Our eye move-
ments and their
control: part 2

Peter Gurney

The first of these two papers concentrated on the
muscles moving the eyes and their mechanics.! The
purpose of this second paper is to give an outline of
the physiology of the brain’s control of eye move-
ments as an outstanding example of a biological
computerised control system. As such, we shall
consider the system’s software, i.e. the information
determining its behaviour and performance, rather
than its ‘hardware’, the latter being beyond the scope
of a paper such as this; and so little attention will be
given to neuroanatomy, although in the clinical set-
ting, a knowledge of it is essential. While failure of
any of the twelve extraocular muscles can seriously
impair the overall performance of the visual system,
built into the brain’s circuitry is a remarkable ability to
adapt to such defects. The macroevolution hypoth-
esis offers no rational explanation for the origin of the
software of the ocular motility system. A glossary of
terms is appended at the end of the paper.

The specialization of the oculorotator muscles

Before considering the neural control of eye movements,
it is important to appreciate how specialised the extraocular
muscles (EOMs) are. This group of muscles comprises
the six rotating each globe (eyeball)—let us call them the
oculorotator muscles (ORMs)—vplus the elevator of the
upper lid (the levator). Their tissue differs in important
respects from that of ordinary skeletal muscle (e.g. that of
the limbs) thereby reflecting their specialized function.??
The EOMs are histologically classed as skeletal striated
muscle, so called because its fibres under the microscope
show transverse alternating light and dark bands along their
length. Of the EOMs, the levator, although specialised, dif-
fers histologically and functionally from the oculorotators
and will not be considered further here. The tissue of the
ORMs displays unique features and properties (Table 1)
consistent with muscular activity characterised by speed,
precision and finely graduated degrees of contraction and
relaxation:

Motor neurons innervating muscles each supply a
group of muscle fibres, called a motor unit. In the case
of the ORMs, the motor units are very small (about 1020
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muscle fibres per neuron) compared with those of ordinary
skeletal muscle (100-2000 fibres).** Small motor units
enable contraction of a muscle in small increments as they
are recruited.

The motor neurons to the ORMs transmit action po-
tentials of higher frequency and shorter duration than do
those to ordinary skeletal muscle. To rotate an eye rapidly
the motor neurons of the contracting muscles deliver a syn-
chronous burst (pulse or phasic) discharge of high frequency
(> 600 Hz) voltage spikes; this overcomes passive elastic and
viscous forces within the orbit which tend to return the globe
to the primary position (PP), i.e. looking directly ahead (see
glossary).®’ The globe is then held in its new position by
a lower frequency steady tonic (sustained) discharge, the
level of which is linearly correlated with the eye position,
e.g. about 100 Hz in the PP. In other words, the tonic neu-
ral discharges in the PP are intermediate in frequency (cf.
Table 1) which increases in the contracting muscle(s) as the
eye rotates away from the PP and decreases in the opposing
muscle(s), known as the antagonist(s).

Normally the ORMs never become slack but constantly
exert between them balanced tensions. There is always
measurable electrical activity (except during a pause phase)
in an ORM even when fully relaxed. By contrast with the
above, limb muscle burst frequencies rarely exceed 125 Hz
and sustained levels 50 Hz.

During steady gaze and slow pursuit (tracking) move-
ments the neural impulses have to be asynchronous to pro-
duce sustained steady tension within the muscle as a whole
as individual motor units contract with each impulse and
then relax. Any tendency toward synchrony of discharge
will impair the steadiness of pull and cause the muscle to
vibrate (termed myokymia (Gk myo—, muscle + kyma, wave);
this may be an element in some cases of nystagmus (oscil-
latory movements of the globes)).

