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Spontaneous Microsaccades Reflect Shifts in Covert
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Microsaccade rate during fixation is modulated by the presentation of a visual stimulus. When the stimulus is an endogenous attention
cue, the ensuing microsaccades tend to be directed toward the cue. This finding has been taken as evidence that microsaccades index the
locus of spatial attention. But the vast majority of microsaccades that subjects make are not triggered by visual stimuli. Under natural
viewing conditions, spontaneous microsaccades occur frequently (2–3 Hz), even in the absence of a stimulus or a task. While spontaneous
microsaccades may depend on low-level visual demands, such as retinal fatigue, image fading, or fixation shifts, it is unknown whether
their occurrence corresponds to changes in the attentional state. We developed a protocol to measure whether spontaneous microsac-
cades reflect shifts in spatial attention. Human subjects fixated a cross while microsaccades were detected from streaming eye-position
data. Detection of a microsaccade triggered the appearance of a peripheral ring of grating patches, which were followed by an arrow (a
postcue) indicating one of them as the target. The target was either congruent or incongruent (opposite) with respect to the direction of
the microsaccade (which preceded the stimulus). Subjects reported the tilt of the target (clockwise or counterclockwise relative to
vertical). We found that accuracy was higher for congruent than for incongruent trials. We conclude that the direction of spontaneous
microsaccades is inherently linked to shifts in spatial attention.
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Introduction
Attention and eye movements are tightly linked, but the nature of
this link is not fully understood (Rizzolatti et al., 1987; Corbetta et
al., 1998; Moore and Armstrong, 2003; Awh et al., 2006; Smith
and Schenk, 2012). A series of studies investigated the relation-
ship between spatial attention and miniature (�1°) saccades,
called microsaccades, that occur frequently (�2–3 Hz) when
subjects fixate (Zuber et al., 1965; Winterson and Collewijn,
1976; Engbert, 2006; Rolfs, 2009; Martinez-Conde et al., 2013).
Microsaccades are modulated by the onset of visual stimuli: their
rate sharply drops for �150 ms after stimulus onset and then
rebounds and peaks at 200 –300 ms after stimulus onset before
returning to baseline. Such stimulus-triggered microsaccades
(measured during the rebound) have been shown to modulate
with attention. When the visual stimulus is an endogenous (vol-
untary) attention cue, instructing the subject to shift attention,
stimulus-triggered microsaccades tend to occur in the same di-
rection as the cue (Hafed and Clark, 2002; Engbert and Kliegl,
2003; Laubrock et al., 2005, 2007, 2010; Hafed et al., 2011). When

the stimulus is an exogenous (involuntary) peripheral cue,
stimulus-triggered microsaccades follow the dynamics of atten-
tion, including a shift away from the target (“inhibition of re-
turn”; Galfano et al., 2004; Rolfs et al., 2005). These findings have
led some to conclude that microsaccades are an index of covert
attention (Hafed and Clark, 2002; Laubrock et al., 2007, 2010).

Most studies of microsaccades and attention have focused on
stimulus-triggered microsaccades. But stimulus-triggered micro-
saccades constitute a minority of the microsaccades that subjects
make. In many experimental and naturalistic viewing conditions,
microsaccades occur spontaneously during fixation and are not
evoked by a stimulus or yolked to a task. Although a few studies
show that spontaneous microsaccades are generated dynamically
depending on visual demands (Engbert and Mergenthaler, 2006;
Rucci et al., 2007; Ko et al., 2010; Poletti and Rucci, 2010), these
microsaccades have been essentially ignored by studies of atten-
tion. The link between stimulus-related microsaccades and atten-
tion may not generalize to spontaneous microsaccades, which are
not triggered by an attention cue, and therefore may be unrelated
to attention. If microsaccades reflect the locus of attention, then it
should be possible to infer the direction of attention from the
direction of microsaccades occurring spontaneously during fixa-
tion, independent of any experimental manipulation.

In the current study, spontaneous microsaccades during fixa-
tion were monitored in real time. Spatial attention was not exper-
imentally manipulated but was characterized immediately after a
microsaccade by measuring performance to targets at different
locations. The onset of the stimulus and the location of the target
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were contingent on the timing and the di-
rection of microsaccades. Performance
was compared for targets that were con-
gruent (same direction) or incongruent
(opposite direction) with the microsac-
cades. The hypothesis was that perfor-
mance would be better for congruent than
incongruent targets, i.e., that the direction
of a spontaneous microsaccade could pre-
dict the direction of spatial attention, even
for microsaccades that occurred sponta-
neously, i.e., when attention was not ex-
perimentally manipulated.

