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THE ROLE OF FIXATIONAL EYE
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Our eyes continually move even while we fix our gaze on an object. Although these fixational eye
movements have a magnitude that should make them visible to us, we are unaware of them. If
fixational eye movements are counteracted, our visual perception fades completely as a result of
neural adaptation. So, our visual system has a built-in paradox — we must fix our gaze to inspect
the minute details of our world, but if we were to fixate perfectly, the entire world would fade from
view. Owing to their role in counteracting adaptation, fixational eye movements have been
studied to elucidate how the brain makes our environment visible. Moreover, because we are not
aware of these eye movements, they have been studied to understand the underpinnings of
visual awareness. Recent studies of fixational eye movements have focused on determining how

visible perception is encoded by neurons in various visual areas of the brain.

We live in a constantly changing world, so nervous
systems have evolved to detect changes in our environ-
ment. Motion in our visual field might indicate that a
predator is approaching or that prey is escaping.
Stationary objects generally pose less of a threat and
so tend to be studiously ignored owing to neuronal
adaptation mechanisms. Some nervous systems are
specialized to detect only motion signals; for example, a
frog might not see a resting fly, but will react rapidly as
soon as the fly takes off. In a sense, this ability to see only
moving objects might be true of all visual systems. Even
our own visual system can detect stationary objects only
because the images projected onto our retinas are never
stationary for long (F1G.1). Involuntary fixational eye
movements prevent the adaptation of our neuronsto an
unchanging environment. The movement of the retinal
images is what keeps stationary objects of interest from
fading perceptually.

The development of methods to counteract eye
movements and thereby cause visual fading*? led to a
large amount of research, mostly during the 1950s and
1960s, which aimed to characterize the eye movements
that occur during fixation. But in the late 1970s, the
field of fixational eye movements seemed to arrive at an
impasse. Interest in fixational eye movements began
to wane because of difficulties in data collection,

discrepancies between results from different laboratories,
and disagreements over interpretation of the available
data. A revival of interest in the late 1990s was ushered
in by the development of accurate methods for the
measurement of eye movements?®, in addition to
the advent of single-unit recording techniques in alert
monkeys. For the first time, it was possible to investi-
gate the types of neuronal response (if any) that are
generated by eye movements during visual fixation.
By correlating neural activity with fixational eye
movements (which are themselves correlated with the
maintenance of visibility), these methods began to
address how visibility itself is encoded in the brain.
Here, we discuss recent discoveries concerning the
neural correlates of visibility and our understanding of
how our perception of a stable visual world is achieved
during fixation.

Fixational eye movements and adaptation

Our visual system is governed by neural adaptation —
steady illumination produces weak neural responses,
whereas abrupt changes in illumination across space
and time generate strong responses*. In this sense,
neural adaptation is the cornerstone of all visual pro-
cessing. The cost of such a system is that unchanging
features of the scene fade from view. Eye movements
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ENTOPTIC STRUCTURES
Structures within the eye. When
these become visible they give
rise to entoptic images.

b

Figure 1 | Eye movements during visual fixation. a | An
observer views a picture (left) while eye positions are monitored
(right). The eyes jump, seem to fixate or rest momentarily,
producing a small dot on the trace, then jump to a new region
of interest. However, even during these fixation, or ‘rest’ times,
the eyes are never still, but continuously produce fixational eye
movements — drifts, tremor and microsaccades. Reproduced,
with permisission, from REF.9 © (1967) Plenum. b | Pattern for
showing fixational eye movements. To experience it, look at the
central black dot for about a minute, then look at the white dot
in the adjacent dark square. The dark after-image of the white
line pattern should be seen in constant motion owing to
fixational eye movements. Reproduced, with permission, from
REF. 115 © (1961) Taylor & Francis.

during fixation are therefore necessary to overcome loss
of vision due to uniform stimulation of the retinal
receptors, even at the potential cost of a decrease
in visual acuity’. The goal of oculomotor fixational
mechanisms might be not retinal stabilization, but
controlled image motion adjusted to be optimal for
visual processing®. In the early 1950s, several groups
showed that all eye movements could be eliminated in
the laboratory, causing visual perception to fade to
a homogeneous field*2°. Although this might seem
counterintuitive at first, it isa common experience in
all sensory modalities — we do not generally notice
that our shoes are on for 16 hours a day. When the
eyes were released from artificial stabilization or if

the stabilized image was changed'®*4, visual perception
reappeared; just as, if we wiggle our toes, we notice
again that our shoes are on. Box 1 shows how neural
adaptation can lead to perceptual fading during normal
visual fixation.

Retinal stabilization studies. Given the technical diffi-
culties and potential health hazards of holding the eyes
physically stationary in human subjects (with paralysing
drugs, for instance), retinal stabilization studies have
generally used an alternative approach. In these studies,
the visual stimulus is shifted in such a way that all eye
movements are effectively cancelled. That is, the visual
stimulus moves in the same direction, and at the same
speed and amplitude, as the eye, so that the retinal image
remains stable despite eye movements. Most retinal stabi-
lization techniques fall into three categories: (i) a tiny slide
projector or a mirror is mounted on a contact lens
attached to the eye®®® (FiG. 2). The target stimulus is
projected through the pupil or bounced off the mirror,
and therefore moves as the eye moves; (ii) the entortic
sTRUCTURES in the eye are used as visual stimuli. For
example, the retinal vasculature can be illuminated so it
becomes visible, before fading rapidly due to adapta-
tion®341617 (jii) the movements of the eye are measured,
either optically or through the rotation of a magnetic coil
(which is surgically implanted in the eye, or mounted
onto a contact lens). Data on eye position are then
rapidly transmitted to a projection system that moves the
stimulus and keeps it stable on the retina'®2.