The oculorotators are notable for their speed of contrac-
tion and fatigue resistance which exceed those of all other
skeletal muscles.® They contain a form of myosin found
only in the EOMs. Myosin is a component of the protein
complex actomyosin, the contractile substance of muscle.
On the basis of histological, physiological, pharmacological
and molecular studies six fibre types are now recognised in
the ORMs while in ordinary skeletal muscle there are only
three to four. Unlike skeletal muscle elsewhere, the ORM
fibres are arranged in two layers, each of differing fibre
types.® The high fatigue resistance of the ORMs is related to
the large numbers of their mitochondria and their rich blood
supply, the greatest of all of the skeletal muscles. At one
time it was thought that the different fibre types subserved
different types of eye movement. But since the 1970s the
consensus is that a/l motor units in an ORM are probably
recruited simultaneously in burst mode, i.e. in rapid eye
movements. On the other hand, in sustained (tonic) mode,
i.e. steady gaze, and in slow smooth pursuit (tracking) move-
ments a proportion of motor units are recruited, the propor-
tion varying with the direction of gaze. In the PP at least
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70% of motor units are active in each ORM.® It is thought
likely that as an ORM contracts, the faster but more fatigable
fibres are recruited last with maximal contraction.'

Another distinctive feature that differentiates the EOMs
from other skeletal muscle is their response to disease
whereby the EOMs are selectively or preferentially weak-
ened or disturbed. Examples include autoimmune disorders
such as myasthenia gravis (affecting neuromuscular junc-
tions, particularly or solely of the EOMs) and thyroid eye
disease in which the EOMs alone become swollen and later
scarred. Conversely, in Duchenne’s muscular dystrophy,
a genetic disorder, there is progressive degeneration of
skeletal muscle tissue throughout the body but the EOMs
are spared.!!

The mysterious proprioceptors in the ORMs

For many decades it has been known that proprioceptors
(sensors detecting changes within the body such as muscle
length or tension or joint position) are present in the ORMs.
Nevertheless, until recently their function has been a mys-
tery, but this is beginning to change. In ordinary skeletal
muscle there are stretch receptors which, when stimulated,
cause a reflex contraction of the muscle to compensate for an
increased load. However, the ORMs exhibit no such reflex
even though they have receptors. This is understandable in
that the globe is normally a constant mechanical load for the
ORMs and so no load-compensating mechanism is required.
Although some of the receptors found in the ORMs appear
similar (albeit more delicate) to those in ordinary skeletal
muscle, the most numerous are a kind peculiar to the ORMs
and are associated with one of their six fibre types.!? Indeed,
the muscle fibre type associated with these sensory terminals
is also found only in the ORMs and is distinguished by its
paucity of mitochondria and its motor neuron having several
points of contact along the fibre’s length.!

There is no evidence that any information from these
receptors ever reaches consciousness.!? We know this from
a number of simple experiments. If one presses one’s eye
from the side, the environment appears to move. This shows
that ORM proprioception does not cancel the perception
of motion produced by movement of the image across the
retina. Again, if the globe is moved passively in darkness
by an observer using forceps grasping the conjunctiva (see
glossary), the subject will be unable to identify the position
of his eye. Thus, stretching or moving the subject’s ORMs
does not tell him which way the eye has been moved, i.e. the
ORM proprioceptors do not mediate conscious eye position
sense. On the other hand, if we voluntarily move our eyes
in darkness or with the eyes closed we know which way
they have moved. If we move our eyes in the normal way
in lit surroundings, why is it that the environment does not
appear to move even though its image sweeps across the
retina. Evidently the brain disregards the movement of the
retinal image so that no movement is perceived during eye
movements.
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From these and similar experiments we gather that
whenever the brain issues a command for the eyes to move,
it also notifies the visual movement perception areas in the
brain of the event. This is known as an efference copy (Latin
effero, to bring out, i.e. outflow) of the motor command.
Thus visual movement perception is momentarily suspended
for the period during which the eyes are rotating.

Adaptation

So, what function might these proprioceptors have? One
possibility is that they contribute to the visual system’s re-
markable ability to adapt to long term changes. To adapt,
there has to be a recalibration of the response of ORMs
to neural stimulation in order to achieve accurate fixation
(directing the line of sight or visual axis towards an object).
The importance of this is at once evident when an ORM
is weakened by injury or disease. In the first few weeks at
least, the patient experiences not only double vision (see first
paper') but often also a feeling of disorientation or giddiness.
These feelings represent a false perception of movement of
the environment. They arise because the weakened muscle
fails to respond to the usual level of neural stimulation. Asa
result, the retinal image does not move as far as the brain an-
ticipates from the information encoded in the efference copy
when the command to turn the eyes is given. This reduced
movement of the retinal image is then interpreted as external
movement in the direction of the weakened muscle’s action.
The confusion is heightened by conflicting information from
the vestibular apparatus (organ of balance) which has regis-
tered no lurch in the surroundings! Moreover, the subject,
if asked to point (with the good eye covered) at an object
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Figure 1. The visual effect of a prism. Bending of light rays by the
prism displaces the retinal image.
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Figure 2. The prismatic effect of a lens with probable crucial
eccentric rays. Only rays passing through the role Of the ORM
optical centre of the lens are not deviated. proprioceptors,