Materials and Methods
Subjects. Data were acquired from nine sub-
jects. Eight subjects participated in each exper-
iment [Experiment 1 (Exp 1), five females and
three males; Exp 2, four females and four
males]. Seven subjects participated in both ex-
periments. All subjects were healthy, with no
history of neurological disorders and with nor-
mal or corrected-to-normal vision. Experi-
ments were conducted with the written
consent of each subject, and the experimental
protocol was approved by the University Com-
mittee on Activities Involving Human Subjects
at New York University.

Stimuli. Eight grating patches (radius, 0.5°;
spatial frequency, 3.5 cycle/°) were located at
eight peripheral locations around fixation.
The eight grating patches were arranged in a
circle either surrounding the center of the
screen (Exp 1) or surrounding the eye position
at the time of stimulus presentation (Exp 2). In
Exp 1, the patches were located at 5, 5.5, or 6°
eccentricity (relative to the center of the
screen). The three eccentricities were presented
in a randomly shuffled order, with an equal
probability for each eccentricity (see Fig. 2A). In Exp 2, the patches were
located 6° from the gaze position at the time of stimulus onset (see Fig.
3A). Each of the gratings was independently tilted slightly either clock-
wise or counterclockwise (relative to vertical). The angle of the tilt was
determined individually for each subject according to a pretest before the
main experiments. Specifically, a tilt threshold was measured using a stair-
case procedure to achieve an average accuracy rate of �70%. The tilts varied
across subjects between 0.7 and 2.5° (1.65 � 0.68°, mean � SD).

Procedure. Subjects performed an orientation discrimination task,
with stimulus presentations that were contingent on microsaccades (see
Fig. 2A). Subjects sat in a dark room at a distance of 57 cm from the
display monitor and fixated a black cross (0.2°) on a gray screen. A
predetection period of 2 s was followed by the initiation of the microsac-
cade detection procedure (Fig. 1A). The detection of a microsaccade
offset (decrease in eye-movement velocity below threshold; see below)
immediately triggered the presentation of the stimulus surrounding the
fixation cross (Exp 1) or the actual eye position (Exp 2). Stimulus dura-
tion was 100 ms. This was followed by a “postcue,” a 500 ms presentation
of a central arrow (0.5°) pointing toward one of the eight locations indi-
cating which of them was the target. The postcue was directed either
toward the grating patch located closest to the direction of the microsac-
cade (“congruent” trials) or toward the grating patch opposite (180°) the
microsaccade (“incongruent” trials). The task was limited to only two of
the eight gratings to maximize the number of congruent/incongruent
trials, thereby limiting the experiment to a reasonable duration. The
postcue presentation was followed by the reappearance of the black fix-
ation cross, which stayed on until a button press was detected. The sub-
jects’ task was to indicate with one of two possible button presses whether

the grating was tilted clockwise or counterclockwise of vertical. Follow-
ing the button press, the fixation cross briefly (100 ms) changed color to
green if the response was correct or to red if the response was incorrect.

In Exp 1, each subject performed 456 microsaccade-triggered trials, of
which 50% (228) were congruent and 50% (228) incongruent. Exp 2 had
fewer trials (because there was only one eccentricity): each subject per-
formed 192 microsaccade-triggered trials, of which 96 were congruent
and 96 incongruent.

Each experiment included additional untriggered trials that enabled us
to measure baseline performance accuracy in the absence of microsac-
cades. In the untriggered trials, the time interval between the predetec-
tion period and stimulus onset was selected to be the same as that in the
previous microsaccade-triggered trial. The postcue pointed randomly
toward one of the eight grating patch locations. In Exp 1, each subject
performed 456 untriggered trials. In Exp 2, each subject performed 192
untriggered trials.

