


Our eyes are never still. Even when we attempt to fix 
our gaze, small ocular motions — generally undetect-
able to the naked eye — shift our eye position1. In the 
1950s, studies reported that stationary objects vanished 
perceptually in the absence of so-called ‘fixational eye 
movements’2–4. The following decades of research 
strived to identify the roles served by the three types 
of fixational eye movements: microsaccades, drift and 
tremor. Much of the research, and ensuing debate, 
focused on microsaccades — small saccades produced 
1–2 times per second during fixation. Polar opposite 
positions as to the importance of microsaccades (or lack 
thereof) arose5,6. The dispute abated with an influen-
tial paper asserting that microsaccades “serve no useful 
purpose”6.

The turn of the millennium saw a tentative resurgence 
in microsaccade research1,7,8, which was facilitated by 
methodological advances in the simultaneous recordings 
of neural responses and eye positions in awake primates, 
progress in the computational modelling of eye move-
ments and technological improvements leading to the 
manufacture of high-resolution and high-speed video-
oculography systems for human eye tracking. The devel-
opment of objective microsaccade-detecting algorithms9 
further contributed to the proliferation of human studies 
and rapid replication of results.

Research in the past decade linked microsaccades 
to perception10–14 and determined key interactions 
between microsaccade dynamics and cognitive pro-
cesses, especially in regard to the allocation of atten-
tion9,15. Concurrent milestones included the concept 

of a microsaccade–saccade continuum, which is sus-
tained by evidence that saccades of all sizes share a 
common generator16–21.

The proposal that microsaccades and saccades are the 
same type of eye movement has theoretical and practical 
implications. It simultaneously expands and places limits 
on the functional roles of microsaccades, and it helps 
to dispel the once popular notion that microsaccades 
should have one fundamental purpose versus another. 
The state-of-the-art theory is that microsaccades may 
serve as varied functions during fixation as saccades do 
during exploration14.

The continuum from microsaccades to saccades may 
extend to ‘saccadic intrusions’17,22 — that is, saccades 
that intrude or interrupt accurate fixation — which are 
prevalent in various neurological disorders. A functional 
continuum spanning microsaccades, saccades and sac-
cadic intrusions offers testable predictions that are 
significant not only to healthy vision and oculomotor 
control but also to the pathogenesis of neural disease23.

Here, we discuss the latest findings on the neural 
bases of microsaccade generation and the perceptual 
consequences of microsaccades — two areas of research 
that were all but absent from the microsaccade landscape 
just a few years ago. We also present the latest findings 
on the physiological responses to microsaccades along 
the ascending visual pathway, the growing body of work 
demonstrating the interaction between microsaccades 
and cognition, and the budding research on pathological 
microsaccades. In doing so, we aim to elucidate several 
key concepts that have evaded consensus, such as the very 
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definition of a microsaccade, the meaning of microsac-
cades during visual exploration and the potential effects 
of microsaccades in preserving versus restoring visibility 
during fixation.

The past decade of research has brought forth some 
of the most exciting discoveries in the history of the field. 
Today, microsaccade studies continue to grow rapidly, 
extending to visual, oculomotor and cognitive neuro-
science. A unified theory of microsaccadic and saccadic 
function is on the horizon and, with it, an improved 
understanding of visual and oculomotor function in 
health and in disease.

What is a microsaccade?
Microsaccades (also known as fixational saccades) are 
small saccades that are produced during attempted 
fixation24. This operational definition, albeit useful for 
practical purposes25, poses two important challenges: to 
establish the amplitudes corresponding to ‘small’ sac-
cades and to determine whether the subject is ‘attempt-
ing’ to fixate. We address the issue of amplitude first.

How long is a piece of string? Until the 1990s, microsac-
cades were defined as having amplitudes smaller than 12 
arc min. This cut-off value originated in earlier studies 
finding that the distribution of saccadic sizes during fixa-
tion declined sharply around 12 arc min26. However, later 
studies found that microsaccade sizes frequently exceed 
this value27,28 (instead, current microsaccade magnitude 
distributions often asymptote around 1 degree25). Thus, 
most contemporary researchers have adopted the con-
vention of using a 1-degree upper magnitude threshold 
(which captures more than 90% of saccades produced 
during attempted fixation)18,25.

The mysterious shift to larger microsaccadic mag-
nitudes in the past two decades remains unexplained27. 
Some researchers have argued that contemporary video-
oculography is noisier than the optical lever recordings 
of the 1960s and 1970s. However, this reasoning is unsat-
isfactory; a noisy instrument might account for the loss 
of the smallest microsaccades but not for the shift to 

larger amplitudes26. Indeed, a recent study conducted 
with a dual Purkinje image tracker (which is considered 
the most accurate and precise of the optical and feature 
recognition methods29) found that microsaccade magni-
tudes reached an asymptote at around 1 degree30.

Current and former experimental conditions, includ-
ing illumination, display type, means of head fixation and 
fixation effort, might differ26,27. Another suggestion is that 
older studies relied on highly trained observers, usually the 
authors themselves, whereas modern experiments prefer 
naive participants with little or no fixation experience27 
(although microsaccade magnitude distributions seem to 
be similar in experienced fixators and naive subjects10,11).

