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Abstract

The primate superior colliculus (SC) has recently been shown to possess both a large foveal representation as well as a varied
visual processing repertoire. This structure is also known to contribute to eye movement generation. Here, we describe our cur-
rent understanding of how SC visual and movement-related signals interact within the realm of small eye movements associated
with the foveal scale of visuomotor behavior. Within the SC’s foveal representation, there is a full spectrum of visual, visual-
motor, and motor-related discharge for fixational eye movements. Moreover, a substantial number of neurons only emit move-
ment-related discharge when microsaccades are visually guided, but not when similar movements are generated toward a blank.
This represents a particularly striking example of integrating vision and action at the foveal scale. Beyond that, SC visual
responses themselves are strongly modulated, and in multiple ways, by the occurrence of small eye movements. Intriguingly,
this impact can extend to eccentricities well beyond the fovea, causing both sensitivity enhancement and suppression in the pe-
riphery. Because of large foveal magnification of neural tissue, such long-range eccentricity effects are neurally warped into
smaller differences in anatomical space, providing a structural means for linking peripheral and foveal visual modulations around
fixational eye movements. Finally, even the retinal-image visual flows associated with tiny fixational eye movements are signaled
fairly faithfully by peripheral SC neurons with relatively large receptive fields. These results demonstrate how studying active
vision at the foveal scale represents an opportunity for understanding primate vision during natural behaviors involving ever-
present foveating eye movements.

NEW & NOTEWORTHY The primate superior colliculus (SC) is ideally suited for active vision at the foveal scale: it enables
detailed foveal visual analysis by accurately driving small eye movements, and it also possesses a visual processing machinery
that is sensitive to active eye movement behavior. Studying active vision at the foveal scale in the primate SC is informative for
broader aspects of active perception, including the overt and covert processing of peripheral extra-foveal visual scene locations.

active vision; fixational eye movements; foveal vision; microsaccades; superior colliculus

INTRODUCTION

Foveal visual processing and its associatedmotor behaviors
are important to investigate to fully understand primate
(including human) vision. Although a research focus on the
neural mechanisms associated with active vision at the foveal
scale had been somewhat neglected for some time in the past,
recent efforts to understand eye movement control at the mi-
nute scale of fixational eye movements (frequently displacing
visual retinal images by as little as one single retinal photore-
ceptor) have emerged (1–6). These efforts represent an impor-
tant component of broader attempts to investigate the neural

control of movement in general. Indeed, the field of neural
movement control has a long and rich history of landmark
studies of eye movements as representing a model control
system in the brain (7–17). It is, therefore, natural to also con-
sider the control of tiny eye movements within this
broader scheme. This is particularly relevant nowadays,
especially in light of a renewed interest in small eye move-
ments and how they might influence visual and cognitive
processing (3, 18–22).

Investigating the neural control of eye movements natu-
rally includes studies of the superior colliculus (SC). The SC
is known to contribute to eye movement generation, with a
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well-known classic role in driving saccades (23–27), includ-
ing large gaze shifts requiring a combination of both eye and
head movements (28–32). This structure also supports
smooth pursuit eye movements (33–36), which involve
foveal movement goals. All of this points to the importance
of the SC in orienting responses in general, whether they are
overt or covert (2, 37–40). This is in addition to the SC’s role
in modulating pupil diameter (41–43). At the foveal scale, it
is now known that the SC magnifies the representation of
the central visual field much more than previously assumed
(44), meaning that a role for the SC in active vision at the
foveal scale also figures prominently.

An interaction between vision and eye movements at the
level of the SC, whether in its foveal visual representation or
outside, is also expected because the SC is verymuch a visual
structure in addition to its motor contributions. The superfi-
cial SC layers receive direct retinal projections (45–48), and
the SC also receives inputs from a number of cortical visual
sensory areas (49–54). This means that the SC is fundamen-
tally a sensory-motor structure, with the deeper layers also
exhibiting multisensory responses (55–60). From the per-
spective of this article, its sensory-motor nature implies that
the SC is a perfect candidate for studying the neural mecha-
nisms of vision and action together. In fact, the SC contains
anatomical loops within its layers, linking purely visual su-
perficial layers with deeper visual-motor layers (37, 61–64)
and vice versa (65–69). Moreover, these loops exhibit rich
interactions showing both excitatory and suppressive influ-
ences (65, 68). This is in addition to equally rich lateral inter-
actions within the layers (70), which likely help in mediating
interactions between foveal and extra-foveal active vision
that we summarize in this article. Given that the SC also proj-
ects to both downstream motor systems (71–73) and
upstream cortical visual areas (74–85), the role of the SC in
active vision also extends beyond the scope of intra-SC
connections.