Early experiments found that images faded only after
several seconds of stabilization, after which the visible
image would regenerate for a few seconds. Then the
images would fade again, and so on"!*162L, However,
recent studies have shown that even brief periods of sta-
bilization lead to significant decreases in visibility?°.
Moreover, it is now believed that the slow onset of visual
fading and the occasional recurrent visibility of
stabilized images were probably due to imperfect stabi-
lization during eye movements?. In the past decade,
Coppola and Purves'” found that images of entoptic
vascular shadows (which are very stable) can disappear
in less than 80 ms, indicating that normal visual process-
ing might entail a very rapid mechanism for image
creation and erasure. This is probably for the best, or
we would presumably be unceasingly haunted by
the ghostly image of our retinal vasculature under all
viewing conditions.

Eye movements during fixation

It has long been known that our eyes are never still,
even during fixation. Jurin, in 1738, referred to the
“trembling of the eye”?®. Helmholtz, in 1860, also
admitted the difficulty of maintaining perfect fixation,
and proposed that this “wandering of the gaze” served
to prevent retinal fatigue?. Starting in the late 1800s,
a variety of techniques for recording these eye move-
ments were developed?. Scientists today agree on the
occurrence of three main types of eye movement
during visual fixation in humans: tremor, drifts and
microsaccades®? (FIG.3).
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NYSTAGMUS
Involuntary rhythmical
oscillations of one or both eyes.

FOVEA

The retinal region with maximal
concentration of
photoreceptors, where visual
acuity is highest.

FLICKER FUSION THRESHOLD
The rate of flicker at which the
flickering stimulus being viewed
appears non-flickering
(approximately 50-60 Hz in
humans).

CONJUGATE
Coordinated in the two eyes.

Box 1 | Visual fading outside the laboratory: Troxler’s effect

Although perfect retinal stabilization is most easily
achieved under laboratory conditions, fading of objects
inour visual periphery occurs often in normal vision.
Peripheral fading of stationary objects was first noticed
by Troxler in 1804. Troxler reported that, under
voluntary fixation, stationary objects in the periphery of
vision tend to fade and disappear®. In the late 1950s,
Clarke made a connection between Troxler’s fading and
the fading of stabilized images in the laboratory*? and
attributed both phenomena to neural adaptation®-1°,
The simplest explanation for Troxler’s peripheral fading
is that receptive fields in the periphery of our vision can
be considerably larger than fixational eye movements
(especially as accurate fixation tends to eliminate
microsaccades®®-%°). Drifts and tremor, being smaller
than the peripheral receptive fields, do not provide
effective visual stimulation to prevent peripheral visual
fading, especially in the case of low-contrast stimuli.
The figure is a demonstration of Troxler’s effect. To
experience it, fixate precisely on the red spot, while
paying attention to the bluish annulus. After a few

seconds of careful fixation, the annulus will disappear, and the red spot will appear to be surrounded by a completely
white field. Movements of the eyes will immediately bring the blue annulus back to perception.

Tremor. Sometimes called physiological nystagmus,
tremor is an aperiodic, wave-like motion of the eyes’,
with a frequency of ~90 Hz? (TABLE 1). Being the small-
est of all eye movements (tremor amplitudes are about
the diameter of a cone in the Fovea®?%), visual tremor
is difficult to record accurately — tremor amplitudes
and frequencies are usually in the range of the record-
ing system’s noise. The contribution of tremor to the
maintenance of vision is unclear. It has been argued
that tremor frequencies are much greater than the

Figure 2 | Early retinal stabilization studies. This drawing illustrates the suction cup technique,
used by Yarbus® and others. This technique was very popular in early retinal stabilization studies
for its simplicity, but it is now considered old-fashioned, and other, less invasive stabilization
techniques are preferred. The target image is directly attached to the eyeball by means of a
contact lens assembly. The target is viewed through a powerful lens. The assembly is firmly
attached to the eye by a suction device.

FLICKER FUSION FREQUENCIES in humans, so the tremor of
the visual image might be ineffective as a stimulus?*32,
But recent studies indicate that tremor frequencies can
be quite low, below the flicker fusion limit?. Greschner
et al.?® have shown that low frequencies (5 Hz) of
tremor-like motion generate strong synchronous firing
in the turtle’s retina. Furthermore, early visual neurons
can follow high-frequency flickering that is over the per-
ceptual threshold for flicker fusion®. So, it is possible
that even high-frequency tremor is adequate to main-
tain activity in the early visual system, which might
then lead to visual perception.

Tremor is generally thought to be independent in the
two eyes. This imposes a physical limit on the ability of
the visual system to match corresponding points in the
retinas during stereovision? %,

Drifts. Drifts occur simultaneously with tremor and are
slow motions of the eye that occur during the epochs
between microsaccades (see TABLE 2 for a description of
drift parameters). During drifts, the image of the object
being fixated can move across a dozen photoreceptors?.,
Initially, drifts seemed to be random motions of the eye®,
generated by the instability of the oculomotor system?,
However, drifts were later found to have a compensatory
role in maintaining accurate visual fixation in the absence
of microsaccades, or at times when compensation by
microsaccades was relatively poor®-%, Drifts have been
reported to be both conwucare?”* and non-conjugate®*’.
As with tremor, drifts might result from the noise and
variability of neuronal firing to the ocular muscles?,
If drifts and tremor are indeed conjugate, this might
indicate that they have a central origin (at least in part).
This idea supports observations of reduced or absent
tremor in patients with brainstem lesions®.

NATURE REVIEWS | NEUROSCIENCE

©2004 Nature Publishing Group

VOLUME 5 [ MARCH 2004 [ 231



REVIEWS

MAIN SEQUENCE
The linear correlation between
saccadic speed and amplitude.