Eye tracking. Eye movements were monitored using a remote infrared
video-oculographic system (Eyelink 1000; SR Research), with a spatial
resolution of 0.01° and 0.25– 0.5° average accuracy when using a head-
rest. Real-time eye-gaze data were acquired using Eyelink software and
MGL (http://justingardner.net/mgl) and analyzed on-line using a real-
time microsaccade detection algorithm (see below) implemented in Mat-
lab (Mathworks). The streaming data were filtered on-line using
Eyelink’s software (Stampe, 1993), with the “extra filtering” option en-
abled. Gaze position was acquired at a sampling rate of 1000 Hz, but the
real-time analysis was performed on every other sample, resulting in a
500 Hz sampling rate. Using a video-based eye tracker limited the accu-
racy of the eye-position measurements (the spatial resolution of the eye
tracker is 0.01° according to the manufacturer, and calibration shifts
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Figure 1. Real-time microsaccade detection. A, Eye position during a typical trial. Black curve, Horizontal eye position; gray
curve, vertical eye position. The shaded region is the 2 s fixation period to determine criterion for microsaccade detection. The
dashed line indicates stimulus onset. A microsaccade (detected in real time) precedes stimulus onset. B, Peak eye velocity versus
magnitude of detected microsaccades (“main sequence”), including all trials of all subjects in Exp 1. Each data point corresponds to
a single microsaccade. C, Microsaccade rate relative to stimulus onset (calculated using a sliding window of 100 ms and averaged
across trials, for a typical subject). The early increase in microsaccade rate (just before stimulus onset) is a consequence of the
experimental design in which stimulus presentations were triggered by real-time saccade detection. The later, smaller increase in
microsaccade rate (�500 ms after stimulus onset) is related to button presses during the response period. D, Button-press
frequency, relative to stimulus onset (averaged across trials for the same subject as in C). E, Spatial distribution of microsaccades
(directions and amplitudes), including all microsaccades of all subjects in Exp 1. Each dot represents the spatial coordinates of the
endpoint of a microsaccade, normalized such that zero corresponds to the eye position just before each microsaccade.
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during the experiment, adding some inaccuracies). However, these small
inaccuracies of the eye tracker had no consequences for our conclusions
because they were independent of the randomized order of the experi-
ment conditions.

Microsaccades were detected in real time (Rucci et al., 2007; Chen and
Hafed, 2013) using a modification of a published algorithm (Engbert and
Mergenthaler, 2006). Each trial started with 2 s of eye-position record-
ings that were used for correcting drift in the eye-tracker calibration of
the center of fixation and for setting a saccade-detection velocity thresh-
old for that trial. When the subject blinked during this initial recording,
it was repeated until a blink-free 2 s period of eye-position data were
acquired. An elliptic threshold criterion for microsaccade detection was
determined in 2D velocity space based on the horizontal and the vertical
velocities of the eye-movement data measured during this 2 s time pe-
riod. Specifically, we set the threshold to be six times the SD of the
eye-movement velocity, using a median-based estimate of the SD (Eng-
bert and Mergenthaler, 2006).

The predefined elliptic threshold criterion was then used to detect
microsaccades from the streaming eye-position data. Microsaccade de-
tection was performed on-line for a moving window of three vertical and
three horizontal streaming data samples at a time, from which 2D veloc-
ities were calculated and compared with the elliptic threshold criterion. A
microsaccade onset was detected only if three or more consecutive veloc-
ity samples were outside the ellipse. Saccade offset was defined as the first
time point after a saccade for which velocity fell below the threshold.
Because blinks may appear in the eye trace as saccades, followed by miss-
ing values (when the eyelid was closed), the procedure confirmed that the
saccade offset was not a missing value and, therefore, that the ostensible
saccade was not instead part of a blink. The process was iterated until a
valid microsaccade offset was identified. It was not the case that this
procedure detected each and every microsaccade, because that was not
necessary. Indeed, there were certainly a large number of missed microsac-
cades. Rather, the procedure was designed to be conservative such that there
were very few false microsaccades detected (�7%; see next paragraph).

Eye-movement data were reanalyzed off-line after acquisition. Trials
were excluded from the analysis if there were blinks within 200 ms (be-
fore or after) stimulus onset, or if the detected saccade was larger than 1°.

In addition, we visually inspected the data and
excluded a few additional trials for which it was
unclear whether a microsaccade had occurred.
This resulted in the rejection of 0 –7.1% of tri-
als, across subjects and across the two experi-
ments (Exp 1, 3% averaged across subjects; Exp
2, 2.1%).

