalmoplegia, 495
saccades, 493

seesaw nystagmus, 494
smooth-pursuit, 494

Catch-up saccades, 354, 356, 357, 359, 360
Caudal fastigial nucleus (cFN), 132, 228
Central mesencephalic reticular formation 

(cMRF), 147
Central nervous system (CNS), 125
Central positional nystagmus, 193
Central vestibular pathways (CVP), 74
Central vestibular system, 192, 193
Cerebellar ataxia with bilateral vestibulopathy 

(CABV), 339, 341–343, 346, 347
Cerebellar ataxia with neuronopathy and 

vestibular areflexia (CANVAS), 
342, 343, 363

Cerebellar disorders
burst generation, 211
burst neurons, 210
low control signals, 211
multiple malfunctions, 210
structural changes, 211
trajectory planning, 211

Cerebellar lesions, 78, 80
Cerebellar NU Purkinje cell

brainstem, 23
deep cerebellar nuclei, 26
gravity and inertial motion signals, 26
multisensory computational model, 24
multisensory integration, 22
OVAR, 26
rFN, 23
tilt-selective and translation-selective, 27

Cerebellum, 74, 76, 78, 79, 205, 208
AICA strokes, 328
and brainstem-related symptoms, 420
cFN, 132
electrical stimulation, 132
input signals, 132
modeling, 133, 134, 136
OMV, 132
SCAs (see Spinocerebellar ataxias  

(SCAs))
skew deviation, 276

Cerebro-cerebellar interactions, 31
Cerebrospinal fluid (CSF), 475
Chronic progressive external ophthalmoplegia 

(CPEO), 390
Clinical heterogeneity, 438
Clinical localization, 309
Clinical practice guidelines (CPG), 168
Committee on Eye Movement and Strabismus 

(CEMAS), 257
Congenital cranial dysinnervation disorders 

(CCDD), 391

Index
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Congenital fibrosis of the extraocular  
muscles, 391

Covert anti-compensatory quick eye 
movements (CAQEM), 295, 299

Covert saccades, 354–356, 360, 363
Cross-coupled responses, 274
CT angiography (CTA), 318
Cyclophosphamide (Cytoxan), 482

D
Daily alternating monocular occlusion  

(daily AMO), 142
Dave’s approach, 3
Deep brain stimulation (DBS)

akinetic-rigid PD, 378
bilateral DBS targeting, 380
in situ for PD, 384
IPG, 378
mainstream practice, 378
systems, 378

Deep cerebellar nuclei, 26, 28,  
32, 34

Defective VOR, 360
Dentate nucleus, 80–82
Dentatorubral-pallidoluysian atrophy 

(DPRLA), 438
Detection method, 112
Diagnosis, 284

electrophysiology-based acute  
stroke, 285

eye movement–based, 303
“HINTS” exam, 285
tele-stroke, 302
VOG devices, 294

Diffusion tensor imaging (DTI), 53
Disease causation, 418
Displacement integrator (DI), 133, 135
Dissociated vertical and horizontal deviations 

(DVD, DHD), 257
Dizziness

description, 284
diagnosing, 284
neuroimaging, 284
symptom “type”, 284

Dizziness handicap inventory  
(DHI), 183

Dorsal medial superior temporal (MSTd)  
area, 28

Dorsal medullary syndrome  
(DMS), 326

Dorsolateral prefrontal cortex (DLPFC),  
204, 382

Downbeat nystagmus, 193, 195, 196

E
Egocentric orientation, 44
Emergency department (ED), 284

clinical HINTS testing, 293
eye ECG, 300
full automation, 303
VOG, 301 (see also Video-oculography 

(VOG))
Epilepsy, see Antiepileptic drugs (AED)
Essential tremor (ET), 479
Excitatory burst neurons (EBNs), 205
Excitatory premotor burst neurons (EBN), 

128–131, 135
Ex-Gaussian model, 113
Extraocular muscle (EOMs), 3, 272, 273
“Eye ECG” concept, 300–301
Eye movements, 2

abnormality, 143, 418, 434
accurate, 337
anatomical circuit, 144
bang-bang control model, 16
binocular control, 147
binocular coordination, 142
bottom-up approach, 2
clinical examination, 337
clinical medicine