Figure 3 | Fixational eye movements carry the image
across the retinal photoreceptors. High-frequency tremor
is superimposed on slow drifts (curved lines). Microsaccades
are fast jerk-like movements, which generally bring the image
back towards the centre of vision (straight lines). The diameter
of the patch of the fovea shown here is 0.05 mm. Reproduced,
with permission, from REF. 21 © (1961) Scientific American, Inc.

Microsaccades. Fixational microsaccades, also called
‘flicks’ in early studies, are small, fast, jerk-like eye move-
ments that occur during voluntary fixation. They carry
the retinal image across a range of several dozen?* to
several hundred® photoreceptor widths, and are about
25 msin duration* (TaBLEs 3and 4). Microsaccades can-
not be defined on the basis of amplitude alone, as the
amplitude of voluntary saccades can be as small as that of
fixational microsaccades. In this review, we use the term
microsaccade to refer to the small involuntary saccades
that occur during fixation, sometimes called fixational
saccades*?. Microsaccades have been described in several
species other than humans?. However, they seem to be
most important in species with foveal vision (such as
monkeys and humans). Microsaccades in the macaque
monkey are quite similar to those in humans*-,

One of the possible roles of microsaccades is to correct
displacements in eye position produced by drifts®332,
The probabilities of occurrence, direction and amplitude
of microsaccades are related to previous displacements of
the image over the retina. For example, if drifts carry the
fixation target away from the fovea, microsaccades will
tend to bring the target back. No comparable correlation
has been found for drifts®2. The accuracy of potentially
correctional microsaccades is nevertheless limited, and
non-corrective microsaccades also occur?“, Recent stud-
ies indicate that microsaccades might help to counteract
receptor adaptation on a short timescale and to correct
fixation errors on a longer timescale’.

The relationship between microsaccade velocity and
amplitude (length) follows the ‘main seQuence’, similar to
large saccades®“¢°, It has therefore been proposed* that
microsaccades and large saccades might be generated
by the same mechanisms (that is, by circuits leading
to saccade-related burst neurons in the superior coll-
iculus®®®). No correlation has been shown between
visual acuity and changes in microsaccade amplitude®.
Box 2 describes the production of ‘saccades’ in a subject
without eye movements.

Microsaccades in the two eyes have generally been
found to be conjugate®*14%%2, As microsaccades are per-
formed involuntarily, this might indicate a subcortical
control mechanism for microsaccade production®. The
problem of the binocular coordination of micro-
saccades has just begun to be investigated, and recent
studies have distinguished between monocular and
binocular microsaccades, with potentially different
functional roles®.

The role of microsaccades in perception

The function of microsaccades during visual fixation has
been the subject of debate for more than thirty years.
Cornsweet originally proposed that microsaccades serve
the purpose of returning the eyes to the fixation target,
and therefore correct the intersaccadic drifts of the eye®2.
It was also postulated that microsaccades probably have

Table 1 | Characteristics of tremor in humans

Amplitude

~8.5s*

5-30 s (<1 min)

20-40s

9 s (median for one subject)
10-30s

10-20s
About 15 s

0-2 min (rarely >1 min;
median value 17.5 s)

1 min (mean)*

Tremor frequency Duration  Maximum speed Mean speed Conjugate Ref.
Up to almost 150 Hz,with peaks at - - - Yes 27
0-25 Hz and 60-90 Hz in both eyes

40-100 Hz - - - = 38
- - - - Yes 116
50-100 Hz - - - - 55
70-90 Hz - 20 min s - - 9
63 Hz (median for one subject) - - - - 117
30-80 Hz - 18 min s (maximum - - 31

acceleration 20 deg s

30-100 Hz - - - - 7
Up to 90 Hz - - - No 30
30-70 Hz - - - - 24
50-100 Hz - - - - 118

The different measurements obtained by different laboratories can be largely attributed to differences in recording methods®-116, *, vector values from H-components — a
conversion factor of V2 has been assumed; *, recalculated in Ref. 24.
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RECEPTIVE FIELD

The area of the sensory space in
which stimulus presentation
leads to the response of a
particular sensory neuron.

an “important role in maintaining vision by counter-
acting retinal fatigue”***4, It was found that, after
stabilizing a retinal image, superimposing eye move-
ments similar to microsaccades could restore perception,
whereas imposed movements of the image similar to
drifts or tremor had a much smaller effect in preventing
fading®2,

However, not all studies agreed with this result!>4,
and other suggestions for the role of microsaccades were
proposed. Ditchburn and Foley-Fisher found micro-
saccades to be necessary to perceive hue differences at
low contrast*, and Westheimer® suggested that micro-
saccades enhance stereoscopic hyperacuity. Carpenter?
postulated that, of the three types of fixational eye move-
ment, only microsaccades might contribute significantly
to the maintenance of vision, as drift velocities are too
low, and the amplitude and frequency of tremor would
make it more detrimental than beneficial.

From the late 1960s and through the 1970s, a lively
discussion on the importance of microsaccades for the
maintenance of vision took place. Its main protagonists
were Ditchburn, who argued that microsaccades have
an essential role in normal vision, and Steinman, who
argued that microsaccades serve no useful purpose. The
strongest evidence against a role for microsaccades in
preserving visual perception was twofold. First, trained
subjects can suppress their microsaccades for several

seconds without fading of the images®“¢%, Second,
microsaccades are naturally suppressed in normal
vision while subjects perform high-acuity tasks, such as
shooting arifle or threading a needle®-°,

Ditchburn replied* that the fact that subjects can learn
to perform certain visual tasks without microsaccades
does not contradict the essential role of microsaccades in
normal vision. He argued further against Kowler and
Steinman’s view®® that microsaccades were an evolution-
ary mystery. In Ditchburn’s words: “Some acrobats can
walk on their hands with amazing agility ... Yet no one
suggests, from these facts, that it is mysterious that
feet have evolved.” Ditchburn’s letter was subsequently
contested by Kowler and Steinman®, who reiterated the
uselessness of microsaccades and stated that these
movements were perhaps “merely a kind of nervous tic.”