Statistics. Nonparametric randomization tests
were used to assess the statistical reliability of the
differences in performance accuracy between the
congruent and incongruent conditions. We
shuffled the labels (“congruent” and “incon-
gruent”) 5000 times for all trials of each sub-
ject. For each random reshuffling, we averaged
across subjects and recalculated the difference
between conditions on the shuffled data, to ob-
tain a null distribution for the average differ-
ence across subjects in performance accuracy.
The measured average difference value was
then compared with the null distribution,
and the proportion of the null distribution
greater than the measured value was desig-
nated as the one-tailed p value. To ensure that
the results did not rely mostly on one of the
individual subjects, we repeated the analyses,
but leaving out the subject with the largest per-
formance difference.

Baseline performance accuracy was com-
puted from the untriggered trials. A baseline
was determined individually for each subject as
a weighted average of the performance accura-
cies for opposite target locations, weighted by
the frequencies with which microsaccades were

made toward each target location. Specifically, we computed perfor-
mance accuracy for targets on the right minus that for targets on the left,
weighted by the frequency of microsaccades within �22.5° of rightward.
Likewise, for each of the other seven target locations. These baseline
performance accuracies were then averaged across subjects. A random-
ization test was used to compare the congruity effect from the
microsaccade-triggered trials with this baseline from the untriggered tri-
als. We shuffled the target location labels (1– 8) 5000 times. For each
random reshuffling, we measured the baseline performance accuracy
from the untriggered trials and the congruity effect (difference in perfor-
mance accuracy between the congruent and incongruent conditions)
from the microsaccade-triggered trials. We used these values to create a
null distribution for the difference between the congruity effect and base-
line. The proportion of the null distribution greater than zero was desig-
nated as the one-tailed p value.

Results
Experiment 1
The real-time microsaccade detection was designed to be conser-
vative such that there were very few false microsaccades detected
(�7%; see Materials and Methods). A few false microsaccades
were detected off-line (after the data were acquired; see Materials
and Methods); these trials were removed from analysis, so the
psychophysical performance reported below was based on only
valid microsaccades. Running the regular off-line microsaccade-
detection algorithm on the same eye-movement data (Engbert
and Kliegl, 2003) demonstrated the validity of the real-time
microsaccade-detection algorithm. There was (by design) an in-
crease in microsaccade rate immediately before stimulus onset
(Fig. 1C). There was also a later increase in microsaccade rate
triggered by subjects’ button-press responses (Fig. 1, compare C,
D). The validity of the detected microsaccades was further dem-
onstrated by showing that they followed the main sequence of
saccades (Zuber et al., 1965; Bahill, 1974; Fig. 1B).
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Figure 2. Experiment 1 protocol and results. A, Fixation: Each trial started with �2 s of fixation (duration depended on
microsaccade onset time). Stimulus: After offset of the detected microsaccade, eight grating patches (shown iconically, not to
scale, and not with the proper contrast) were presented for 100 ms at 5.5, 6, or 6.5° eccentricity in a ring around fixation. Postcue:
An arrow was presented for 500 ms, pointing either in the same direction as the microsaccade (congruent) or in the opposite
direction (incongruent). Response: The fixation cross reappeared, and the subject was instructed to make an orientation– discrimi-
nation decision at the cued location by pressing one of two buttons (a “1” for counterclockwise, a “2” for clockwise). Time to
respond was unlimited. Feedback: The fixation cross changed color: green, correct; red, incorrect. B, Performance accuracy. Per-
formance on congruent trials was better than on incongruent trials. C, Performance accuracy for all individual subjects. cong,
Congruent; incong, incongruent.

Yuval-Greenberg et al. • Spontaneous Microsaccades Reflect Shifts of Attention J. Neurosci., October 8, 2014 • 34(41):13693–13700 • 13695



Orientation– discrimination performance was significantly
higher for congruent trials than incongruent trials (Fig. 2B,C;
accuracy for congruent condition: 75.1%, averaged across sub-
jects; accuracy for incongruent condition: 72.6%; p � 0.002, ran-
domization test; see Materials and Methods). To ensure that the
results did not rely mostly on one of the individual subjects, we
repeated the analyses, but leaving out the subject with the largest
performance difference. With this subject left out, orientation–
discrimination performance was again significantly higher for
congruent trials than incongruent trials (p � 0.01).