In line with all of the above, in addition to recent emerging
attempts to study the role of the SC in the control of tiny eye
movements, parallel investigations of visual modulations
around the time of such eye movements were also made.
The net result is that we now have a relatively rich recent
description of active vision processes in the primate SC at
the foveal scale of visuomotor behavior. In what follows, we
provide an integrative view of these processes, and we
describe their implications and consequences for future
research. Reviews of other aspects of SC function are pro-
vided elsewhere (37, 40, 62, 86).

VISUAL AND NONVISUAL DRIVES FOR
FIXATIONAL EYE MOVEMENTS
Fixational eye movements come in two primary flavors:

microsaccades and the slow ocular position drifts that occur
in between them (87, 88). We will address ocular position
drifts in the section SMOOTH OCULAR MOVEMENTS AND FOVEAL

SC GOAL-RELATED AND VISUAL REPRESENTATIONS; for the case of
microsaccades, these are small saccades that are typically
<30min arc in amplitude (89–91), although the exact defini-
tion of what constitutes an upper limit on microsaccade size
seems to vary between studies (1, 4, 92, 93). Here, we use the
functional definition of these movements as being fixational

eye movements; that is, they occur during the intended goal
of maintaining gaze fixation on a foveal target. Functionally,
they serve to sample the foveal visual environment (94–96),
much like larger saccades sample different visual scene loca-
tions (97, 98).

It was found approximately one decade ago that microsac-
cades are associated with strong activity in the rostral region
of the SC, which represents the most central portion of the
visual field (91, 99). Whenever a microsaccade is generated,
rostral SC neurons in the intermediate and deep layers ex-
hibit a discharge characterized by a premovement buildup
of neural activity, followed by a peak burst of action poten-
tials before a return to baseline (91, 99). For every neuron,
the preferred range of microsaccade amplitudes and direc-
tions that are associated with elevated perimovement dis-
charge is different. This results in each neuron exhibiting a
movement response field (RF), or the range of movement
directions and amplitudes that a neuron represents. Such
microsaccade-related SC activity is also causally relevant for
microsaccade generation, as eliminating this activity also
reduces microsaccade frequency (91, 100). As we also
describe in the section SMOOTH OCULAR MOVEMENTS AND

FOVEAL SC GOAL-RELATED AND VISUAL REPRESENTATIONS, such
activity additionally represents goal locations for other
active oculomotor behaviors at the foveal scale, such as with
smooth pursuit eye movements (33, 35, 36, 101, 102) or even
ocular position drifts.

For almost 10 years, the extent of knowledge about the
role of the SC in microsaccade generation was limited to the
description just provided. However, a lot remained to be
learned. For example, there were no descriptions of different
cell types in relation to microsaccades, as had been done
before for larger saccades. Specifically, for the latter move-
ments, there are mixtures of visual-only neurons, visual-
motor neurons, and motor neurons associated with saccades
in the SC (27, 103–106). However, historical investigations of
the rostral SC, representing small visual eccentricities, were
primarily focused on its motor roles, whether in fixation
(107), smooth pursuit eye movements (36), or microsaccades
(91, 99). Understanding the full diversity of microsaccade-
related discharge in the SC became especially important, in
light of these general SC properties, when considering the
fact that microsaccades were becoming increasingly
accepted as being purposeful eye movements (108), meaning
that they actively optimize eye position at the fixated target
in both humans (94, 95) andmonkeys (20, 96, 109).

Two recent studies enabled the above-mentioned needed
advances in the understanding of the broader role of the SC
in microsaccade generation. In one study, it was found that
the SC has a highly sensitive and high fidelity visual repre-
sentation of foveal images in its rostral region (44). Thus, it
is now known that the SC at its foveal end not only has
microsaccade-related discharge in the intermediate and
deep layers (91, 99), but that it also contains very sensitive
visual neurons (in the superficial and intermediate layers)
rapidly detecting tiny images appearing within the rod-
sparse foveola region of the retinal image (44). As expected,
the visual RFs of these neurons are much smaller than
eccentric visual RFs, resulting in a remarkable continuity of
RF sizes as a function of eccentricity from the smallest to
largest RFs known to exist in the SC (44, 103, 110–112). As we
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will also state when discussing fixational ocular position
drifts, deeper layer SC activity that is involved in microsac-
cade generation also contributes to representing retinotopic
foveal goal locations during fixation periods in between
microsaccades (39, 100).