A further difference is that contemporary human eye 
tracking is usually non-invasive, whereas early contact 
lens-based techniques, such as the optical lever method31, 
required direct and potentially unsafe contact with the 
eye29. (Young and Sheena32 pointed out that fitting a con-
tact lens with negative pressure (as in the optical lever 
method) posed significant dangers to the eye, including 
the “possibility of deforming the cornea and (…) damag-
ing the accommodation muscles as a result of the pres-
sure stress”.) Thus, the recording apparatus could have 
hindered eye motion and thereby reduced the size of 
microsaccades in the early studies. Because non-contact 
eye trackers leave the eye unencumbered, microsaccades 
may be free to reach their natural (that is, larger) ampli-
tude ranges in contemporary studies. Supporting this 
possibility, optical lever studies conducted in the 1980s33,34 
found microsaccade amplitudes resembling those in the 
earlier work (that is, 3–20 arc min). Microsaccades meas-
ured with a piezoelectric sensor (requiring direct ocular 
contact) also had decreased magnitudes. Sensor removal 
restored normal microsaccade magnitudes (which were 
measured with a video tracker)35. Last, both video track-
ing and the search coil technique (which is considered 
a gold standard in eye tracking owing to its excellent 
signal-to-noise ratio29) measured microsaccade magni-
tudes reaching around 1 degree17 (FIG. 1). Lens-mounted 
search coils are arguably less invasive and hazardous 
than contact lens methods that require negative pressure 

Figure 1 | Microsaccade magnitudes. a | Distribution of human microsaccade magnitudes obtained with video (black) 
and search coil recordings (blue). Microsaccade magnitudes, which are often in excess of 12 arc min, are comparable for 
both eye tracking methods. b | Examples of the corresponding eye position traces. Arrows identify microsaccades. The 
figure is modified, with permission, from REF. 17 © (2011) Society for Neuroscience.
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Peak velocities and durations 
of microsaccades and saccades 
are parametrically related to 
microsaccadic and saccadic 
amplitudes.

(even though both techniques involve direct eye contact), 
and so the former might impose a lesser restriction on 
eye motion than the latter, given the same experimental 
conditions and amount of fixation effort. This possibility 
remains to be tested.

Whatever the explanation behind the recent shift 
towards larger microsaccades, the combined evidence 
indicates that setting a cut-off value of 12 arc min is both 
conceptually and experimentally unjustified. It is ironic 
that, for a field historically laden with questions about 
what constitutes natural versus unnatural oculomotor 
behaviour29, the traditional definition of a microsaccade 
may turn out to be fundamentally artificial.

What are your intentions? Defining microsaccades as 
saccades that occur during the attempt to fixate poses the 
challenge of determining the subject’s intent. During a 
fixation task in the laboratory, one can assume that most 
saccades produced will be microsaccades by definition, 
although some exploratory saccades may occur occasion-
ally18. The situation becomes more complex when the sub-
ject carries out tasks other than prolonged fixation. Some 
authors have argued that microsaccades are absent from 
free viewing, but their stance has depended on microsac-
cades being smaller than 12 arc min, a view most research-
ers now reject (see above). Thus, non-fixation tasks (free 
viewing or visual search) allow us to distinguish between 
microsaccades and saccades according to the observer’s 
intent; saccades produced during active exploration may 
be considered ‘regular saccades’, and saccades produced 
in the fixation periods between exploratory saccades may 
be considered ‘microsaccades’. The predicament is that we 
are typically unaware of our eye movements; most sac-
cades produced during normal exploration and search are 
involuntary, regardless of size. Subjects could continuously 
indicate their intent to fixate or shift their gaze, but this 
requirement would complicate the task and result in artifi-
cial viewing conditions. An alternative possibility that pre-
cludes interference with the subject’s task is to determine 
the characteristics of saccades during prolonged fixation 
(most of these saccades are microsaccades by definition; 
see above) and use those parameters to identify micro-
saccades during free viewing. Accordingly, several recent 
studies have adopted the convention of considering micro-
saccades as saccades smaller than 1 degree, even during 
non-fixation conditions, including free viewing, visual 
search and visuomotor tasks18,36 (FIG. 2a).

Neural bases of microsaccade generation
Behavioural studies have built a solid case showing that 
microsaccades and saccades share most, perhaps all, 
physical and functional properties. Among these, it is 
notable that both saccades and microsaccades are typi-
cally binocular and conjugate37–39 (but see REF. 40) and 
that they follow the main sequence18,41 (FIG. 2b). Visual 
changes transiently inhibit saccadic production during 
search, reading and other tasks42, and microsaccadic 
production during maintained fixation9,43. Attending 
to peripheral stimuli while fixating can bias microsac-
cade9,15 and saccade44 direction (see ‘Cognitive modu-
lation of microsaccades’). Volitional control can affect 

microsaccades and saccades in comparable ways; 
although microsaccades are often described as involun-
tary37,45,46, careful attempts to fixate markedly reduce the 
rate of microsaccades47, and voluntary saccades can be 
the size of microsaccades48. Conversely, observers are not 
ordinarily aware of their exploratory saccades45.

Temporal interactions between saccades and micro-
saccades further suggest a common triggering mecha-
nism. Latency is increased for saccades that occur shortly 
after microsaccades19,20. Moreover, equivalent time inter-
vals between microsaccades and saccades during explora-
tion and search18 indicate that saccades and microsaccades 
share timing constraints, supporting the hypothesis of a 
shared saccade and microsaccade generator18.

Neural recordings from primate oculomotor struc-
tures have provided an increasingly clear picture of the 
pathway that leads to microsaccade generation (FIG. 3). 
Burst neurons in the pontomedullary reticular forma-
tion (downstream from the superior colliculus (SC)) and 
putative motor neurons in the nearby abducens nucleus 
are active during both microsaccades and saccades49,50. 
Similarly, some neurons in the SC rostral pole (which 
represents foveal goal locations) are as active for small 
saccades as neurons in the SC caudal region (which rep-
resents peripheral goal locations) are for large saccades51. 
For several decades, these pioneering studies provided 
the main physiological evidence for a shared generator.