The debate ceased, unresolved, in the early 1980s and
was revived in the second half of the 1990s. It was pro-
posed that microsaccades could bring stationary stimuli
in and out of recerTive FieLDs during free viewing, and
therefore produce transient neural responses:©2, It was
further suggested that microsaccades could account for
much of the response variability of neurons in visual
area V1 of the awake monkey®. The discussion was
re-opened with a new focus — understanding the
neurophysiological properties of microsaccade-induced
activity. Microsaccades were found to generate neural

Table 2 | Characteristics of drifts in humans and primates

Amplitude
Human studies
3-12 min

Rarely > 8 min

31.4 min (mean)*

4.8-6.4 min (means
for two subjects)

1.5-3.7 min (medians
for two subjects)

1.5-3.7 min (median
values for different subjects)*

2-15 min (mean 6 min)

1.8-2.6 min (medians
for two subjects)*

1.2-1.6 min (means
for two subjects);
0.8-1.1 min (medians
for two subjects)*

1.5-4.0 min (medians
for two subjects)*

Up to 6 min
Up to 5 min
Primate studies

Drift frequency Duration
- 0.2-1s -

- 0.18-3.67 s
(mean 0.8 s)

95-97% fixation time 30 mins™

Maximum speed

Mean speed Conjugate Ref.
117

119

- Yes

24.6 min s - 120

102

121

122

- - 46
100

- No 37
- - 33

- Yes 31
- - 24

6 min s (mean - 65
for one monkey)

0.42-11.91 min s = 43
(means for four monkeys)®

*, vector values from H-components — a conversion factor of V2 has been assumed,; *, recalculated in/taken from Ref. 127; §, calculated from horizontal and vertical components.
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Table 3 | Characteristics of microsaccades in humans

Amplitude

5-120 min (range monocular);
~15 min (median monocular);
6-120 min (range conjugate
binocular);

~30 min (median conjugate
binocular)*

32 min (mean)

12.7-60 min (range);
~42 min (median)**

12.7-65.9 min

<12 min

17 min (mean)®
5-32 min
4.2-53 min

20.8 min (mean)*

~7 min (mean)
7.7 min (median)

7.7-8.9 min (means
for two subjects)

~40 min (mean)

1.8-5.8 min (medians
for two subjects)

8.18 min (mean)
2-50 min

3.7-9 min (median values
for different subjects)!

2-13 min*

1.7-4.8 min (means
for two subjects);
1.2-3.4 min (medians
for two subjects)!

2.5-5.6 min (median range
for two subjects)!

2-3.5 min (medians
for two subjects)!

~3.5 min*
1-20 min

2-25 min

2.2-25.8 min (rarely >
10 min; mean 5.6 min;
median 3.9 min')

3-14 min

12.5-17.5 min (mean 8 minl;
median 5.6 min')

Intersaccadic interval/
microsaccadic frequency

0.51 Hz (mean monocular);
1.43 Hz (mean conjugate
binocular)

0.8-1.9 Hz (among different
subjects)

1.3 +0.7 Hz (among
different subjects)

0.23-0.93 Hz
(mean 0.61 Hz)

2.1Hz
1-3Hz
2.62 Hz (mean)

1.3-1.43 Hz (means
for two subjects)

~2 Hz (mean)
0.6 s (median)

2.1-2.5 Hz (means for two
subjects; range 1-4 Hz)

0.24-0.44 s (mean
range for two subjects)

1.44 Hz"
3-5% fixation time

0.20-0.72 s (mean values
for different subjects)!

1.5 s (mean for one subject)

1.45-2.2 Hz (means for
two subjects)

0.45-0.5 s (means for
two subjects); 0.35-0.4 s
(medians for two subjects)

~0.4 Hz*
0.03-5s

0.76-10 s (means for
different subjects)

0.2-4s

1.5-2 Hz (mean
frequencies for two
subjects)

1 Hz (mean frequency)

Duration

0.01-0.02 s

0.025s

0.02-0.03 s
0.02s

0.02-0.03 s

Max. speed

28-97 deg s*

~4.2-55 deg s**
21.3-36.5deg s

Max. acceleration
1,000 deg s2

Mean speed

6-120 deg s (range monocular);
~18 deg s (median monocular);
10-120 deg s™ (range conjugate
binocular);

~25 deg s (median conjugate
binocular)*

11.3-127.3 deg s (range);
~28.3 deg s (median)**

16-40 deg s (mean acceleration
2,322-6,440 deg s2)

10 degs™

3-14 deg s**

10degs™

Conj.

Yes

Yes

Yes

Yes

Yes

Yes

Yes*

Yes

Ref.

53

47

70

69

49

123
124
117
119
120
125

56
43
102

55
121

35

122

46
100

48
34

37

33

32
31

52
24

126

118

*, values estimated from plots; *, vector values from H-components — a conversion factor of V2 has been assumed; §, calculated from horizontal and vertical components;
I, recalculated in/taken from Ref. 127; 7, microsaccade rates for ‘large’ and ‘small’ targets have been averaged; #, small differences in amplitude and direction were observed
in one out of two subjects; Conj., conjugate.
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Table 4 | Characteristics of microsaccades in primates

Amplitude

8.4-16.2 min (means
for two monkeys)

~40 min (mean)
~20 min (mean)
48 min (mean)

10.1 min (median)

9.9-40.3 min (medians
for four monkeys)

40 min (mean;
minimum amplitude 23 min)

Intersaccadic interval/ Duration
microsaccadic frequency
2.3-2.5 Hz (mean At least 8 ms

frequencies for two monkeys)

~3-5Hz
0.3-1.4 Hz (means for two monkeys)

29 ms (mean)
25 ms (mean)

0.597 s (median) 20 ms (mean)

0.8-7.4 s (medians -
for four monkeys)

Max. speed Meanspeed Conj. Ref.
- - - 42
- ~30degs™ - 67
- ~30degs™ - 40
9-110deg s ~30deg s - 65
(median 40 deg s

- - - 66
- = - 43
- - - 55

Conj., conjugate.