In the second study, the authors went even further by
designing a behavioral task that explicitly dissociates visual
sensory responses from movement-related discharge at the
small scale of microsaccades (108). These authors specifically
demonstrated that monkeys and humans can very naturally,
and with remarkably minimal training, generate precise and
accurate “memory-guidedmicrosaccades” (108). The task con-
sisted, first, of an onset of a brief tiny visual flash at a foveal
location; then, amemory period ensued, and the subjects were
only allowed to generate a spatially accurate memory-guided
saccadic movement after the fixation spot disappeared. The
authors deliberately picked foveal target eccentricities that
resulted in saccade sizes similar to the sizes of microsaccades
observed during simple gaze fixation, allowing them to explore
potential nonvisual drives for microsaccades. An example trial
from this task can be seen in Fig. 1A, and demo movies can
also be viewed at: https://www.nature.com/articles/s41467-
019-11711-x#Sec21. Success rate for memory-guided microsac-
cades was at least as good as, if not slightly better, than the
success rate for similarly sized visually guided movements
(108). Moreover, the reaction times after the “go” signal (Fig.
1A) were like those expected from task-instructed small eye

movements (108, 113), and the directional errors were consis-
tently minimal (Fig. 1B). Finally, the amplitudes of memory-
guided microsaccades reflected the remembered target eccen-
tricities well, and they also formed a continuum with larger
memory-guided movements when extra-foveal memorized
target eccentricities were tested (Fig. 1C).

Besides clarifying a long-standing misconception that
microsaccades are involuntary eye movements, the task of
Fig. 1 now allowed studying the different components of SC
neural activity in association with the small scale of micro-
saccades. For example, the neuron in Fig. 2A exhibited a dis-
charge for memory-guided microsaccades that was very
similar to the classic microsaccade-related activity charac-
terized earlier (91, 99). The movement RF of the neuron
(shown in the right half of Fig. 2A) was also almost entirely
foveal; the radial dimension is plotted in the figure on a loga-
rithmic scale to magnify small-amplitude ranges (99). Using
the different epochs in this task, Willeke et al. (108) then clas-
sified SC neurons into one of five different types (Fig. 2, B–E)
based on their activity in relation to visual onsets, memory-
guided microsaccades, or visually guided microsaccades.
Remarkably, it was found that the SC contains the entire
spectrum of possible neural discharge variants, suggesting
that all of the ingredients for active vision at the foveal scale
exist in this structure (108).

More specifically, the authors first confirmed that the
foveal representation in the rostral SC contains all three
most well-known saccade-related neuron types: visual-only
neurons, visual-motor neurons, and motor neurons. Visual-
only neurons exhibit a short-latency visual response after
the onset of the flashed cue indicating the upcoming micro-
saccade target location (Fig. 2B; V-neurons); however, they
do not exhibit any movement-related discharge for micro-
saccades directed toward the RF, whether the microsaccades
are memory-guided or visually guided (Fig. 2C; V-neurons).
Visual-motor neurons show both visual responses (Fig. 2B;
VM-neurons) as well as perimovement activity elevations
like those in Fig. 2A (Fig. 2C; VM-neurons). Note how the
motor discharge in these neurons is similar whether the
microsaccades are visually guided or memory-guided.
Finally, motor neurons do not show visual responsiveness
(Fig. 2B; M-neurons), but they show movement-related dis-
charge regardless of visual guidance of microsaccades (Fig.
2C; M-neurons).

Remarkably, two additional cell types were discovered
using the memory-guided microsaccade task (108). The first
type is that of “visually dependent saccade-related neurons”
(VDSR-neurons). These neurons are either visual-motor or
motor (i.e., with or without a visual response), but they only
exhibit movement-related discharge if the microsaccade is
visually guided (Fig. 2, B and C; VDSR-neurons). If a similar
microsaccade is directed toward a blank, as in the case of
memory-guided microsaccades, then the neurons do not ex-
hibit any movement-related discharge at all, as if they are
not contributing to the movement. Only three prior studies
with large saccades have reported an occasional observation
of these visually dependent saccade-related neurons (104,
114, 115), with the general assumption being that these neu-
rons are extremely rare. However, with larger and less biased
sampling obtained using multi-electrode array recordings,
Willeke et al. (108) demonstrated that these types of neurons
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are actually much more common than previously assumed.
For example, Fig. 2D plots the distribution of these neurons
relative to the other types, and VDSR neurons are at least as
likely as the sum of VM and M neurons combined. This sug-
gests that VDSR neurons are a key component of SC neural
discharge, and they warrant much deeper investigation. For
one, these neurons cast strong doubt on a current hypothesis
that intrasaccadic SC bursts dictate the moment-to-moment