A complementary analysis confirmed that the interpretation
of these results was not confounded by a performance bias. The
distribution of microsaccade directions is biased such that some
directions are more frequent than others (Engbert, 2006). Also,
there are well characterized differences in performance accuracy,
called “performance fields,” for different locations in the visual
field (Carrasco et al., 2001). If the bias in microsaccade direction
was correlated with the performance field, either individually for
each subject or on average across subjects, then this might have
artificially inflated the congruity effect. For example, assume that
a particular subject made more rightward than leftward micro-
saccades and that his or her discrimination performance (regard-
less of microsaccades) was better for stimuli placed to the right
than to the left of fixation. The experimental procedure chose
each target location according to microsaccade direction, so
more rightward (than leftward) microsaccades would have
yielded more congruent trials with the target on the right (than
on the left), and vice versa for incongruent trials. Because perfor-
mance (for this hypothetical subject) was better for targets lo-
cated on the right (than on the left), this could have resulted in a
sham congruity effect.

We found no evidence for a correlation between the bias in
microsaccade direction and the performance field. There was a
large horizontal bias of microsaccade direction (Fig. 1E) evident
in all subjects (the average number of leftward and rightward
microsaccades was larger than the average number of upward
and downward microsaccades, for all subjects) and a smaller up-
ward bias (the average number of upward, up-leftward, and up-
rightward microsaccades was larger than the number of downward,
down-leftward, and down-rightward microsaccades in six of eight
subjects). Averaged across subjects, 29% of microsaccades were di-
rected to the right, 7.5% were directed up-rightward, 4.8% upward,
1.2% up-leftward, 41.6% leftward, 2.7% down-leftward, 0.7%
downward, and 1.9% down-rightward. The performance accu-
racy in trials that were triggered by microsaccades, averaged
across subjects, was as follows: 77.4% when the cue appeared to
the right of fixation; 73.3% for an up-rightward cue; 76.3% for an
upward cue; 57% for an up-leftward cue; 77% for a leftward cue;
70.1% for a down-leftward cue; 61.4% for a downward cue; and
70.2% for a down-rightward cue. The correlation between the
mean performance-field bias and the mean microsaccade-
direction bias was not statistically significant (r � 0.46, p � 0.25),
although for certain directions in certain subjects there were al-
most no microsaccades and, correspondingly, not enough
microsaccade-triggered trials to measure performance reliably.

To further ensure that this correlation did not create a sham
congruity effect, we measured baseline performance accuracy for
trials that were not triggered by microsaccades (see Materials and
Methods). These untriggered trials were randomly interleaved
with the microsaccade-triggered trials, and they were equal in
number. Baseline performance accuracy was computed from the
untriggered trials, individually for each subject, as a weighted
average of the performance accuracies for opposite target locations,

weighted by the frequencies with which microsaccades were made
toward each target location (see Materials and Methods). Baseline
performance accuracy for the untriggered trials was statistically in-
distinguishable from 0 (mean baseline performance accuracy,
0.05%; p�0.13, randomization test). The difference in performance
(congruent � incongruent) for microsaccade-triggered trials was
significantly larger than the untriggered baseline (p � 0.03, random-
ization test; see Materials and Methods).

Microsaccades constitute a shift in the position of the eye gaze,
which is either toward the target (congruent) or away from the target
(incongruent). Therefore, the difference in performance between
the congruent and the incongruent trials might have been explained
by the shorter distance between the target and the eye position in
the congruent compared with the incongruent conditions. In-
deed, we observed that the congruity effect was larger for larger
microsaccades (0.5–1°), which created a shorter eye-to-target
distance, than for smaller microsaccades (0 – 0.5°). This may sug-
gest that some of the congruity effect we found can be explained
by retinal eccentricity. However, such large microsaccades con-
stituted a very small minority (3.3%, on average) of the micro-
saccades on which the gaze contingent procedure was based.
Therefore, most of the retinal displacements caused by microsac-
cades were smaller than 0.5° and were unlikely to impact percep-
tion at the peripheral eccentricity of 5– 6°. Moreover, the
congruity effect was significant even when taking only a subset of
small microsaccades (e.g., microsaccades that were smaller than
0.3°; p � 0.004).

To further test the involvement of small retinal displacements
in the reported difference in performance between the congruent
and the incongruent trials, we compared performance for a more
peripheral congruent target with a more foveal incongruent tar-
get. Since most microsaccades were smaller than 0.5°, we com-
pared a congruent target at 6° with an incongruent target at 5.5°.
Performance accuracy was higher for congruent targets located at
6° than for incongruent targets located at 5.5° (congruent, 76.7%;
incongruent, 68.6%; p � 0.001, randomization test), supporting
the conclusion that the difference between congruent and incon-
gruent trials cannot be accounted for by any difference in retinal
location. But there was no evidence for a difference in perfor-
mance between incongruent targets at 5° and congruent targets at
either 5.5 or 6° (n.s., randomization test). It was not possible,
therefore, to completely rule out any contribution of retinal dis-
placement (i.e., shorter eye-to-target distances) to the perfor-
mance differences in Exp 1, and Exp 2 was designed as a
complementary approach to test the possible influence of target
retinal location.