Bayesian approach, 14
PAN, 14
translational research, 12
velocity storage, 14
vestibular adaptation, 14
vestibular and optokinetic  

systems, 12
visual information, 14

convergence/divergence, 146
Dave’s approach, 3
EOMs, 156
horizontal and vertical components, 151
internuclear ophthalmoplegia, 16
long-term calibration, 156
misalignment and disconjugate, 156
OMS (see Opsoclonus-myoclonus 

syndrome (OMS))
orbital tissues, 2–4, 15
Robinson’s model, 4
rSC, 148
saccades (see Saccades)
SC, 148
SCAs (see Spinocerebellar ataxias  

(SCAs))
SP, 151
strabismus, 2, 3
types, 383
vestibular system (see Vestibular system)
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Eye movements (cont.)
visual and oculomotor system, 141
visual information, 5
VOR (see Vestibulo-ocular reflex (VOR))

Eye opening, 389, 398, 404, 405
Eyelid

anatomy, 392
CCN, 393
M-group, 393
position, 393
retraction (see Eyelid retraction)

Eyelid closure, 397, 401, 402
Eyelid elevation, 390, 395, 405
Eyelid movement

supranuclear control, 395
Eyelid nystagmus, 397
Eyelid retraction

lid nystagmus, 397
in midbrain dysfunction, 394
neurodegenerative diseases, 394
vertical eye and eyelid position, 393

Eye-tracking devices, 111

F
Fastigial nucleus oculomotor region  

(FOR), 132
Fastigial oculomotor (FOR), 205
Final common path (FCP), 126
Fixational eye movements

classes, 108–111
cognitive impairments, 118–119
drift parameters, 113
eye-tracking devices, 111
fixation stability, 114
microsaccade measurements

amplitude, 112
direction, 113
intervals, 113
rate, 112
velocity, 112

movement control impairments,  
117–118

neural integrator, 119
photoreceptors and visual neurons, 108
saccadic intrusions, 114
spatial and temporal limitations, 107
visual impairments (see Visual 

impairments)
Frenzel goggles, 288, 291
Friedreich’s ataxia (FA), 341, 344
Frontal eye field (FEF), 204, 453, 456
Frontotemporal lobar degeneration  

(FTLD), 457

Functional magnetic resonance imaging 
(fMRI), 51, 90, 101, 102

Fusion maldevelopment nystagmus (FMN)
binocular non-correspondence,  

strabismus, 260
CEMAS, 257
clinical examination, 257
clinical feature, 257
infantile esotropia, 257
NHP, 261, 262
retinal slip, 257
V1, V2 and MT/MST, 262
visual cortex

behavioral study, 258
nasalward gaze bias, 260
V1 horizontal axonal connections, 258
V1 ODCs, 258

waveform, 257

G
Gait ataxia, 341
Galvanic vestibular stimulation, 181
Gaze-holding failure, 288
Glutamic acid decarboxylase (GAD), 210
Glutamic acid to γ-aminobutyric acid 

(GABA), 210
Graviception, 78
Graviceptive pathways, 77, 78
Gravito-inertial acceleration (GIA), 192
Guillain-Barre syndrome, 472
Guillain-Mollaret triangle, 82

H
Head impulse, 169, 170, 174–177, 181
Head impulse test (HIT)

abnormal video HIT trace, 295
AICA distribution, 287
CAQEM, 295
catch-up saccade, 354, 356
clinical (cHIT), 286
description, 286
eye movement, 294
high peak head velocity, 286
non-quantitative, 297
normal and abnormal, 287
normal HIT, 286
test, 287
vHIT (see Video head impulse test (vHIT))
VOR, 287

Head impulse test, nystagmus and test of skew 
(HINTS)

accuracy and efficacy, 293

Index
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challenges, ED physicians, 293
description, 285
exam, 286
HIT, 286–287
interpretation, 290
plus, 287
primary and eccentric gaze positions, 288
test of skew, 288–290

Huntington’s disease (HD), 208, 235, 400

I
Ictal disorders

epileptic monocular nystagmus, 502
epileptic nystagmus, 500
eye blinking, 502
versive seizure, 499, 500

Idiopathic cerebellar ataxia with bilateral 
vestibulopathy (iCABV), 343

Implantable pulse generator (IPG), 378
Incomitant strabismus, 273
Incremental velocity error signal, 168, 173
Infantile nystagmus syndrome (INS), 257
Infantile-onset saccade initiation delay, 452, 