kinematics of an ongoing saccade (116–118); indeed, a signifi-
cant fraction of neurons completely stop bursting for mem-
ory-guided movements whose kinematics are only mildly
different from those of visually guided saccades (114). We
argue that the functional role of SC movement-related bursts,
whether for microsaccades or larger saccades, remains to be
an open and intriguing question, especially in light of the
prevalence of VDSR neurons (Fig. 2D).
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The second new cell type revealed by the memory-guided
microsaccade task is the functional opposite of VDSR neu-
rons. In this type, the neurons only exhibit movement bursts
for memory-guided microsaccades rather than for visually
guided microsaccades (Fig. 2, B and C; ER-neurons). In their
study, the authors labeled these neurons as “exclusively
responding” neurons (108), meaning “exclusively respond-
ing for memory-guided microsaccades.” This property of the
neurons likely reflects an expansion of movement RFs asso-
ciated with the increased spatial uncertainty of movement
goal location. Indeed, within the central visual field repre-
sentation in the rostral SC, the RF hotspots of ER neurons
are more eccentric than for other types of neurons (Fig. 2E).
That is, these neurons normally represent larger eye move-
ments. However, with increased target location uncertainty
due to a lack of visual guidance, the RFs of these neurons
expand inward toward the fovea; as a result, the neurons
respond exclusively for memory-guidedmicrosaccades (with
expanded RFs) but not for similarly sized visually guided
movements (108). An RF alteration is known to exist with
caudal neurons for larger memory-guided saccades (119,
120), and even foveal goal representations recruit larger pop-
ulations of neurons when the foveal target for fixation (100)
or smooth pursuit eye movements has larger spatial uncer-
tainty associated with it (101, 102).

Therefore, the foveal region of the SC contains the full
gamut of neuron types for linking vision and eye move-
ments, and the neuron RF hotspots also tile the entire visual
field representation (Fig. 2E). Moreover, nonvisual drives for
microsaccades (and larger saccades) can dramatically alter
SC activity, as in the case of VDSR neurons. This diversity of
neural response types leaves open important additional
questions, which have the potential to further clarify behav-
ioral properties of orienting eye movements at the foveal
scale. Consider, for example, the specific case of visual tar-
gets in the upper versus lower retinotopic visual fields. With
extrafoveal SC recordings, it was found that the SC has sig-
nificantly stronger and faster visual responses in neurons
representing the upper visual field than in neurons repre-
senting the lower visual field (Fig. 3A) (111). That is, a stimu-
lus within a neuron’s preferred RF hotspot location elicits a
significantly stronger and earlier visual response if the neu-
ron’s RF hotspot location is above the horizontal meridian; if
the neuron represents a lower visual field location, a stimu-
lus at its preferred RF hotspot location evokes weaker and
later responses. In terms of behavioral consequences, the sig-
nificance of visual burst strength and latency in the SC for
saccadic reaction times is well established (111, 121–123). As a
result, one might expect that saccades toward the upper vis-
ual field have faster reaction times than saccades toward the
lower visual field. This is indeed true (Fig. 3C) (111, 113, 124,
125). For microsaccades, a recent study explicitly asked
whether these small movements would still exhibit a similar
asymmetry in reaction times (113). This was again the case
(Fig. 3C, right; the left panel replicates findings from other
studies). Therefore, visually guided microsaccades are trig-
gered faster for foveal visual targets in the upper visual field
than for foveal visual targets in the lower visual field, and
this reaction time asymmetry persists even for delayed visu-
ally guided and memory-guided microsaccades (113). This
leads to a strong prediction that visual response properties

like those shown in Fig. 3A in extrafoveal SC neurons might
also still exist for foveal visual neurons. Future research
should test for this possibility. It is also interesting to note
from Fig. 3C that whenever target eccentricity decreases
below �2�, saccadic reaction times strongly increase in gen-
eral (and more so for lower visual field targets). The per-
sistence of this increase independent of visual guidance of
the movements (113) suggests that it is not purely sensory
in origin. Rather, it reflects the idea that gaze fixation is an
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outcome of a distributed balance of many competing small
movement tendencies, represented by small-eccentricity
RFs in the rostral SC, that cancel each other out (39, 100,
113).