BINOCULAR DISPARITY

The difference in gaze position
of the two eyes that gives rise to
stereovision.

VISUAL MASKING

Anillusion in which a normally
visible target object is rendered
invisible by a mask object.

NEURAL CODE

The language, expressed as a
pattern of neuronal impulses,
that neurons use to send
information to each other.

responses in every visual area examined by
researchers?®4064+-68 indicating a potentially important
physiological role for microsaccades. Moreover, micro-
saccades were linked to fixation correction, control of
BINOCULAR DIsPARITYY and attentional shifts®®"%, but not all
studies concurred™?,

It seems probable that all fixational eye movements
are important for the maintenance of vision, and that
their relative contributions depend on stimulation condi-
tions. Gerrits and Vendrik™ and Clowes™ found that both
drifts and microsaccades were necessary for optimal
vision. Receptive fields near the fovea might be so small
that drifts and tremor are sufficient to prevent visual fad-
ing in the absence of microsaccades. On the other hand, it
is quite possible that if drifts and tremor were eliminated
altogether, microsaccades would then suffice to sustain
vision during fixation. Receptive fields in the periphery
might be so large that only microsaccades are large and
fast enough (compared to drifts and tremor) to prevent
visual fading, especially with low-contrast stimuli*®4-7,

In summary, it remains unresolved whether
microsaccades contribute significantly to the mainte-
nance of visibility and, if so, whether they have a specific
function in visual perception; that is, does the role of
microsaccades differ from those of drifts and tremor?
Are microsaccades more important for peripheral vision,
whereas drifts and tremor maintain foveal vision when

Box 2 | Vision without eye movements: a clinical case

A.l.isayoung woman who has never made eye movements; she has extraocular muscular
fibrosis. Despite her condition, her visual perception is surprisingly normal — she can
read at normal speed and she can perform complicated visuomotor tasks, such as making
acup of tea, with no problems. The strategy that A.I. uses is to move her head in a‘saccadic’
fashion (with both voluntary and automatic saccades) which seems to compensate for the
absence of eye movements. The saccadic movements of A.1s head closely resemble the
saccadic eye movements of normal subjects, indicating that the same saccade-generating
circuits that operate in normal subjects (neurons in the superior colliculus) might
participate in generating A.l’s head-saccades. Although studies of A.I. have not addressed
fixational eye movements per se, they indicate that saccadic movements, either of the head
or of the eye, might be the optimal sampling method for the brain, as compared, for
example, to smooth scanning of the visual scene**13, Studies of A.1. might also help to
resolve an old debate on the importance of head movements versus fixational eye
movements for visual perception®'*4, as they indicate that in the absence of eye
movements, normal head movements alone might not suffice to maintain vision.

microsaccades are suppressed during specific tasks?
It seems clear that microsaccades lead to neural activity
in the visual pathway. Microsaccade-induced neural
activity would be difficult to explain if it did not affect
perception. The type of activity induced by micro-
saccades is qualitatively similar to neural activity that
correlates with the perception of visibility during visuat
maskinG®27 and other visual illusions”. However, a direct
correlation between microsaccade-induced activity and
visual perception has yet to be shown.

Neuronal responses during visual fixation
Decrypting the neuraL cope is crucial to understanding
virtually all brain function. If we assume that the
fundamental action of the visual system is to generate
visible percepts, and if we consider that fixational eye
movements are correlated with the maintenance of
visibility during fixation, it follows that, by measuring
the neuronal responses that are produced by fixational
eye movements, we might determine the encoding
strategy that is used by the visual system to generate
the perception of visibility. The neural responses to
fixational eye movements have been recently studied
in the retina®, lateral geniculate nucleus (LGN)?°%¢,
area V1294086567 (F1Gs 4 and 5) and extrastriate cortex®,
During these experiments, macaque monkeys are
usually trained to fixate their gaze on a small fixational
spot while a stationary stimulus of optimal characteris-
tics (for example, a bar with optimal dimensions and
orientation when recording from area V1) is placed over
the receptive field of the neuron that is being recorded.
Fixational eye movements are then correlated with
subsequent neural activity. Because the visual stimulus
does not move and the head is fixed, modulation of
neural activity occurs only when fixational eye move-
ments move the visual receptive field in and out of the
stationary stimulus.

Neural responses to microsaccades. It is generally agreed
that fixational eye movements, especially micro-
saccades, have predominantly excitatory effects at all
levels of the visual system?829406567.68 |n the LGN and
area V1, neuronal responses after microsaccades are
visual in nature — microsaccades lead to an increase in
neural activity when a stationary bar of light is centred
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Figure 4 | Fixational eye movements increase retinal activity. a | Continuous recording from 54
retinal ganglion cells in the turtle during darkness, after switching on a stationary grating, and during
wobbling of this grating. The grating was wobbled to simulate periodic (tremor-like) eye movement.
b | Responses of a single ganglion cell to a drifting contrast border of velocity comparable to ocular
drifts. ¢ | When the drift is superimposed on wobbling, the responses of the cell shown in b markedly
increase. Reproduced, with permisission, from REF. 28 © (2002) Macmillan Magazines Ltd.

EXTRARETINAL ACTIVATION
Responses in the visual system
that occur in the absence of
visual stimuli (such as one might
see due to feedback from motor
areas).

SPATIAL SUMMATION

The way in which non-
overlapping retinal stimulation
is integrated within dendrites to
produce a stronger neuronal
response.