related to the

above, is to do
with the development of the visual system which extends
over the first decade of life. In effect the child is ‘learn-
ing to see’ during that period and again the innervation of
the ORMs has to be finely calibrated for normal vision to
develop. Failure or absence of muscle proprioception early
in life may well contribute to a range of motility disorders
such as squint, unstable fixation (unsteadiness of gaze) and
nystagmus etc.

Our visual system is also, to a degree, able to adapt to
displacement of the retinal image by optical devices. If a
prism is interposed in the visual axis (line of sight) before
one eye, light rays entering the eye are deviated (Fig. 1). At
first the subject momentarily experiences double vision. To
compensate for this the eye quickly rotates to recentre the
object’s image on the fovea (see below). Spectacle lenses
act as prisms for eccentric light rays. With weak lenses this
effect is negligible but with stronger lenses it becomes sig-
nificant (Fig. 2). Thus, given time initially, someone wear-
ing strong spectacles and looking to one side through the
peripheries of their lenses can adapt. Moreover, the visual
system comes to achieve this for each direction of gaze with
no conscious effort on the part of the subject! There are, of
course, limits to one’s ability to adapt, especially when the
two eyes are optically different.

Why do we move our eyes?

Our retinas have at their centre a small specialised
receptive area, called the fovea, where visual resolution is
at its highest because the photoreceptors are tightly packed
together and most numerous. We use the fovea when we
look at something directly; i.e. the line of sight or visual axis
passes through it. To study an object in detail we therefore
have to turn our eyes toward it so that its image falls on
the fovea. There are many creatures whose retinas have no
fovea, such as the rabbit, and so their ocular movements are
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less complex than ours.

Analysis of our eye movements has shown that there
are four principal systems of control operating simultane-
ously to varying degrees, depending on the activity, and
interacting with each other. Within the brain, the four
systems have their own anatomical substrates which are
largely distinct though with some overlap. But all share
the same final common motor pathway, namely the three
ocular motor cranial nerves innervating the oculorotator
muscles. Working together, the systems have two overall
objectives, namely a) to capture a target in the periphery of
the visual field by turning the eyes towards it and b) to keep
the image of the target centred and steady on the fovea of
the retina.'* The orientation of the globe is also influenced
by movements of the head which have to be compensated
for and whose fulcrum is generally in the neck. Movements
of the head can (as with the globe) occur about three axes,
namely vertical (yaw, i.e. ‘shaking’ the head), horizontal
(pitch, i.e. ‘nodding’ the head) and anteroposterior (roll).'
The four systems, of which the first three are conjugate
eye movements (the eyes moving in unison together), are
as follows and will be described in turn:

1. Fast rotations, called saccades—voluntary or reflex.

2. Slow rotations (smooth pursuit or tracking)—voluntary
or reflex.

3. Vestibulo-ocular reflexes—compensating for head
movements.

4. Vergence—convergence and divergence for binocular
single vision.

1. The saccadic eye movement system'’

When an object of interest appears in the peripheral
vision the eyes are rapidly turned towards it. The same
ocular motor response may be provoked by a sudden noise
or painful stimulus applied to the body’s surface. This sud-
den fast eye movement is called a saccade from the French
word meaning the flick of a sail in the wind or the jerking
of'a horse’s head by a tug on the reins. Saccades occur at a
rate of about 3/s in the alert state and the majority are very
small, e.g. when reading or looking at a face. They occur
in response to a burst of neural impulses to the contracting
muscle(s), as discussed above.!¢ The frequency and duration
of the burst and the maximum velocity of rotation (up to
700°/s) are determined largely by how far the globe has to
rotate towards a new target. This entails a spatial-temporal
translation process to convert sensory information from the
retina about target location into motor information about
saccade size and direction.!” There are three centres in the
brain that each hold a sensory map of the environment and
play a part in this process.!®