In recent years, a flurry of studies have found compa-
rable neural activity around saccades and microsaccades 
in multiple brain structures16. The activity of omnipause 
neurons in the pontine raphe decreases during micro-
saccades40,52, and there is a continuous representation 
of saccade directions and amplitudes through the SC, 
down to the smallest microsaccades21 (with microsac-
cade representation in the SC rostral pole, which is in 
agreement with previous observations51). Neural activ-
ity during microsaccades sometimes extends to small-
amplitude voluntary saccades, which is consistent with 
behavioural evidence of a microsaccade–saccade con-
tinuum, and rostral SC inactivation results in decreased 
microsaccade rates21. Unilateral inactivation of the fas-
tigial oculomotor region in the cerebellum likewise 
affects the metrics of visually guided saccades53,54 and 
microsaccades55.

Despite mounting evidence for a common generator 
for microsaccades and saccades16–19,21,43, the precise mech-
anism that triggers microsaccades is unclear16. Current 
findings support a combined role of neural noise and 
fixation error in triggering microsaccades, with the con-
tribution of each signal depending on the magnitude of 
the gaze position error16. For example, if a subject’s gaze 
deviates from the target by around 0.5 degrees or more, 
corrective microsaccades might rectify the error17,56, 
whereas if the fixation error is small or insignificant, 
neural noise might trigger microsaccades instead17.

Microsaccades and fixation correction. Microsaccadic 
involvement in the control and correction of fixation 
position has been controversial for over 50 years1,27. It was 
originally proposed that microsaccades serve to re-fove-
ate the target after intersaccadic drifts56, but this idea was 
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subsequently challenged (see REF. 27 for a review). By the 
end of the 1970s, most of the field disregarded a poten-
tial role of microsaccades in the control of fixation posi-
tion, while concluding that drift (also called slow control) 
served that very purpose. This notion remained uncon-
tested until the early 2000s, when new analyses indicated 
that microsaccades both introduce (on a short timescale) 
and correct (on a longer timescale) fixation errors57.

Research into the mechanisms of microsaccade 
generation has helped to clarify the role of microsac-
cades in fixation correction. Microsaccades triggered 
by fluctuations in SC activity might introduce fixation 
errors, but if these are large enough, they will trigger a 
subsequent corrective microsaccade16. Consistent with 

this idea, large microsaccades tend to be followed by 
subsequent microsaccades in the opposite direction, 
resulting in square-wave jerks (SWJs)17. Microsaccades 
can also correct eyeblink-induced fixation errors58.

Cognitive modulation of microsaccades. A shared ocu-
lomotor generator helps to explain how saccades and 
microsaccades are affected by covert attention and dis-
tracters (FIGS 2c,d). The link between microsaccades and 
attention stems from the extensive overlap between the 
neural system that controls attention and the system that 
generates saccadic eye movements59. For instance, the 
SC — which has a causal role in microsaccade produc-
tion21 — targets saccades in connection with attentional 

Figure 2 | Equivalent functional dynamics in microsaccades and saccades. a | Microsaccades and saccades during 
free viewing. The left panel shows a subject’s eye positions during free visual exploration. The right panel shows a 
10-second period of the same subject’s eye position from the left panel in more detail. Faces were a primary focus of 
microsaccades. b | Microsaccades and saccades during free viewing (blue) follow the same main sequence as during 
attempted fixation (red). Some of the red dots are obscuring the blue dots underneath (N = 8 subjects). c | Saccadic 
inhibition after changes in peripheral stimuli. d | Microsaccadic inhibition after changes in peripheral stimuli. Parts a and b 
are modified, with permission, from REF. 18 © (2008) Association for Research in Vision and Ophthalmology. Part c is 
modified, with permission, from REF. 42 © (2000) Elsevier. Part d is modified, with permission, from REF. 9 © (2003) Elsevier.
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shifts60. The location of covert attention might influ-
ence microsaccade direction by biasing the SC activa-
tion map16,21,43. Consistent with this proposition, studies 
have found that the spatial location indicated by an 
attentional visual cue can bias microsaccade directions 
towards or away from the cue9,15,22,61–71. Experimental 
differences concerning the use of endogenous (centrally 
presented) versus exogenous (peripherally presented) 
attentional cues might help to explain discrepancies 
in results22. Endogenous attentional cues tend to bias 
microsaccade directions towards the cue9,15,22,69,71, which 
is consistent with saccade planning15,65, whereas exog-
enous attentional cues often bias microsaccade direc-
tions away from the cue61–64,68,70, which is consistent with 
inhibition of return61,62,68,72.

There is debate on how reliably microsaccades indi-
cate covert attention63,67,69,73–75. The link between spatial 
attention and microsaccade direction can depend on 
microsaccade timing with respect to cue onset69. In a 
recent study, microsaccades produced 200–400 ms after 
the cue were strongly biased towards the target, as long 
as they were the first or only microsaccades produced in 
the attentional cue–target interval.

Attentional cues also modify microsaccade rate. 
Microsaccade production falls at around 100–200 ms 
after the onset of an attentional cue and is then transiently 
enhanced9,13,15,61,63,64,73,76–80 (FIG. 2d). Working memory70,78 

and task difficulty71 can also influence microsaccade 
production. In a recent study, high cognitive load 
lowered microsaccade rates, but the directions of the 
remaining microsaccades were highly informative 
as regards to the spatial location of attention focus. 
Recently, it has been proposed that visual attention and 
perceptual input integration at the SC level can explain 
the range of effects on microsaccade rate and direction 
observed across various cueing tasks81.

Physiological effect of microsaccades
At the onset of the twenty-first century, single-neuron 
studies reported that microsaccades triggered spike rate 
increases in area V1 and the lateral geniculate nucleus of 
the awake primate, often in the form of burst firing82,83. 
More recently, observations of microsaccade-triggered 
neural activity have extended to multiple areas of the 
extrastriate cortex84–86 and to various recording tech-
niques, including multineuron recordings86, voltage-sen-
sitive dye imaging85, human electroencephalography 87 
and human functional MRI84 (FIG. 4; TABLE 1). Examination 
of the neural responses evoked by microsaccades (FIG. 4) 
allows us to draw a number of conclusions.