BURSTS
Clusters of action potentials.

TEMPORAL SUMMATION
The way in which non-
simultaneous synaptic events
combine in time. One of the
basic elements of synaptic
integration.

LONG, TIGHT BURST

Atype of burst consisting of a
large number of spikes that
occur in rapid succession.

over the neuron’s receptive field. However, when the bar
is removed from the receptive field (and the monitor
facing the monkey is blank except for the fixation
point), microsaccades do not lead to changes in neural
activity. This shows that microsaccade-induced activity
in early visual neurons is visual, rather than motor,
because these neurons are excited only when their
receptive fields sweep across stationary stimuli and not
during equivalent action by the motor system in the
absence of a visual stimulus®“ (riG. 5a). However,
the debate on the existence of EXTRARETINAL ACTIVATION
owing to microsaccades is not settled. Leopold and
Logothetis® reported that extraretinal influences cause
decreases in V1 activity in response to microsaccades,
whereas Snodderly et al.” claimed that these extra-
retinal influences lead to increases in V1 activity (how-
ever, they found this in only one subject). In summary,
some studies show excitation, some show inhibition,
and some show no effect in response to microsaccades
in the absence of visual stimuli.

Presumably, fixational eye movements first generate
neural activity at the level of retinal photoreceptors, by
moving their receptive fields over otherwise stationary
stimuli. This photoreceptor activity would then be trans-
mitted (perhaps without substantial transformation for
the first several steps) to subsequent levels in the visual
hierarchy.

To investigate the effectiveness of microsaccades in
generating neural activity, neural responses induced by
microsaccades have been compared with neural
responses induced by flashing bars (a type of visual
stimulus commonly used in visual research). Onset
responses to flashing bars in the LGN and area V1 are
about seven times larger than the responses to stationary
bars moved across the neurons’ receptive fields by
microsaccades, perhaps because of the relative abrupt-
ness of flashes as stimuli?®. No similar comparison has
been made for drifts or tremor.

There has been speculation that microsaccades
might help to disambiguate latency and brightness
in visual perception, allowing us to use latency in
our visual discriminations®. Changes in contrast can
be encoded as changes in the latency of neuronal
responses’®8, But how can the brain use the latency
information as a code for contrast, without first know-
ing the timing of events? In principle, microsaccades
could solve this problem and be used by the brain to
measure latency. As the brain knows when a micro-
saccade is generated, differential latencies in visual
responses could be used by the brain to indicate differ-
ences in contrast and salience.

Microsaccades could enhance spatiaL summaTion by
synchronizing the activity of neurons with neighbouring
receptive fields*®®, Increases in neural firing after
microsaccades usually occur in ‘clumps; or sursTs of spikes.
Bursts are better correlated with previous microsaccades
than single spikes or instantaneous firing rate. So,
transient bursts of spikes are a more reliable code for
stimulus visibility than single spikes or fast rates of firing,
as bursts are best correlated with microsaccades, and
microsaccades, as with all fixational eye movements, are
themselves correlated with visibility*. Similar transient
bursts of spikes are also correlated with stimulus visibility
during visual masking illusions. It would be difficult to
imagine a system in which transient bursts were the code
for visibility in one case, but not in the other®7,

By generating bursts of spikes, microsaccades might
also enhance temporaL summation Of responses from
neurons with neighbouring receptive fields®. Synaptic
facilitation for closely spaced pairs of spikes has been
shown in vivo in retinogeniculate synapses, and in
disynaptic connections from the retina to the visual
cortex®ez,

Bursts that are highly correlated with previous
microsaccades are characterized by high spike numbers
and short interspike intervals. So, Long, TIGHT BURsTs Of
spikes are the type of activity that most effectively
sustains a visible image?*#°. Moreover, the optimality of
the stationary visual stimulation has an effect on the
size of bursts after microsaccades. When the stationary
stimulus over the neuron’s receptive field has optimal
characteristics (for instance, an optimally oriented bar of
light), microsaccades during fixation generate long bursts.
By contrast, when the stimulus on the receptive field
has non-optimal characteristics, microsaccades induce
shorter bursts. So, long bursts are correlated with salient,
optimal stimuli, whereas short bursts are correlated with
non-optimal visual stimulation® (FIG.5c).
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Figure 5 | Neural responses to microsaccades in the primate. a | Microsaccades increase
spike probabilities in neurons of the lateral geniculate nucleus (LGN) (n = 57) and visual area V1

(n = 308) of the awake primate. Time 0 indicates start time for all microsaccades (n = 1, 246, 791).
In the absence of visual stimulation, microsaccades do not generate spikes in the LGN (n = 42) or
in V1 (n = 37). Modified, with permission, from REF. 29 © (2002) National Academy of Sciences.

b | Correlation between microsaccades and bursts in primate area V1. The pink and orange traces
represent horizontal and vertical eye positions, respectively. The triangles at the bottom indicate
occurrence of a microsaccade (the height of the triangles represents microsaccade amplitudes).
The vertical black lines represent the spikes of a single V1 neuron. Microsaccades tend to be
followed by a rapid burst of spikes. Reproduced, with permission, from REF. 40 © (2000) Macmillan
Magazines Ltd. c | The size (number of spikes) of bursts following microsaccades depends on the
type of visual stimulation that is presented to the neuron’s receptive field. Optimal stimuli (in this
case, optimally oriented bars of light) lead to longer bursts; non-optimal stimuli (bars of light with
orientations that are orthogonal to the optimal) lead to shorter bursts. Reproduced, with
permission, from REF. 29 © (2002) National Academy of Sciences.