Experiment 2
The second experiment was similar to the first except that the
patches were located 6° from the measured eye position at the
time of stimulus onset, i.e., after the microsaccade (Fig. 3A). Con-
sequently, the eccentricity of the target (distance from center of
gaze) was equal for congruent and incongruent trials.

The results replicated the congruity effect of Exp 1. Perfor-
mance accuracy was significantly higher for congruent than for
incongruent trials (Fig. 3B,C; congruent, 71.07%; incongruent,
66.96%; p � 0.001, randomization test). This difference in per-
formance remained significant after leaving out the subject with
the largest effect (p � 0.001).

Following the same analysis as in Exp 1, we examined the
relationship between performance-field and microsaccade-
direction bias. There was again a large horizontal bias of micro-
saccade direction and a smaller upward bias. Averaged across
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subjects, 27.7% of microsaccades were directed rightward,
9.4% up-rightward, 6.6% upward, 16.2% up-leftward, 34.1%
leftward, 1.5% down-leftward, 1.5% downward, and 2.9%
down-rightward. The performance accuracy in trials that were
triggered by microsaccades, averaged across subjects, was as fol-
lows: 71.4% when the cue appeared to the right of fixation; 69%
for an up-rightward cue; 61.1% for an upward cue; 70.4% for an
up-leftward cue; 71.5% for a leftward cue; 68.8% for a down-
leftward cue; 59% for a downward cue; and 57.8% for a down-
rightward cue. The correlation between the mean performance-field
bias and the mean microsaccade-direction bias was statistically sig-
nificant (r � 0.71, p � 0.047). This result cannot be considered
entirely meaningful because for certain directions in certain sub-
jects, there were almost no microsaccades and, correspondingly,
not enough microsaccade-triggered trials to measure perfor-
mance reliably. But it does leave open the possibility that the
performance difference for congruent versus incongruent trials
might have been confounded with the performance-field bias,
i.e., that it was a sham congruity effect.

The possibility of such a sham congruity effect was ruled out
by measuring baseline performance accuracy for trials that were
not triggered by microsaccades, following the same analysis as in
Exp 1. Baseline performance accuracy for the untriggered trials
was negative (mean baseline performance accuracy, �3%), and
the difference in performance (congruent � incongruent) for
microsaccade-triggered trials was significantly larger than the un-
triggered baseline (p � 0.03, randomization test). This means
that the performance bias contributed an effect that was opposite
to the congruity effect and is partially masking the “real” congru-
ity effect. The value that we measured, which includes both the
real congruity effect and the performance bias, is, in fact, smaller
than the real congruity effect, and therefore the performance bias
is not a concern in interpreting these data.

The grating patches were never presented nearby the fixation
cross, minimizing possible concerns that the fixation cross might
have inadvertently cued or masked the grating patches. The dis-
tance between the fixation cross at the center of the screen and the

measured eye position at the time of stim-
ulus onset was 0.73 � 0.71° (mean � SD),
averaged across subjects and trials. It was
0.73 � 0.9, 0.72 � 0.85, and 0.72 � 0.83° at
25, 50, and 75 ms after stimulus onset, re-
spectively (Fig. 3D).

Discussion
When subjects fixate, microsaccades oc-
cur spontaneously and involuntarily a few
times per second. These microsaccades
are not necessarily triggered by a change
in visual stimulation or by any other ex-
perimental manipulations. We studied
the relationship between these spontane-
ous microsaccades and attention shifts.
Immediately after a spontaneous micro-
saccade, performance accuracy was higher
for a target located in the direction of
the microsaccade (congruent) compared
with targets located opposite the micro-
saccade direction (incongruent). We
found similar results in two experiments:
Exp 2 not only replicated the basic finding
from Exp 1 but also complemented Exp 1
by controlling the retinal eccentricity of
the targets. This finding demonstrates

that spontaneously occurring microsaccades are linked to spon-
taneous shifts in spatial attention.