First, most recordings from retinotopic areas report 
that neural activity increases in response to microsac-
cades in the presence of stationary stimuli. Such increases, 
which are consistent with microsaccade-induced 

Figure 3 | Microsaccade generation circuit. a | Main brain areas implicated in the generation of saccades. Cortical areas 
(orange) related to the voluntary control of gaze include: the lateral intraparietal area (LIP), frontal eye fields (FEF), 
supplementary eye fields (SEF) and the dorsolateral prefrontal cortex (DLPFC). Basal ganglia are shown in blue; the 
caudate nucleus (CN) receives a projection from the FEF. The substantia nigra pars reticulata (SNPR) inhibits the superior 
colliculus (SC) to avoid unwanted eye movements and to control the initiation of saccades. Areas of the brainstem are 
shown in green; the SC projects to the reticular formation (RF) to produce the final motor command. Areas of the 
cerebellum are shown in red; the oculomotor vermis (OV) and the fastigial oculomotor region (FOR) provide a feedback 
loop to control saccade accuracy. b | Brainstem circuitry underlying the generation of a rightwards microsaccade. Activity 
during saccades and microsaccades is equivalent in all of the neuronal populations that have been identified in the 
saccade generation circuit, except in the case of inhibitory burst neurons (IBNs), in which no studies to date have 
conducted recordings in connection with microsaccades. SC neurons present two gradients of connectivity: one that is 
strongest between rostral SC and omnipause neurons (OPNs), and one that is strongest between caudal SC and excitatory 
burst neurons (EBNs). During fixation, the SC rostral poles drive OPNs, which in turn inhibit IBNs and EBNs. Small shifts in 
rostral activity trigger microsaccades, whereas large shifts (to the caudal region) give rise to saccades. Shifts in SC activity 
increase the drive to burst neurons and/or decrease the drive to OPNs. Sufficient inhibition to the OPNs (by the IBNs) 
allows the EBNs to drive the motor neurons (MNs), producing an eye movement. Solid lines correspond to excitatory 
connections and dashed lines to inhibitory connections.
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Figure 4 | Neural responses to microsaccades along the visual 
pathway. Insets indicate neural activity around microsaccade onsets 
according to different studies. Most experiments recorded responses to 
microsaccades in the presence of a visual stimulus (which was usually 
stationary and with optimal characteristics). Such responses might 
include retinal as well as extraretinal modulations (solid lines). Other 
experiments aimed to identify extraretinal modulations only (dashed 
lines) and typically recorded responses to microsaccades in the absence 

of visual stimulation or in the presence of a uniform stimulus. In the 
presence of optimal stimulation, microsaccade-triggered increases tend 
to prevail over decreases in neural activity. In the absence of visual 
stimulation, microsaccades often trigger decreases in neural activity. 
TABLE 1 provides experimental details for each study. IT, inferior temporal 
cortex; LGN, lateral geniculate nucleus; LIP, lateral intraparietal area; MT, 
middle temporal area; O2, right occipital cortex; SC, superior colliculus; 
VIP, ventral intraparietal area.
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receptive field displacements over static visual objects, 
are probably comparable with the increases in neu-
ral responses that might result from equivalent object 
motion over static receptive fields. Thus, the interplay 
between the receptive field (or the receptive field con-
glomerate) and visual stimulus can explain micro-
saccade-driven retinal activity (which is conveyed to 
cortical areas by stimulation of the retinogeniculate 
pathway).

Second, in the absence of stimulation, or in the 
presence of uniform full-field stimulation (extending 
well beyond the borders of the receptive fields of the 
neurons recorded), microsaccade-triggered responses 
often take the form of decreases in neural activ-
ity. These might be the product of extraretinal brain 
activity triggered by the microsaccade generation cir-
cuit (FIG. 3) and/or visual stimulation of non-classical 
receptive fields.

Third, microsaccade-triggered increases in neural 
activity tend to be substantially larger than microsac-
cade-triggered decreases. Thus, despite some discrep-
ancies across studies — which are probably caused by a 
combination of differences in visual stimuli, tasks used, 
recording techniques, neuronal sampling biases and so 
on — the pattern that emerges is that microsaccades 
modulate neural activity in retinotopic areas primarily 
through retinal motion and that extraretinal responses, 
albeit often present, are generally smaller than the visual 
responses driven by retinal activation.

One obstacle to quantifying the contribution of reti-
nal versus non-retinal inputs to microsaccade-triggered 
neural responses is that, whenever a visual stimulus is 
present, microsaccade-driven activity can combine both 
retinal and extraretinal elements. A study recently com-
pared the responses produced by real microsaccades with 
the responses generated by stimulus motion mimicking 
microsaccades in area V1 (REF. 88). Neuronal responses 
to real microsaccades were generally biphasic; a quick 
and marked increase over baseline was typically followed 
by a smaller and slower trough below baseline, whereas 
responses to simulated microsaccades included an excita-
tory peak but no trough. Thus, excitatory responses to real 
microsaccades might result from the displacement of the 
visual stimulus over the classical receptive field, with the 
subsequent inhibition reflecting non-retinal sources. The 
differential responses to real versus simulated microsac-
cades further suggest that area V1 neurons can distinguish 
between internally and externally generated motion (that 
is, visual displacements due to eye movements versus 
actual motion in the world). This distinction could help 
to disambiguate latency and contrast perceptually1,82. 
Contrast changes can be encoded as neural response 
latency changes89,90, but one question that arises is how 
changes in latency can represent contrast without the brain 
first having knowledge of the timing of events. Given that 
the brain ‘knows’ when it generates microsaccades, it could 
use differences in response latencies to indicate contrast 
differences.