456, 460, 461
abnormality, 464
clinical manifestations, 464
description, 464
eye movements, 464
idiopathic, 464
nystagmus/strabismus, 464

INFARCT (Impulse Normal, Fast-phase 
Alternating, Refixation on Cover 
Test), 290

Inherited cerebellar ataxia
AFP, 462
AOA1, 462, 463
AOA2, 463
AOA4, 462
APTX, 462
A-T, 461, 462
SETX, 462
XRCC1 gene mutation, 462

Inhibitory burst neurons (IBNs), 128, 131, 
205, 228

Internal estimates of direction of gravity, 75, 
76, 82, 83

Internuclear ophthalmoplegia (INO), 16, 328
Interstitial nucleus of Cajal (INC), 227
Intralabyrinthine hemorrhage (ILH),  

312, 313
Intravenous immunoglobulin (IVIG), 475, 

480, 481
Ischemic lesions, 310

J
Joubert syndrome (JS)

ciliopathies, 459
idiopathic, 460
inherited mid-hindbrain malformation, 457
MTS, 459
study, 460
VOR, 460

K
Kearns–Sayre syndrome, 390

L
Latent nystagmus (LN), 257
Lateral geniculate nucleus (LGN), 263–264
Lateral medullary syndrome (LMS), 322, 325
Lateral PICA (lPICA), 326
Lefèvre–Optican–Quaia model, 134
Leucine-rich glioma-inactivated 1 (LGI1), 475
Levator dehiscence-disinsertion syndrome, 392
Levator palpebrae superioris (LPS), 389–393, 

397–399, 401, 402, 405
Lid flutter, 397
Long-term depression (LTD), 179
Long-term potentiation (LTP), 179
Lorentz force, 89, 93, 99, 101, 103

description, 93, 94
inner ear, 94–97
nystagmus, 98

M
Magnetic fields, 89–91, 93, 95, 96, 98–102
Magnetic resonance angiography (MRA), 318
Magnetic resonance imaging (MRI), 89–92, 

98–101, 103
Magnetic search coil system, 7
Magnetic vestibular stimulation (MVS)

electromagnetic induction, 91
fMRI, 90, 101–102
human safety, 101
inner ear, 96–98
Lorentz force (see Lorentz force)
magnetic fields, 89–92, 100
magnetoreception, 102
mechanism, 91, 99
nystagmus, 90, 91, 99
set-point adaptation, 100–101
SPV, 92
vertigo, 90

Magnetohydrodynamic force, 94
Manifest LN (MLN), 257
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Mathematical approach, 12
Mathematical simulation, 125, 136
Maximum-likelihood estimate (MLE)  

model, 31
Mechanical ptosis, 392
Medial longitudinal fasciculus (MLF), 477
Medial medullary syndrome (MMS), 325
Medial PICA (mPICA), 326
Medial vestibular nucleus infarction, 325
Mini-Mental State Examination (MMSE), 118
Modern eye-tracking algorithms, 291
Molar tooth sign (MTS), 459
Motion perception, 46, 50
MRI with diffusion-weighted imaging 

(MRI-DWI), 285, 286
MSTd efferents project, 265
Multiple system atrophy (MSA), 345
Multiple system atrophy of the cerebellar type 

(MSAc), 341, 345, 346
Multisensory integration

central nervous system, 22
NU Purkinje cell (see Cerebellar NU 

Purkinje cell)
tilt/translation ambiguity, 22

N
Neural integrator (NI), 7, 126, 127
Neural substrate, 146, 148
Neurodegeneration, 416, 423, 426
Neurodegenerative disorders, 204

HD, 208
PD, 206, 207

Neuroimaging
LMS, 325
mPICA and lPICA strokes, 327
penetrator pontine branch artery  

strokes, 329
peripheral vestibulopathy

acute vestibular neuritis (VN), 311, 312
ACV loss, 312
BPPV, 310
ILH, 312
MRI-induced nystagmus and vertigo, 

314–317
Neurological disorders, 225, 235, 242
Neuromimetic model, 133, 135
New England Medical Center Posterior 

Circulation Registry (NEMC-PCR), 
315, 321, 325–327, 329

Niemann-Pick type C (NPC), 233, 234, 242
N-methyl-D-aspartate receptor  

(NMDAR), 475
Nodulus and uvula (NU), 23

Nonhuman primates (NHP)
binocularity, 258
clinical study, 259
daily AMO method, 142
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