Neural responses to drifts. Neural responses to drifts have
received considerably less attention than neural responses
to microsaccades in recent studies. Part of the reason for
this is that drifts are more difficult to characterize objec-
tively than microsaccades (which are more easily detected
by automatic algorithms that combine amplitude and
velocity thresholds). So, drifts have usually been identified
indirectly as the eye-position changes that occur during
periods between microsaccades. This method has the
potential flaw of unintentionally attributing non-drift
related activity (such as undetected tremor or specific
relationships between the stimulus and the receptive
field) to drifts®”. Snodderly et al.5” concluded that drifts
caused increases in firing in a subset of V1 neurons.
Gur et al.% found that drifts caused less variability in neu-
ronal responses in V1 than a combination of drifts and
microsaccades.

Neural responses to tremor. Greschner et al.?® have
recently shown that ganglion cells in the turtle retina
respond strongly to a simulation of periodic, tremor-
like fixational eye movements, whereas simulated drift
movements have little effect (there are no microsaccadic
eye movements in the turtle). Moreover, neurons with
receptive fields located along contrast borders are syn-
chronized and their activity reliably indicates preceding
movements. This synchronization of retinal activity

could potentially be used by the brain to improve the
estimation of stimulus features, such as spatial fre-
quency?, Future physiological studies should address
the neuronal responses to tremor (and to tremor versus
drifts) in the primate visual system.

A continuum of responses to eye movements. Snodderly
etal.® reported three different groups of neurons in area
V1, classified according to their responses to eye move-
ments during fixation: microsaccade-activated cells;
position/drift-activated cells; and mixed cells (which were
activated by both drifts and microsaccades). The authors
found that these response categories fell on a continuum
of transient/sustained neuronal responsiveness in such a
way that transient neurons responded best to the fast
stimulation provided by microsaccades and sustained
neurons responded best to the slow stimulation that
occurred between microsaccades (such as drifts). Most
neurons fell in the middle of the transient/sustained
continuum and responded in a mixed fashion.

Perceptual stability during fixation
Why does the world remain perceptually stable when
we fixate, despite the continual motion caused by
fixational eye movements? Even if we were to account
for tremor by its being too small and too fast to notice,
and for drifts by their being too slow to notice, there is
no doubt that we can easily see small shifts in the visual
field that are equivalent in size and speed to micro-
saccades. It has been suggested that there must be a
neural mechanism that accounts for these eye move-
ments and excludes them from our perception. This
hypothetical mechanism is called ‘microsaccadic
suppression’; that is, the suppression of neural firing
that is associated with the occurrence of a microsaccade.
Suppression of neural firing during large saccades is
known to exist®*7 but the existence of microsaccadic
suppression has been more controversial. Some studies
have reported elevation of visual thresholds®¢, but
others have found little or no threshold elevation during
microsaccades®®, In the early visual system (LGN, area
V1), microsaccades generate increases in neural activity,
but not suppression?*# (riG. 5a). A theoretical model
proposed by Rucci et al.®* argues that fixational eye
movements might be important for the generation of
orientation selectivity during development. Because
orientation selectivity occurs first in V1, this model
supports the idea that microsaccadic suppression would
occur after V1. The issue is not resolved, however.
Olveczky et al.? have recently shown that a subset of
ganglion cells in the rabbit and salamander retinas
show microsaccadic suppression. As this subset of cells
is restricted to the motion pathway, it might mean that
this mechanism does not exist in the primate retina (in
which directionally selective retinogeniculate neurons
have not been found). Furthermore, microsaccadic
suppression failed in all retinal ganglion cells when the
authors presented stimuli on a blank background,
whereas perceptual suppression of microsaccades
clearly occurs on presentation of sparse stimuli to
humans. So, although the results of Olveczky et al.
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SCOTOPIC CONDITIONS

Dim light conditions in which
only the rods of the retina are
active.

PHOTOPIC CONDITIONS

Bright light conditions in which
only the cones of the retina are
active.

might help to explain how a moving foreground is
parsed from a complex background®, it is hard to
imagine that microsaccadic suppression in humans
occurs at the level of the retina.

Other potential mechanisms for microsaccadic
suppression include a common motor-to-sensory
feedback mechanism (for both saccadic and micro-
saccadic suppression), probably located at the level of
the brainstem ocular motor nuclei® ®. But Murakami
and Cavanagh have suggested that the suppression
mechanism for fixational eye movements is based solely
on visual motion signals®. They have developed a
remarkable visual illusion — visual jitter — that arises
when our visual system fails to compensate for fixational
eye movements. As the name of the illusion indicates, in
the absence of fixational eye movement compensation,
we can easily notice our own fixational eye movements,
and the world is seen as unstable and jittery.

Murakami and Cavanagh have proposed that this
suppression system determines the region within the
stimulus that has the minimum instantaneous velocity
vector (which would be due to the contribution of eye
movements only). This baseline velocity vector could be
subtracted from the velocities of all points in the scene®
to account for the effects of fixational eye movements.
The extrastriate cortex, especially the middle temporal
region (MT)®"% could be the locus for such a compen-
satory mechanism. However, physiological studies indi-
cate that microsaccades induce strong excitatory
responses in macaque area MT®. This seems to contra-
dict a specific role for MT in microsaccadic suppression,
although we cannot rule out that the responses in MT
might drive a microsaccadic-suppression system later in
the visual hierarchy — the question remains open.

Modulation of fixational eye movements

As fixational eye movements seem to enhance the
visibility of the world, a pertinent question is whether
environmental factors (such as dim light levels) or cog-
nitive factors (such as the level of attention) can control
the generation of fixational eye movements.