Microsaccades might enhance spatial summation 
by synchronizing neighbouring neurons, and micro-
saccade-triggered bursts of spikes82,83 could facilitate 

temporal summation of responses1. Furthermore, recent 
research indicates that microsaccades modulate stimu-
lus-induced gamma-band synchronization, as well as 
related behavioural responses86.

Owing to the technical difficulty of conducting neural 
recordings in a moving eye, there is no direct evidence 
of neuronal responses to microsaccades in the primate 
retina. A modelling study concluded that microsaccades 
might enhance retinal sensitivity to edges91 and supported 
the prediction that visual responses to microsaccades 
might start with photoreceptors1,82,83.

What are the functions of microsaccades?
Saccades have multiple roles in vision: they correct 
gaze errors, foveate targets and search for and inte-
grate information to stitch together each visual scene29. 
Recent research suggests that microsaccades might also 
serve various visual functions14 (see ‘Microsaccades 
and fixation correction’ for the role of microsaccades 
in oculomotor control).

Microsaccades counteract foveal and peripheral fading.  
In the early 2000s, neurophysiological experiments 
showed microsaccade-triggered activity in primate visual 
neurons82,83 (FIG. 4), but evidence that microsaccades had a 
perceptual effect was lacking1. In experiments to address 
this, subjects reported the visibility of peripheral and 
parafoveal targets that faded and intensified perceptually 
during fixation (Troxler fading (BOX 1))10. Microsaccade 
onsets led to visual restoration of faded targets, estab-
lishing a potentially causal relationship between micro-
saccades and visibility. Contrary to the proposal that 
microsaccades are a laboratory artefact resulting from 
head immobilization6, lack of head-restraint did not 
alter the connection between microsaccade production 
and target restoration. Subsequent studies extended these 
conclusions to other fading paradigms11,92 and connected 
microsaccades to perceptual transitions in binocular 
rivalry93 and illusory motion13,76 (FIG. 5).

Recent research indicated that microsaccades are the 
most important eye movement contributor to restoring 
faded vision during fixation, for both foveal and periph-
eral targets14 (FIG. 5a). Furthermore, microsaccades and 
saccades generated a continuum of visual restoration as 
a function of their size, which is in agreement with the 
idea of a common underlying generator16–21. Multiple 
microsaccades within a short interval restored faded 
vision more effectively than single microsaccades14, per-
haps owing to temporal summation1. Microsaccades of 
all directions restored target visibility14, which is consist-
ent with previous analyses of microsaccade direction with 
regard to area V1 firing82 and with the aperture problem 
(the inability of a receptive field to distinguish between 
motion speed and direction82).

Microsaccades might restore faded vision more effi-
ciently than drift because they move receptive fields 
more quickly and over larger distances. New stimuli that 
microsaccades bring onto a receptive field will have little 
correlation to the stimulus to which the neuron has pre-
viously adapted. Accordingly, larger microsaccades have 
a stronger perceptual effect than smaller microsaccades, 
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Table 1 | Neural responses to microsaccades along the visual pathway

Brain area Result Stimulus Analysis Recording 
technology

Refs

Lateral 
geniculate 
nucleus

Enhancement Optimal bar MS-triggered average Single-neuron 83

No modulation Black or white screen

Weak suppression followed 
by strong enhancement

Uniform stimulus modulated 
by temporal white-noise

MS modulation of responses to visual 
stimulation

Single-neuron 139

Suppression Fields of small bars 
modulated independently 
in time

Non-stationary first-order response Single-neuron 140

V1 Enhancement Optimal bar MS-triggered average Single-neuron 82

Mix of transient and 
sustained enhancement

Optimal bar MS-triggered average. Only MSs 
that bring stimulus into RFs of ‘mixed 
position and saccade’ neurons

Single-neuron 141

Enhancement Optimal bar MS-triggered average Single-neuron 83

Mix of transient and 
sustained enhancement

Optimal bar MS-triggered average. Only MSs that 
caused an increase in firing

Single-neuron 142

Sustained enhancement Small gabor patch or yellow 
spot (0.125 º or 0.3 º)

Imaging signal triggered by MSs. Only 
area activated at the end of the MS

Voltage-sensitive 
dye imaging

85

Transient enhancement Small gabor patch or yellow 
spot (0.125 º or 0.3 º)

Imaging signal triggered by MSs. Only 
area activated during the MS

Suppression followed by 
weak enhancement

Oriented grating (<1 º) MS-triggered average. Only MSs that 
kept RF inside stimulus

Single-neuron 143

Phase-locked potential after 
MS

Dynamic grating (2–3 º 
diameter)

MS-triggered average. Only MSs that 
were not preceded by other MSs

Local field 
potentials

86

Rapid post-MS dynamics Dynamic grating (2–3 º 
diameter)

MS-triggered average. Only MSs that 
were not preceded by other MSs

Multineuron

Enhancement followed by 
suppression

Optimal bar MS-triggered average Single-neuron 88

No modulation Black or white screen MS-triggered average Single-neuron 82

Enhancement (monkey A) 
No modulation (monkey B)

Uniform screen MS-triggered average Single-neuron 141

No modulation Black or white screen MS-triggered average Single-neuron 83

Small suppression followed 
by sustained enhancement

Uniform screen or dark screen MS-triggered average. Only saccades 
not preceded or followed by another 
saccade

Single-neuron 142

Suppression followed by 
enhancement

Dynamic white noise (10 º) Normalized MS-triggered spike-density Single-neuron 144

Suppression followed by 
enhancement

Large stimulus activating the 
entire imaged area

Imaging signal triggered by MSs Voltage-sensitive 
dye imaging

85

Suppression Black screen MS-triggered average Single-neuron 88

Initial enhancement followed 
by suppression

22 º × 16 º polar grating Deconvolution functions corrected for 
autocorrelation following MSs

fMRI 84

V2 Enhancement or no 
modulation

Oriented grating (<1 º) MS-triggered average. Only MSs that 
kept RF inside stimulus