Surprisingly, saccade-related bursts in the SC show the
exact opposite visual field asymmetry from visual responses:
neurons representing saccade target locations in the lower
visual field emit stronger motor bursts (for their preferred
saccades) than neurons withmovement RFs in the upper vis-
ual field (Fig. 3B) (111). Even though the functional signifi-
cance of this asymmetry is not yet clear, one can also
predict, based on all of the aforementioned evidence, that
microsaccade-related bursts in the rostral SC would be stron-
ger in neurons preferring downward microsaccades than in
neurons preferring upward microsaccades. This remains to
be seen. Interestingly, such an asymmetry of saccade motor
bursts between upper and lower visual field saccades (Fig.
3B) (111) presents another opportunity related to our discus-
sion of VDSR neurons in Fig. 2. Specifically, if it turns out
that saccade kinematics for upper and lower visual field tar-
get locations are not different from each other, then the dif-
ference in saccade-related motor bursts (Fig. 3B) provides
further evidence against the idea that intrasaccadic SCmotor
bursts dictate the moment-to-moment kinematics of eye
movements. A detailed kinematic analysis of upper versus
lower visual field saccades and microsaccades is, therefore,
warranted.

In all, we now know that combined with an enlarged
representation of the fovea (44), the primate SC has all of
the ingredients that are necessary for successfully engag-
ing in active vision at the foveal scale (Fig. 2). This is func-
tionally important because eye movements allow remote
sensing of the far environment by vision (Fig. 3) (111, 126).
From that perspective, the need for active vision at the
foveal scale becomes immediately obvious. A simple
example of this is the size of the full moon in the night sky
on the retina; the moon subtends �0.5� (30min arc) of vis-
ual angle, which is a very small value; yet, we can still scan
the individual features on the face of the moon with small
eye movements and high fidelity visual analysis. In that
sense, microsaccades during fixation are essentially no dif-
ferent from small saccades scanning a small region of the
visual image (94, 95, 97, 98). The fact that we can also
engage memory at such a foveal scale (108) is also worthy
of note, and it provides a means for linking microsaccade-
related SC discharge to discharge representing “imagi-
nary” foveal goals during smooth pursuit eye movements
(101, 102). As wewill describe later, this also has the potential
for extending the role of the rostral SC to representations
associated with smaller and slower ocular position drifts dur-
ing fixation, which continuously occur in between microsac-
cades and saccades. This extension will be highly useful for
at least two reasons. First, it will reconcile our current take
on the rostral SC’s role in active vision at the foveal scale
with its historically hypothesized function in maintaining
gaze fixation and preventing saccades (107, 127). Second, it
can relate rostral SC activity for scanning a foveal target
using microsaccades (and other small eye movements)
with foveal object recognition processes in ventral cortical
visual areas. Indeed, studying the detailed functional simi-
larities and differences between SC visual processing

capabilities and those of cortical visual areas is an impor-
tant area of future research.

MICROSACCADES AND ENHANCED VISUAL
SENSITIVITY
The fact that the SC has a rich diversity of visual and ocu-

lomotor signals at the foveal scale (44, 108) also provides an
opportunity for investigating how visual sensitivity, whether
at the level of perception (18) or neurons (128), can be modu-
lated during active foveal visuomotor behavior. The motiva-
tion here dates to some of the earliest studies on vision and
eye movements in the primate SC with large saccades (112,
129). There, it was found that the onset of a visual stimulus
elicits an enhanced visual response by SC neurons if the
stimulus is behaviorally relevant as opposed to when the
same stimulus is just passively viewed. By behavioral rele-
vance, it is meant that the stimulus was to become the target
of a foveating saccade. This work was then extended further
by presenting visual sine wave gratings of different contrasts
within the visual RFs of SC neurons, allowing the authors to
construct contrast sensitivity curves (130). It was found that
the preparation to make a saccade toward an RF stimulus
increases a neuron’s visual contrast sensitivity (130). These
SC neural studies were interesting because they represented
a neural correlate of perceptual active vision studies that
have emerged and became popular over the past three or
four decades. A hallmark of all of these studies is that visual
sensitivity and other perceptual properties of human sub-
jects are probed using stimulus onsets occurring near the
time of saccades (131–135).