Microsaccades are an index of covert attention
Previous studies have concluded that microsaccades are “an in-
dex of attention” (Laubrock et al., 2007) or “reflect attention”
(Hafed and Clark, 2002). Such studies examined stimulus-
triggered microsaccades that were evoked by the stimuli (includ-
ing the attention cues) used in the experiment (Hafed and Clark,
2002; Engbert and Kliegl, 2003; Laubrock et al., 2005, 2007, 2010;
Hafed et al., 2011). Although initially controversial (Horowitz et
al., 2007), it has been established clearly and convincingly that
such stimulus-triggered microsaccades modulate with attention
(Laubrock et al., 2010). However, it was conceivable that sponta-
neous microsaccades are governed by a distinct physiological
mechanism that is not influenced by attention.

In our study, we tested the hypothesis that the locus of atten-
tion and microsaccade direction are linked not only for stimulus-
triggered microsaccades but also for spontaneous microsaccades.
This finding is an indication that some of the spontaneously oc-
curring microsaccades are correlated with spontaneous shifts of
attention and that the direction of microsaccades (on average) is
an index of spatial attention. It does not, however, indicate that
individual microsaccades can be used as an index of attention. It
is likely that some spontaneously occurring microsaccades are
linked with shifts in attention and other spontaneously occurring
microsaccades are not. Our results encompass an average of the
two. Hence, a single microsaccade cannot be used as an index for
a specific shift of attention, but the average dynamics of micro-
saccades over many repetitions does reflect attention.

A theoretical framework based on Bayesian priors (weights
specifying the prior probability of a target location) has been used
to explain improvements in perceptual performance after the
presentation of a valid attention cue (Eckstein et al., 2002, 2006,
2009; Yu and Dayan, 2005). Unlike most studies on attention, our
experimental design included no precue, and attention allocation
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was based on priors and spontaneous dynamics. Subjects may
have learned to expect a peripheral stimulus at specific locations,
and these locations may have been asymmetrically attended as
indicated by the congruity effect. These results suggest that Bayes-
ian weights may change dynamically over time and space (even
without explicit cues) and that these dynamics are linked to the
direction of microsaccades.

Microsaccades and visuomotor maps
Microsaccades resemble saccades in almost every way (Zuber et
al., 1965; Van Gisbergen and Robinson, 1981; Sparks, 2002; Eng-
bert and Mergenthaler, 2006; Otero-Millan et al., 2008; Hafed et
al., 2009), so they might reflect the same physiological phenom-
enon, located at different points on a continuum of saccade am-
plitudes (Hafed et al., 2009; Hafed and Krauzlis, 2012). Eye
movements are controlled by neural activity in visuomotor maps
in the superior colliculus (SC), frontal eye field, and lateral intra-
parietal area (Andersen et al., 1990; Schall et al., 1995; Corbetta et
al., 1998; Hanes et al., 1998; Krauzlis, 2003; Carello and Krauzlis,
2004; McPeek and Keller, 2004; Baker et al., 2006). An eye move-
ment occurs when there is an accumulation of activity that ex-
ceeds a threshold in a subpopulation of neurons selective for a
specific direction and amplitude (Van Gisbergen and Robinson,
1981; van Opstal and van Gisbergen, 1990; Gandhi and Katnani,
2011). During fixation, neural activity in SC visuomotor maps
corresponds to a stochastic process distributed around the center
of the visual field, with the peak of activity from neurons coding
zero amplitude and direction (“fixation-selective” neurons).
Strong and continuous activity in fixation-selective neurons, rel-
ative to weaker subthreshold activity in the rest of the visuomotor
map, is necessary for successful maintenance of fixation. Micro-
saccades may occur when the balance between fixation-selective
and other neurons is momentarily tipped, causing a slight shift of
the center of mass of activity away from zero (Hafed and Clark,
2002; Engbert and Kliegl, 2003; Laubrock et al., 2005, 2007, 2010;
Rolfs et al., 2005, 2008; Hafed et al., 2009, 2011; Hafed and Krauz-
lis, 2010; Hafed and Lovejoy, 2013). This can either occur ran-
domly, when activity in a nonfixation subpopulation randomly
crosses a threshold, or it can be caused by competition between
fixation-selective neurons and other subpopulations of neurons
in visuomotor maps. In particular, shifts of attention can cause
such momentary imbalance in the superior colliculus (Hafed and
Lovejoy, 2013).