Single-neuron 143

Initial enhancement followed 
by suppression

22 º × 16 º polar grating Deconvolution functions corrected for 
autocorrelation following MSs

fMRI 84

Suppression followed by 
enhancement

Large stimulus activating the 
entire imaged area

Imaging signal triggered by MSs Voltage-sensitive 
dye imaging

85

V3 Initial enhancement followed 
by suppression

22 º × 16 º polar grating Deconvolution functions corrected for 
autocorrelation following MSs

fMRI 84

V4 Phase-locked components 
after the MS

Dynamic grating (2–3 º 
diameter)

MS-triggered average. Only MSs that 
were not preceded by other MSs

Local field 
potentials

86

Rapid post-MS dynamics Dynamic grating (2–3 º 
diameter)

MS-triggered average. Only MSs that 
were not preceded by other MSs

Multineuron

Enhancement Oriented grating (<1 º) MS-triggered average. Only MSs that 
kept RF inside stimulus

Single-neuron 143
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which may be due to their increased ability to bring recep-
tive fields to uncorrelated stimulus regions14. Conversely, 
drift moves receptive fields slowly, often over smaller dis-
tances. Because nearby visual regions are highly correlated 
with each other94, the stimuli that drift brings onto a given 
receptive field might be well correlated to stimuli the neu-
ron has already adapted to, thereby failing to generate a 
vigorous response.

Microsaccades help to perform high-acuity tasks. Contrary 
to the classic conclusion that microsaccades are not helpful 
in high-acuity tasks95,96, a recent study found that micro-
saccades precisely relocate the eye during the simulated 
threading of a needle30. Computational modelling of 
retinal responses to microsaccades further suggests that 
microsaccades may improve spatial resolution91.

Microsaccades during free viewing. Do microsaccades 
occur during free viewing? The answer to this question 
depends critically on how one defines microsaccades 
(see ‘What is a microsaccade?’). During free viewing of 
natural scenes and visual searches, the average microsac-
cade rate was 0.6 Hz18 (FIG. 2a). Microsaccade rates near 
identified targets in the search task went up to 1.3 Hz 
(comparable with those during attempted fixation). 
In this study, saccades up to 1 degree were considered 
microsaccades, which is consistent with the distribution 

of microsaccade magnitudes during attempted fixation 
(see FIG. 1a for similar examples of microsaccade magni-
tude distributions). Another study found equivalent rates 
of microsaccades (also defined as less than 1 degree) in 
a naturalistic driving task36. Studies that have concluded 
that microsaccades are rarer during free viewing have 
applied more restrictive maximum microsaccade mag-
nitudes (for example, 30 arc min in REF. 97) than those 
typically observed during fixation.

Microsaccades as an optimal sampling strategy. Saccades 
and microsaccades might reflect an optimal sampling 
strategy by which the visual system discretely acquires 
information25,98. A patient who could not move her eyes 
was found to produce head saccades with similar char-
acteristics to eye saccades. The patient could perform 
complicated visuomotor tasks, such as making a cup of 
tea, without difficulty. The findings suggested that sac-
cadic sampling might be a superior strategy to smooth 
visual scanning99,100.

Microsaccades evoke transient responses in visual 
neurons82,83 (FIG. 4), with or without sustained firing 
during intersaccadic periods. Transient burst firing 
has been related to visibility in several experimental 
paradigms82,101–103. Furthermore, transient oculomotor 
events (including microsaccades, saccades and blinks) 
rather than continuous drift triggered illusory motion 

Table 1 (cont.) | Neural responses to microsaccades along the visual pathway

Brain area Result Stimulus Analysis Recording 
technology

Refs

Middle 
temporal 
area

Enhancement of weak 
activity

Drifting gratings of optimal size 
and location

MS-triggered average. Only MSs with 
preferred direction during low firing rate 
condition

Single-neuron 145

Suppression of 
stimulus-evoked activity

Drifting gratings of optimal size 
and location

MS-triggered average. Only MSs with 
unpreferred direction during high firing 
rate condition

Suppression Coherent motion in preferred 
direction

MS-triggered average Single-neuron 112

Small suppression 0% coherent motion before a 
test stimulus

No modulation 0% coherent motion before a 
test stimulus

No modulation 22 º × 16 º polar grating Deconvolution functions corrected for 
autocorrelation following MSs

fMRI 84

Lateral 
intraparietal 
area

Suppression Coherent motion in preferred 
direction

MS-triggered average Single-neuron 112

Ventral 
intraparietal 
area

No modulation 0% coherent motion before a 
test stimulus

MS-triggered average Single-neuron 112

Superior 
colliculus

Suppression Flashed white bar MS modulation of responses to visual 
stimulation

Single-neuron 113

Inferior 
temporal 
cortex

Weak enhancement or no 
response

Photographs of animate 
objects and two-dimensional 
geometrical patterns

MS-triggered average. Only MSs that 
kept RF inside stimulus

Single-neuron 143

Right 
occipital 
cortex

Large potential after MSs Checkerboard 1 cycle per 
degree

Grand average ERP, time-locked to MS 
onsets

EEG 87

EEG, electroencephalography; ERP, event-related potential; fMRI, functional MRI; MS, microsaccade; RF, receptive field.
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in a static pattern13, perhaps because neural responses 
to transient stimuli are stronger than those to drifting 
stimuli104,105. Discrete temporal sampling might be an 
optimal strategy for information processing across sen-
sory systems. Rodent sniffs sample olfactory informa-
tion every 200–300 ms106; thus, they exhibit similar time 
dynamics to primate saccades and microsaccades18. 
Discrete sensory sampling might speed up informa-
tion processing and therefore could be evolutionarily 
advantageous106.