Saccades have a latency period, i.e. the time from the
appearance of a target to the onset of the saccade, of about
200 ms; this period may be shorter if the first target is ex-
tinguished several milliseconds before the appearance of a
second target, and longer if the first target remains on. The
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accuracy of saccades in redirecting the visual axis is nor-
mally good, being well within 10% of the required angle of
rotation. There is a tendency to undershoot slightly which
prompts a small corrective saccade with a shorter latency
period. As Sharpe explains,'” this tendency to undershoot
rather than overshoot is ‘probably not just blunder on the
part of the saccadic system’ but for the sake of efficiency.
A corrective saccade in the same direction as the first can
be generated with a shorter latency period than can one in
the opposite.

During sleep there are periods of increased cerebral
and ocular motor activity in which dreaming with rapid
eye movements occur. They have been observed prenatally
and continue throughout life. They appear to be saccadic
though slower than those in awake subjects. Their function
remains unknown as does that of sleep generally.

For a time it was thought that once a saccade had been
initiated, visual information could not be used until the
movement had been completed. Since the 1970s, how-
ever, researchers have found that under certain conditions,
saccades can occur with almost no interval between them.
When a target is briefly flashed on the fovea during a sac-
cade, a second saccade is produced which turns the eye
toward the new target position even though the target is no
longer visible. Thus the brain’s saccadic system appears
capable of dual simultaneous processing.

Saccades are driven by the neural discharges of burst
(pulse) generators which are relatively localised clusters
(termed nuclei) of neuron cell bodies in the brainstem (see
glossary). The burst generators respond to signals from
higher centres in the brain. Such signals are carried by se-
quences or networks of interacting neurons which function
as electronic switches and which represent a hierarchy of
control. In the burst generators there are both excitatory
and inhibitory neurons; these respectively activate the motor
neurons to muscle(s) that are to contract and inhibit those to
the antagonist muscle(s). The burst generators are in turn
held in a state of inhibition by pause neurons which exert
tonic inhibition (i.e. they discharge continuously) until sig-
nalled by higher centres. When the signal arrives, selected
pause neurons, the selection depending on the direction of
the saccade, are switched off to allow a burst to occur. The
reason for such a complicated arrangement is probably that
it is more stable and less prone to generating unwanted sac-
cades (Fig. 3).2° Tt goes without saying that for the saccade to
rotate the eye accurately toward the target, the burst driving it
has to be of precisely specified frequency and duration; just
how the brain makes this calculation remains unknown.

As mentioned earlier, tonic (sustained) innervation is
required to hold the globe in any given position of gaze after
amovement has occurred. This is sustained with the help of
neural networks in the brainstem called neural integrators
(NI), whose output activates tonic neurons during fixation
(see glossary).?*?! The details of how these devices work are
not known but they are so called because they compute by
a process akin to mathematical integration. They calculate
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Figure 3. Chain of command for burst and tonic neurons and their
patterns of discharge. Arrow heads indicate excitatory influence and
ball heads inhibitory.

from the preceding burst signals what level of tonic inner-
vation is needed to maintain the globe in its new orienta-
tion. However, studies of normal subjects in darkness have
shown that after turning the eyes away from the PP, they do
slowly drift back because of the mechanical elastic forces
in the orbit. For this reason the Nls are said to be ‘leaky’
and the return drift occurs with a velocity which declines
exponentially. Its rate is expressed as a time constant: the
time taken for the ocular deviation away from the PP to fall
to 37% of'its initial value.?? In a normal subject in darkness
the time constant is about 25 s. which is nevertheless con-
siderably longer than the purely mechanical time constant
(60 ms). In lit surroundings, visual feedback is coupled
with the output of the NI to prevent the above-mentioned
return drifts. When a NI is damaged, the patient, even in the
light, is unable to maintain eccentric gaze without frequent
corrective saccades.

2. The smooth pursuit system*
When a target is moving, the saccadic system can ini-
tially capture it but soon loses it as the image tends to slide

off the fovea (termed retinal slip), necessitating another
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saccade. The smooth pursuit (SP) system overcomes this
deficiency by enabling a target to be tracked smoothly rather
than with a series of jerks, thereby keeping its image steadily
centred on the fovea. To prevent blurring, movement of the
retinal image has to be kept less than 5°/s. For the SP sys-
tem to be effective, the target’s velocity has to be relatively
slow, i.e. less than about 50°s. If the target moves too fast
for SP, the saccadic system is activated to recapture it. The
latency period for a pursuit movement is usually 100-130
ms. SP can be elicited in newborns but only with large
targets because development of the fovea is not complete
until the age of 3 years or so.