Attention and visuomotor maps
The “premotor theory” of attention (PMTA) posits that shifts of
attention are based on planning goal-directed actions toward the
attended location (Rizzolatti et al., 1987). One of the main pre-
dictions of this theory is that attention shifts and saccades are
driven by the same neural mechanisms. Although the theory is
controversial (Deubel and Schneider, 1996; Juan et al., 2004; Awh
et al., 2006; Pouget et al., 2009; Gregoriou et al., 2012; Smith and
Schenk, 2012), there is indeed evidence showing that shifts of
spatial attention activate the same neural subpopulations that are
activated by saccades to the same locations (Corbetta et al., 1998;
Grosbras and Paus, 2002; Moore and Armstrong, 2003; Muggle-
ton et al., 2003; Carello and Krauzlis, 2004; McPeek and Keller,
2004; Moore and Fallah, 2004; Müller et al., 2005; Smith et al.,
2005; Awh et al., 2006). A “microsaccade variation” of the PMTA
could posit that although the activity involved with attention
shifts is not strong enough to evoke a large saccade to the
attended location, it could be strong enough to tip the balance
in visuospatial maps and trigger a microsaccade toward the

attended location (Hafed and Clark, 2002; Hafed and Krauzlis,
2010). Alternatively, the opposite direction of causality could also
be hypothesized, i.e., that microsaccades induce the performance
enhancement we call “covert attention” (Hafed, 2013). In both
cases, contrary to the traditional view of covert attention, it does
involve an actual eye movement in the attended direction (Eng-
bert and Kliegl, 2003). This hypothesis is consistent with previous
findings showing that microsaccades are congruent with atten-
tion cues (Hafed and Clark, 2002; Engbert and Kliegl, 2003;
Laubrock et al., 2005, 2010; Rolfs et al., 2005; Hafed et al., 2009;
Hafed and Krauzlis, 2010), and also with our current finding that
the direction of spontaneous microsaccades during fixation is
related to shifts of attention.

Our results can be couched in the context of a computational
model that purports to explain the timing and direction of mic-
rosaccades (Engbert et al., 2011; Engbert, 2012). This model is
based on the notion that fixational eye movements are equivalent
to a self-avoiding random walk with a 2D activation map that
biases the random walk toward low values of activation. To stim-
ulate the attempt to “fixate” and the influence of perceptual and
attentional modulations, a quadratic function is added to the
activation map, with a minimum at the fixated location. In each
time step, additional activation is added to the site corresponding
to the current eye position, and activation is gradually decreased
at all other sites. According to the model, microsaccades occur
when the walk reaches a position at which the activation sur-
passes a certain threshold, evoking a fast movement to the posi-
tion with the global minimum of activation. The current results
are compatible with this model assuming either directions of
causality described above: that spontaneous fluctuations in the
activation map trigger microsaccades or that microsaccades dis-
tort the activation map, which is then translated into the behav-
ioral modulation we call spatial attention (Engbert et al., 2011).

Studies on predictive remapping of attention suggest that
shifts of attention to a saccade target precedes the actual eye mo-
tion (Merriam, 2003; Cavanagh et al., 2010; Rolfs et al., 2011).
However, our procedure characterized attention only after mic-
rosaccade offset. This temporal relationship between microsac-
cade and stimulus is inevitable in our design because one cannot
anticipate when a microsaccade is going to occur. Characterizing
attention concurrent with a microsaccade would require an en-
tirely different design, including high-rate presentation of stimuli
that would occasionally occur at the desired time. But doing this
would miss the point of measuring spontaneous microsaccades
because it would highly modulate the microsaccade rate. Al-
though measuring attention only after microsaccade offset is a
necessity of design, it does not undermine our conclusion. First,
the temporal dynamics of attention shifts are substantially slower
than the �70 ms gap that is introduced by the remapping of
attention (�50 ms) and by the actual saccade (�20 ms). From
the time of remapping to the presentation of the stimulus, there is
not enough time for a second attention shift. Second, this time
gap would work against our reported effect. Support for our con-
clusion is stronger because we find a significant effect despite the
time gap.

Conclusion
Visual discrimination performance is better when the microsac-
cade is in the direction of the target than when it is in the opposite
direction. This finding implies a relationship between the locus of
spatial attention and the direction of the spontaneous microsac-
cades during fixation. The correlation between attention shifts
and microsaccades opens the possibility of studying the dynamics
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of spontaneous shifts in attention via microsaccades. Future
studies could use the procedure described here to examine the
temporal dynamics of attention and to compare performance
with and without microsaccades.
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