Microsaccadic suppression. Perceptual suppression dur-
ing saccades, called ‘saccadic suppression’, is thought to 
be essential for maintaining visual stability as we explore 
the world with our eyes. Behavioural studies have found 
a comparable increase in visual thresholds for micro-
saccades, which is known as ‘microsaccadic suppres-
sion’107–109 (but see REFS 110,111). This might contribute to 
perceptual stability during fixation. Recent neurophysi-
ological research has identified putative neural correlates 
of microsaccadic suppression (FIG. 4). Microsaccades near 
the onset of a test stimulus decreased detection and sup-
pressed activity in middle temporal, lateral intraparietal 
and ventral intraparietal areas112. Stimulus onsets that 
were temporally close to microsaccades elicited visual 
bursts in the SC less effectively than stimuli that were 
presented in the absence of microsaccades113. This sup-
pressive influence of microsaccades is complementary to 
their positive perceptual effect (for instance, their abil-
ity to restore faded vision) through retinal motion25,113. 
Future research should determine the potential tempo-
ral interactions of microsaccade-triggered increases and 
decreases in visibility25.

Accidental versus fundamental roles of microsaccades. 
Microsaccade research has been hampered by attempts 
to determine the ‘purpose’ of microsaccades6, as well as 
their ‘accidental’ (that is, incidental or epiphenomenal) 
versus ‘fundamental’ roles in vision114,115. One argument 
has been that for A (microsaccades) to have a funda-
mental effect on B (visibility), A must not only cause 
B, but the absence of B (that is, fading) must also cause 
A. Thus, upon finding that microsaccade production 
did not increase after fading, a recent study concluded 
that restoring faded vision is not a fundamental role of 
microsaccades115. This logic is problematic when applied 
to any number of physiological functions, but perhaps 
more importantly, to call some functional properties fun-
damental and others accidental (or to debate their pur-
pose) goes counter to the evidence of random (that is, 
accidental) mutations in the evolution of nervous systems 
through natural selection14. The lack of a mechanism to 
trigger microsaccades in response to fading does not 
disprove that microsaccades restore faded vision during 
fixation. Therefore, the available evidence indicates that 
counteracting fading is a function of microsaccades14.

Pathological microsaccades
The oculomotor system must calibrate how much the 
eyes move during fixation. Too little movement can lead 
to fading, and too much motion can lead to blurred and 
unstable vision. Impaired fixational eye movements can 
disturb this fine balance116. Determining how normal 
fixation differs from pathological fixation might aid the 
differential and early diagnosis of neurological disease as 
well as the quantification of its progression and response 
to treatment.

Box 1 | Fading everywhere

In 1804, Swiss philosopher Troxler documented that fixated images tend to fade away during normal vision126. The 
phenomenon, which is known as Troxler fading, came to be equated to peripheral fading. Ironically, Troxler had reported 
that even centrally fixated targets can disappear after prolonged observation (corroborating an earlier account by E. 
Darwin125). Brewster (in 1818)133 later disregarded Troxler and Darwin’s claims, however, and maintained that fixated 
objects never disappear, whereas peripheral objects do (see REF. 134 for a historical account). The later view has permeated 
contemporary beliefs about the limitations of Troxler fading, with a recent review asserting that foveal images do not fade 
“with or without microsaccades”135. 
However, foveal fading has been observed 
by numerous researchers in various 
experimental set-ups14,125,126,136–138, and 
recent work suggests that microsaccades 
can restore any targets that have faded 
perceptually, including foveal targets14 
(FIG. 5a). The blurred picture on the right 
demonstrates full-field Troxler fading138. To 
experience it, fixate precisely on the centre 
of the image, while attending to the whole 
scene. Careful fixation over the course of 
several seconds will minimize your eye 
movements, causing the entire image to 
fade to grey. Stop fixating to revive the 
scene. Non-blurred images will similarly 
fade in the laboratory when eye 
movements are completely suppressed (for 
instance, with retinal stabilization 
techniques2–4). The figure is modified from 
REF. 138. 
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Recently, the concept of a microsaccade–saccade 
continuum16–21,41 has extended to saccadic intrusions22. 
It has been proposed that the apparently dissimilar fea-
tures of microsaccades and SWJs (the most common 
type of saccadic intrusion) result from two complemen-
tary mechanisms: one to produce microsaccades and 
another to correct fixation errors (resulting in square-
wave coupling) when a given microsaccade is too large 
(see ‘Microsaccades and fixation correction’)17. The cor-
relation between microsaccadic size and SWJ-coupling 
applied both to healthy subjects and to patients with 
progressive supranuclear palsy (PSP), which is an atypi-
cal Parkinsonism in which SWJs are a prominent clinical 
feature17. Determining how microsaccade dynamics are 
altered in PSP17 and in other neurological disorders24,117 
provides information about the pathogenesis of these dis-
eases23, and it additionally serves to guide and constrain 
the models of the oculomotor mechanisms underlying 
microsaccade generation.

A few other studies have started to make headway 
concerning the characteristics of microsaccades in oph-
thalmic and neurological pathologies. For example, the 
clinical evaluation of microsaccades in amblyopia might 
help to determine the optimal duration of a treatment118. 
Amblyopes show decreased microsaccade production in 
the amblyopic (non-dominant) eye during monocular fix-
ation119, which is frequently associated with rapid fading 
of large portions of the visual field120,121. Perceptual fading 
in amblyopia might be related to Troxler fading in normal 
vision10 (FIG. 5a), and it supports the possibility that micro-
saccades might supply more optimal sampling than drift 
(see ‘Microsaccades as an optimal sampling strategy’). It 
has been proposed118 that amblyopic therapies should not 
stop upon centralization of fixation and normalization of 
visual acuity but should extend until the normalization or 
stabilization of fixational eye movements. More recently, 
a scarcity of microsaccades in amblyopic eyes during 
monocular fixation concurrent with increased microsac-
cade magnitudes has been reported122, and the authors 
have suggested that microsaccadic parameters could be 
used in the objective evaluation of eye movement func-
tion in amblyopia.