The similarity of SC neural discharge for microsaccades
and larger saccades (91, 99, 108) led, in light of these (neural
and perceptual) findings with large saccades, to a new hy-
pothesis that perimicrosaccadic modulations in visionmight
still happen at the foveal scale (1). When this idea was tested
perceptually in humans, not only was it validated, but
another highly interesting revelation also occurred (18): peri-
microsaccadic changes in vision can still happen when
microsaccades occur in tasks requiring peripheral covert vis-
ual attention, meaning that performance changes in covert
visual attention tasks are periodically punctuated by perimi-
crosaccadic effects. As a result, enhancement or suppression
of attentional performance, known to happen at different
times in covert visual attention tasks, might be strictly time-
locked to the occurrence of microsaccades in these tasks (i.
e., they might be mediated by perimicrosaccadic changes in
vision). More specifically, it was found (2, 18, 20, 90) that pe-
ripheral attentional performance (a measure of visual sensi-
tivity in SC neurons and neurons in other relevant visual
areas) is enhanced whenever a discrimination stimulus
appears right before the onset of a microsaccade with a con-
gruent direction (i.e., with a vector direction aligned with the
vector connecting the fovea to the peripheral stimulus loca-
tion); performance is reduced for a microsaccade in the op-
posite direction (18). Thus, perceptually, visual sensitivity
can indeed be enhanced before individual microsaccades,
in a manner similar to presaccadic enhancement for large
saccades (130). The interesting difference here is that such
enhancement can happen even at peripheral eccentricities
far away from the microsaccade movement end points.
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Directly motivated by these observations, SC recordings
were made in neurons representing different eccentricities.
Sine wave gratings of different contrasts were presented at
different times relative to microsaccade onset. Remarkably,
the authors found that visual responses are enhanced if stim-
ulus onsets occur immediately before the onset of microsac-
cades made toward the locations of the peripheral stimuli
(128). Besides being a direct correlate of perceptual effects in
covert visual attention tasks in humans (18), these results
were a clear example of how active vision at the foveal scale
can be relevant for peripheral visual sensitivity farther away
from the saccademovement goal. Therefore, previous results
of SC visual enhancement before saccades (112, 129, 130)
extend tomicrosaccades, and with the added insight that the
enhancement can spread to the periphery.

The analyses in Chen et al. (128) also revealed interesting
differences in the properties of sensitivity enhancement
between visual-only and visual-movement SC neurons.
Specifically, although the contrast sensitivity curves of both
visual-only and visual-movement SC neurons can be gain
modulated (in a primarily multiplicative fashion) before
microsaccade onset, enhanced sensitivity for directionally
congruent microsaccades is only eccentricity-dependent in
visual-motor neurons but not in visual-only neurons. In
other words, for stimuli appearing before microsaccades
directed toward the stimuli, visual-only neurons show
enhanced visual responses regardless of stimulus (and neu-
ral preferred) eccentricity. Enhanced visual responses in
deeper visual-motor neurons are, instead, restricted to
eccentricities of up to �5�–10�; more eccentric neurons are
suppressed (128). It would be interesting to explore the func-
tional consequences of these differences between visual-
only and visual-movement neurons in behavior, as was done
more exhaustively for suppression, a topic that we discuss in
detail shortly.

Enhanced visual sensitivity before microsaccades is addi-
tionally interesting from the perspective of intra-SC connec-
tions alluded to earlier. Ghitani et al. (65) identified an
excitatory pathway from the motor layers of the SC back to-
ward the superficial visual layers. This confirms the richness
of visual modulations around eye movements that exist in
the SC, including sensitivity enhancement (112, 128–130).
However, important questions still remain. For example,
Tian and colleagues used the results in Chen et al. (128) to
argue that only perimicrosaccadic changes in visual sensitiv-
ity may be, at least in principle, sufficient to fully account for
one of the most classic results in covert visual cueing para-
digms (2, 18, 20). These authors argued that if microsaccades
occur systematically in covert cueing tasks (90, 136, 137), and
if perimicrosaccadic changes in visual sensitivity do happen
(18, 128), then amodel that only knows about these two prop-
erties (without the need to invoke a separate entity called
“attention”) fully replicates classic notions of “attentional
capture” (enhanced visual performance in covert attentional
cueing tasks) or “inhibition of return” (suppressed visual per-
formance at cued locations). Because this may be viewed as
a controversial idea, a critical further test of their hypothesis
would be to devise a means to causally trigger microsaccades
(in the absence of attentional cueing) and then measure pe-
ripheral visual sensitivity for stimuli that are completely
irrelevant to behavioral performance. If microsaccades do

play a causal role in modulating peripheral SC visual sensi-
tivity (and behavior), then SC visual responses should be
modulated with such a causal manipulation. The latest find-
ings from the same authors, using this approach, strongly
support this hypothesis (138).