Normally SP is triggered by movement of the target’s
image off the fovea (retinal slip). During the latency period
and from the retinal input, the brain first plots the direction
of'the target’s movement. The eyes then begin to turn in that
direction and rotation accelerates to match the speed of the
target. The accuracy of SP is reduced and its latency period
prolonged when attention is distracted by a simultaneous
second target.”* When target movements are repeated and
become predictable to the subject then the accuracy and tim-
ing of SPs are much improved. Anticipatory SP can then be
initiated up to 300 ms before the stimulus is presented.?

SP can be generated not only by actual movement of a
target but it can also be induced by falsely perceived (illu-
sory) motion. This may happen, e.g. when a subject is asked
to pursue the imaginary centre of a rolling wheel.

Researchers constantly strive to construct a model which
simulates exactly the behaviour of this remarkable system.
The current consensus is that SP is a negative feedback
control system, perhaps similar in principle to a current sta-
biliser, with a gain (eye velocity/target velocity)? of slightly
less than unity. A recent study has indicated the presence of
amechanism in the brain which varies the gain continuously
during pursuit for optimal performance.?’

When travelling in a train or car our eyes tend to follow
(SP) an oncoming object until it passes and then our gaze
shifts quickly (saccade) forwards again to another object.
This sequence of alternating SP and saccadic movements
is called optokinetic nystagmus. It becomes irresistible
and involuntary when a subject is surrounded by a rotat-
ing drum whose internal surface is painted with alternate
black and white vertical strips occupying his full visual
field. As an objective method of demonstrating a subject’s
capacity to see, this device can be used to expose feigned
total blindness!

3. The vestibulo-ocular reflexes (VOR)*

While SP stabilises the image of a moving target on
the fovea, another system is needed to stabilise fixation of a
stationary target during head movements. This is the function
of the VORs; they compensate each sudden movement of
the head with an equal and opposite movement of the eyes
to maintain fixation on the distant object (Fig. 4). Consist-
ent with this function, the latency period of the VORs is
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extremely short (10 ms), compared with that of saccades
(200 ms). This system is emulated by the gun suspension of
modern tanks which ensures that the gun is kept constantly
directed toward a target as the tank moves over uneven ter-
rain. Because of our VORs we have little trouble seeing a
distant object clearly while travelling along a bumpy road
or even when simply walking. Without them this would be
impossible. The importance of this mechanism to everyday
life was vividly described by a physician whose inner ear had
been severely damaged by excessive streptomycin therapy.”’
He could read in bed only by bracing his head against the
head board; otherwise the printed page jumped with each
heartbeat. When walking he was unable to recognise faces or
read signs unless he stood still. We experience what it must
be like for those afflicted in this way when watching a movie
shot from a vehicle being jolted by a bad road; viewers of
the movie, unlike those doing the shooting, are not assisted
by their VORSs so that their gaze is constantly having to jump
about to recapture the target with a succession of saccades.

The main sensor of head movements and position is the
vestibular apparatus (VA) which is part of the inner ear.
Like the eyeball, the inner ear is a wonder of microengi-
neering and comprises the duct of the cochlea (for hearing)
and the vestibular apparatus (for balance sense). The two
together form the membranous labyrinth, a closed system
of communicating tubules and cavities containing fluid
(endolymph). They occupy a bony labyrinth of cavities
within a three-sided pyramidal block of the densest bone
in the body, called the petrous (Latin petra, rock) temporal
bone (see Fig. 5);* in conjunction with the oculorotators and
the brain, the VAs function like the gimbals of a compass,
enabling the eye to maintain fixation.