Visual modulation. If the role of fixational eye move-
ments is to prevent visual fading, we might expect
the magnitude or the frequency of fixational eye
movements to increase in response to a decrease in
visibility®. However, microsaccades are less frequent
in the dark and during retinal stabilization®%. But
there might be some effect of environmental factors on
the generation of fixational eye movements, because
microsaccades tend to become larger in the dark
that is, under scotoric conpiTions)®245 and drifts are
both larger and more frequent under the same condi-
tions®%, The increased amplitude of fixational eye
movements in the dark might be accounted for by the
fact that the eyes cannot maintain accurate fixation in
complete darkness, and that a visual target is crucial to
normal fixation32. Horwitz et al.*> showed that the onset
of peripheral stimuli evokes microsaccades with a
latency of ~70 ms. It might have been expected that,
if the role of microsaccades is to increase the visibility of

the stimulus, turning peripheral stimuli off (and not
on) should evoke microsaccades.

Precise fixation depends on the luminance of the
background of the fixation spot*%, as dark backgrounds
lead to a fixational upshift; that is, the eyes fixate above
the fixation spot. This upshift is mainly driven by
microsaccades, and depends solely on the background
luminance — it is not evoked by low levels of contrast
between the fixation spot and its background. This
effect cannot be explained by scotopic foveal blindness,
as the targets in these experiments were bright and well
within pHOTOPIC CONDITIONS.

There is some evidence that the parameters of the
fixation target, such as its size'®, shape®$, colour®®* or
eccentricity'®, can have a small influence on the ampli-
tude, direction and/or retinal disparity of fixational eye
movements.

Attentional modulation. Attentional and oculomotor
processes are greatly intertwined in the brain'®, Visual
modulation of microsaccades could therefore be the by-
product of attentional modulation driven by visual
inputs. Barlow* proposed that microsaccades repre-
sented shifts in visual attention, and several recent studies
have addressed the role of attention in microsaccade
dynamics. Engbert and Kliegl™ reported an initial
decrease in microsaccade rate, followed by an increase,
in response to shifts in visual attention. Moreover, the
average direction of microsaccades is correlated with
the direction of attention®-", These results challenge the
interpretation of microsaccades as strictly low-level
oculomotor phenomena™. However, Tse et al.”” have
shown that when the goal of the task is to maintain very
accurate fixation®®1% sudden stimulus onsets, which
capture attention, have no influence on the frequency or
characteristics of microsaccades and drifts.

Other cognitive factors. Although microsaccades are
generally considered to be involuntary movements, it
has been reliably shown that humans and primates can
be trained to suppress their microsaccades for several
seconds®®46%, However, microsaccades cannot be
elicited voluntarily, unlike the larger voluntary or
exploratory saccades. It therefore remains possible
that different neural mechanisms are involved in the
generation of voluntary saccades and involuntary
microsaccades.

Conclusions

Most of our viewing is conducted while we fixate our
gaze. Fixational eye movements not only help to keep
objects of interest in the centre of our vision, but also
prevent sensory adaptation in our visual path by
refreshing our retinal images. Without fixational eye
movements, we would be blind during visual fixation,
and the world would become visible only when we
moved our eyes voluntarily, when we moved our heads
or when the world moved in front of us. As fixational
eye movements induce firing of visual neurons in
response to stationary objects, they ensure that we retain
our vision during fixation.
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The neural responses that are generated during this
process are similar to the responses that would be gener-
ated if we moved a visual stimulus over the stationary
receptive field of a visual neuron (although completely
stationary receptive fields can only be produced in
the laboratory). Qualitatively similar activity is also
correlated with the visibility of stimuli during visual
masking. The neural responses that are best correlated
with fixational eye movements are clustered in a specific
manner, forming long, tight bursts. These bursts are an
important clue to the language that our brain uses to
represent the visibility of the world and the salience of
specific visual features. So, although the debate on the
significance of microsaccades, drifts and tremor for our
perception might rage on, we would certainly have a
greater mystery at hand if it was found that all of the
robust neural activity induced by microsaccades did not
lead to correlated perception.

The field is moving in the direction of further
recording the neural responses that correlate with fixa-
tional eye movements. Following this trend, the field
promises to discover the underpinnings of fixational eye
movements and the neural responses they generate: the
neural circuits that control fixational eye movements;
the neural correlates of microsaccadic suppression; the
physiological mechanisms that account for the effects of

cognitive factors during fixation; the biophysical expla-
nation of why long, tight bursts are best correlated
with microsaccades; and the neural correlates of tremor
and drifts, and their relative contributions to visibility
during fixation in comparison to microsaccades.

Several techniques under development will further
improve our understanding of fixational eye movements
and the neural activity that maintains the visibility of a
scene. These techniques include implementing simulta-
neous psychophysical tests during the recording of neural
responses to fixational eye movements, and the develop-
ment of fast and reliable non-invasive retinal stabilization
methods to be used in humans and primates. Once these
techniques are perfected, it will become possible, for the
first time, to carry out the crucial experiment that will
end the debate on the importance of microsaccades and
the other fixational eye movements to visual perception.
This experiment will include the accurate recording of
microsaccades, drifts and tremor during visual fixation,
the superimposition of each type of eye movement
during fast retinal stabilization conditions, and the
recording of neural responses to superimposed
microsaccades, drifts or tremor at multiple levels in the
visual pathway during a perceptual task in which
the subject reports the perceptual state of the stimulus
—visible or invisible.
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&) Online links

FURTHER INFORMATION

An online algorithm for microsaccade detection:
http://mww.agnld.uni-potsdam.de/~ralf/micro/

Fading dot demonstration:
http://www.exploratorium.edu/exhibits/fading_dot/fading_dot.html
Shimmer demonstration:
http://www.exploratorium.edu/exhibits/shimmer/shimmer.html
Susana Martinez-Conde’s page: http://neuralcorrelate.com
Troxler studies: http://www.troxlerforum.ch/

Visual jitter demonstration:
http://www.visionlab.harvard.edu/Members/Alumni/ikuya/html/
memorandum/VisualJitter.html

Access to this interactive links box is free online.

240 | MARCH 2004 | VOLUME 5

©2004 Nature Publishing Group

www.nature.com/reviews/neuro