Children with cerebral palsy can also show microsac-
cadic impairment, which could compound their learning 
difficulties in regard to reading skills123. A negative corre-
lation between microsaccade magnitude and visual acu-
ity has been reported in patients with diabetic macular 
oedema124.

The future of microsaccade research
Once, microsaccade research was one of the most con-
troversial fields in visual and oculomotor neuroscience1. 
Today, converging evidence has resolved many previously 
contentious issues, but several points of discord remain. In 
this Review, we have aimed to clarify some of them, such 
as the ongoing lack of agreement about what constitutes 
an appropriate definition, or even an acceptable size, of 
a microsaccade (FIG. 1), or the differences and — more 
importantly — the commonalities in the physiological 
responses to microsaccades in areas of the visual pathway 
(FIG. 4). Seeking consensus on these matters will facilitate 

Figure 5 | Perceptual effects of microsaccades. a | Microsaccades counteract foveal 
and peripheral visual fading. Microsaccade rates increase before perceptual transitions 
towards target intensification (red) and decrease before transitions to target fading 
(blue) at foveal and peripheral eccentricities. Target eccentricity is indicated at the top 
of each panel. The horizontal lines show the average microsaccadic rate throughout the 
recording session. The shadows show standard error of the mean between subjects 
(N = 7). b | Microsaccades trigger illusory rotation. The top panel shows the ‘rotating 
snakes’ illusion. Fix your eyes on the centre of one of the ‘snakes’ and the motion will 
decelerate or even stop. Relax your fixation and the snakes will spin again. The bottom 
panel shows an example of one subject’s eye position in relation to perceptual reports 
(red lines indicate rotating snakes and blue lines indicate stationary snakes). Arrows 
identify microsaccades. Part a is modified, with permission, from REF. 14 © (2012) 
Society for Neuroscience. The top panel of part b is modified, with permission, from  
REF. 146 © (2005) Kanzen. The bottom panel of part b is modified, with permission, from 
REF. 13 © (2012) Society for Neuroscience. 
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Amblyopia
Visual acuity loss that is not 
attributable to uncorrected 
refractive error or known 
pathology. It is generally linked 
to strabismus and/or with the 
two eyes having unequal 
refractive power (that is, 
anisometropia).

further progress in research on both the causes of micro-
saccade production and the effects of microsaccades on 
vision, cognition and oculomotor control.

A productive discussion of the perceptual effects  
of microsaccades must separately address the impact of 
microsaccades on counteracting (that is, reversing) fad-
ing and on preventing fading. First, it is important to 
emphasize that stimuli do sometimes fade in everyday 
vision125–127 despite the concerted actions of the three 
types of fixational eye movements. The evidence sug-
gests that once a stimulus has faded, microsaccades bring 
it back with higher success than the other fixational eye 
movements14. It seems possible that microsaccades 
might restore vision at any level of stimulus contrast, 
size, spatial frequency and eccentricity for which per-
ceptual fading occurs. In other words, microsaccades 
might restore the visibility of any stimulus that has faded 
during fixation. Future research should investigate this 
hypothesis.

Further questions concerning the impact of micro-
saccades on visibility remain. Why do not all stationary 
stimuli fade in everyday vision? That is, what stimulus 
parameters, or a combination thereof, defy perceptual 
fading? And what fixational eye movements, or a combi-
nation thereof, are responsible for preventing such fading?

A related question is why does the world remain 
visible for several hundred milliseconds between micro-
saccades? One possible answer is that intersaccadic 
drift is sufficient to maintain overall visibility, even in 
the absence of microsaccades. However, this hypothesis 
goes counter to the finding that drift does not contribute 
considerably to reviving faded targets14. Another possi-
bility is that drift sustains the visibility of targets brought 
to life by microsaccades, even if the retinal motion pro-
duced by drift is not sufficient, by itself, to counteract 
fading once a target has vanished (this idea has never 
been tested). Finally, temporal filling-in processes could 

bridge perceptual gaps between saccades or microsac-
cades, so that perception appears continuous rather than 
intermittent. Observers can determine the gist of a briefly 
flashed scene in 150 ms128, a time interval that cannot be 
reduced even with training. Thus, there might be a limit 
to the neural stages and speed involved in visual infor-
mation processing129. Saccades and/or microsaccades, 
which occur every 200–300 s18, may provide multiple 
single high-acuity snapshots of a scene106. Owing to the 
limitations in processing speed mentioned above, more 
frequent production of saccades and microsaccades 
might not improve vision significantly.

The picture of the brainstem circuitry underlying 
microsaccade generation is close to complete (FIG. 3b), but 
it is not known whether higher cortical areas show equiv-
alent activity for saccades and microsaccades. No study 
has yet investigated the activity of the ‘fixation’ zones in 
the frontal eye fields or the basal ganglia during micro-
saccades16, or correlated it with rostral SC activity. Such 
research could help to elucidate the interactions between 
the allocation of attention and microsaccade production.

Computational and mathematical modelling has 
become an integral part of research on microsac-
cades21,57,81,91,130–132, serving as an indicator of the maturity 
of the field. Future studies are expected to include and 
rely more heavily on quantified models of microsaccade 
generation and microsaccadic function.

Importantly, there has been little research on the char-
acteristics of microsaccades in neurological and ophthal-
mic disease, and how these might affect visual stability 
and perception. A recent study has found normal micro-
saccades to be rare in PSP17, but the potentially distinctive 
features of microsaccades — including their relationship 
to saccadic intrusions — in most neurological disorders 
remain unexplored. This is likely to become an area of 
active inquiry, with valuable implications for both clinical 
and basic research.
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