The vestibular apparatus consists of the three semicir-
cular canals, the saccule (Latin sacculus, small sac) and the
utricle (Latin utriculus, small bag). The canals are arranged
atright angles to each other. Each canal has an expanded end
containing receptors, the hair cells, whose hairs are embed-
ded in a mass jelly and mounted on a ridge. The receptors
are stimulated by movements of the endolymph which sway
their hairs with rotary movements of the head in the plane of

Figure 4. Counter-rotation of the globes and the vestibulo-ocular
reflexes. As the head is turned to the right, the eyes swivel to the left
to maintain fixation.
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Figure 5. The Membranous Labyrinth.

the canal. The two vestibular apparatuses are symmetrically
positioned as mirror images of each other (Fig. 6). The
anterior and posterior canals lie in vertical planes while the
‘horizontal’ (lateral) is nearly horizontal, sloping down and
back at 30°. Each canal detects rotary movements of the
head in its own plane and, via the brain, directly influences
the oculorotators moving the eye in the plane of the canal;
movements in other planes are detected as vectors. Each
canal on one side is parallel with one on the other and so
the two function as complementary pairs. For example, the
posterior canal of one side is parallel and complementary to
the anterior one of the other. The sensory information from
the canals is passed to the brain and translated into motor
information to the oculorotators to compensate for the head
movement. The sensory input from a complementary pair
of canals generates ‘push-pull’ innervation to the paired
oculorotators, agonists and antagonists, moving the eyes
in the plane of the canals.’!

While the canals respond to angular acceleration caused
by rotary head movements, the saccule and utricle detect
linear acceleration and gravity. Like the canals, their recep-
tors are hair cells, only the hairs are further weighted with
chalk crystals (called otoliths) besides jelly; hence their
name, the otolith (Greek otos, ear + lithos, stone) organs.
The receptors are stimulated by gravity and translatory
movements of the head. In the saccule, the receptor hairs
project horizontally and detect vertical movement such as
occurs in turbulent air flight; in the utricle the receptor hairs
project vertically and detect horizontal movements.*?

However, there are occasions when the VORs are
unhelpful. Normally, when looking away toward some pe-
ripheral object we turn the head as well as the eyes, unless
acting furtively! A saccade or SP movement occurs first, fol-
lowed about 2050 ms later by the head turn. But the latter
will activate a VOR which causes an eye movement whose
direction will be the opposite of that of the first movement.
The brain therefore ignores (‘cancels’) this sensory input
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Figure 6. The disposition of the semicircular canals (not to scale)

from the VAs. The VORs are most effective for brief or high
frequency head movements; but less so for sustained motion
or low frequency head rotation.>* For the latter situations,
the SP system takes over. Once constant velocity is reached
the VA signal decays as movement of the endolymph ceases
and the hair cell appendages return to their initial positions
even though head motion continues.

4. Vergence movements*

These are eye movements that enable us to view objects
with both eyes together at varying distances, converging the
visual axes for nearer objects and diverging for more distant
ones. As explained in my first paper,* it is essential for both
visual axes always to be directed toward the same target to
prevent diplopia (double vision) and to permit stereopsis
(depth perception—see glossary).

Fixation of a near object induces the ocular near reac-
tion which has three components linked in the brain, namely
convergence of the eyes, accommodation (changing the eye’s
focal length to focus on a near object) and constriction of the
pupil for greater depth of focus. The stimulus for vergence
movements may be either diplopia, caused by images of the
target falling on non-corresponding points (see glossary) of
the two retinas (Fig. 7); or by blurring of the retinal image.
Diplopia elicits fisional vergence and blurring accommoda-
tive convergence. Some people are able to converge their
eyes voluntarily.

Vergence movements are slower than the other types
of movement, with velocities up to 20°s and latencies of
about 160 ms. Unique to this system is its ability to generate
movements of one eye only: if one eye in the PP fixates a
target, say at distance of 1 meter, which is then slowly moved
towards the subject, the other eye will converge while the
first eye remains stationary.

Conclusions
The human brain has been said to be the most highly
organised and complex structure in the universe. In none

of its activities is this better illustrated than in the control of
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Figure 7. Fusional convergence with a prism. Bending of light rays
by the prism displaces the retinal image, causing the right eye to
converge to recentre the image on the fovea.

eye movements. It has taken many decades of painstaking
research to discover what we now know. While the general
organisation of eye movement control is clear, a vast host
of details with countless refinements have yet to be unrav-
elled. The system as a whole with its subsystems, parallels
exactly man-made computerised control systems, only the
former excels by far over the latter in its performance, its
miniaturisation, its adaptablilty and its tremendous robust-
ness. In normal health, one does not experience eye fatigue
or visual failure despite the execution of 170,000 saccades
in the course of an ordinary day.
As a biological computer, the brain’s anatomy with its
100 billion neurons and their myriad connections vastly
exceeds the hardware of a man-made computer. The brain’s
software is the information built into its anatomy, both for
its development and for its operation. Many of its activi-
ties are programmed, including a large capacity to adapt to
malfunction (rather than crashing). For example, if part of
the brain is damaged it can often, given time, establish new
connections to circumvent the original deficit. Again, the
brain is able to compensate to a degree for damage to the
eye, ear or the EOMs.

Just as the software for man-made computers is always
the product of intellectual effort, how much more must this
be true of the brain’s software also! Upgrading of software
can only come about by the intellectual effort of an intel-
ligence to add to the information already present. Yet, in
essence, the macroevolution postulate expects us to believe
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that the ‘upgrading’ of biological software required for each
supposed step up the evolutionary scale, occurred spontane-
ously and without intellectual effort. The postulate offers
no rational explanation to support this notion and what it
postulates has yet to be reproduced experimentally.
The hierarchical organisation of eye movement control
in man is such that it has a foundation of reflex mecha-
nisms which may be overridden or suppressed, voluntarily
or unconsciously; these include the VORs and optokinetic
nystagmus and others, not discussed above, which may be
‘unmasked’ through disease or injury. However, they are not
to be thought of as “primitive’ just because they are found in
lowly creatures or ‘vestigial”’ because they have no apparent
usefulness. Rather, they are examples of design economy*®
with functions which, in some cases, still await discovery.
One authority in the field of eye movement neurology
has applied the phrase conjoined evolution to the geometric
configuration of the semicircular canals and their connec-
tions via the brain with specific ORMs.*” But this phrase
glosses over a huge assumption, namely that the supposed
evolution of such specialised and complex structures, such
as the VAs, ORMs and the brain, has been synchronised
without any coordinating influence. The entire ocular mo-
tility system with all its interacting specialised components
and its elegant coherence, leads to the inescapable conclu-
sion that it is not the product of a ‘blind watchmaker’ but
meticulously designed by the Creator.

Abbreviations

EOM = extraocular muscle
NI = neural integrator
ORM = oculorotator muscle
PP = primary position

VA = vestibular apparatus

Glossary

Brainstem = the lower part of the brain below the two
hemispheres, including the cerebellum.

Conjugate = (adjective) rotation of both eyes in unison in
same direction.

Conjunctiva = the surface membrane covering the white of
the eyes as well as the inside of the eyelids.

Disconjugate = (adjective) rotation of both eyes in different
directions.

Corresponding points = pairs of points—one in each
retina—which, when stimulated simultaneously by the

same image, give rise to a single mental image (see
Ref. 1).

Diplopia = double vision.
Latency period = the time from the appearance of a target
to the onset of the eye movement.

Fixation = orientation of the visual axis toward a target, i.e.

to look directly at it.

Fovea = the small specialised receptive area at the centre of
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the retina, through which passes the visual axis (q.v.),
and where visual resolution is at its highest because the
photoreceptors are tightly packed together and most
numerous.

Fusion (sensory) = the ability to perceive two similar im-
ages—one in each eye—as one.

Nystagmus = rhythmic oscillatory eye movements (Greek
nystagmos, a nodding).

Primary position = the term used for the position of the
globe (eyeball) when looking directly ahead with the
head held erect. Secondary positions are those which
are directly up, down, in or out while any oblique posi-
tion is termed tertiary.

Proprioceptor = sensor/receptor detecting changes within
the body such as muscle length or tension or joint
position.

Reflex = an involuntary response to a stimulus.

Stereopsis = the perception of depth or distance by the fus-
ing in the brain of two slightly disparate images (one
in each eye) of the same object.

Torsion = rolling or rotation of the globe about the antero-
posterior axis; by convention intorsion means torsion
that causes the 12 o’clock radius of the cornea to rotate
towards the nose and extorsion the opposite.

Version = (noun) rotation of both eyes in unison; prefixes
specify the direction of version: dextro- meaning to the
right; laevo- meaning to the left etc.

Visual axis = the line of sight, passing through the fovea
of the retina.
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