In all, from the perspective of enhanced SC visual sensitiv-
ity around the time of microsaccades, studying active vision
at the foveal scale in the SC can now bridge very diverse
fields such as microsaccade control and perceptual selection
and enhancement, and in an intriguing manner (2). We next
turn to an equally intriguing topic associatedwith visual sen-
sitivity in the SC, this time concerning the effects of tiny eye
movements on visual suppression.

MICROSACCADES AND SUPPRESSED
VISUAL SENSITIVITY
Another classic example of perisaccadic modulation of

vision from the large saccade literature is that of saccadic
suppression (131, 139–143). In this phenomenon, presenta-
tion of visual stimuli at locations other than the saccade tar-
get results in a strong reduction in visual sensitivity (and
perceptual detectability), if the stimuli appear in the imme-
diate temporal vicinity of saccades. This phenomenon is
thought to underlie perceptual stability of vision in the face
of continuous eye movements (135, 144). In the SC, Wurtz
and colleagues studied mechanisms of saccadic suppression
with large saccades in great detail, but primarily in the su-
perficial visual-only layers (106, 145–148). They described
two related phenomena. In one, the background activity of
SC neurons is momentarily suppressed if the image of a
stimulus is swept across a visual RF by saccades. This also
happens when saccades occur in complete darkness, sug-
gesting an extraretinal source signal acting to actively reduce
neural activity (147). Interestingly, experimental blockage of
proprioceptive feedback from the eyeball muscle periphery
did not eliminate this reduction in SC activity (146), leading
the authors to propose that the reduction represents an
impact of a corollary of the outgoing motor command on vis-
ual neural responses (146). In the second phenomenon, the
authors presented stimulus onsets (e.g., a bar that was swept
through the RF) around the time of saccade onset. They
found that visual sensitivity of superficial SC neurons is also
decreased in such a case (145, 147). In other words, the visual
response to a stimulus is weakened if the stimulus appears
in the temporal vicinity of a saccade. This latter phenom-
enon is what we label as saccadic suppression here, because
it relates most closely to the experimental paradigms used in
human perceptual experiments to study visual sensitivity
around the time of saccades (135); in these paradigms, a sud-
den (and usually very brief) stimulus onset is presented near
saccade onset to probe the instantaneous state of visual sys-
tem sensitivity, as was done in the SC (145).

For microsaccades, there have been no clear correlates, yet,
of the early experiments by Wurtz and colleagues, exploring
reductions of background activity when retinal images are
swept around by eye movements. Recently, Khademi et al.
(149) recorded visual neural activity when a stimulus was
inside the RF of an SC neuron; if a microsaccade swept the
image of the stimulus (by a small amount) in the RF, there
was no strong evidence of suppressed background activity.
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This could be due to the fact that the stimulus during the
microsaccades is always inside the excitatory central part of
the visual RF. Indeed, visual-visual interactions for sup-
pressed visual activity with large saccades seem to play an im-
portant role, and visual stimulation (by saccades) of both the
center and surround region of an RF is an important prerequi-
site for reduced activity (148). In any case, this does not mean
that microsaccades are not associated with suppressed visual
sensitivity when stimuli appear near the time ofmicrosaccade
onset. To the contrary, there is very strong suppression of sen-
sitivity (150, 151). Therefore, suppressed visual sensitivity may
or may not be directly linked to suppression of background
activity due to saccade-induced image displacements.

The basic phenomenon of microsaccadic suppression (of
visual sensitivity) in the SC looks remarkably similar to per-
ceptual measures of microsaccadic suppression with brief
stimulus onsets (141, 143, 151). Briefly, if a stimulus appears
within �70ms before or after microsaccade onset, then
the response of a visual-motor SC neuron to the stimulus
is strongly suppressed relative to when the very same stim-
ulus appears without any temporally coincident microsac-
cades (151). Suppression starts before microsaccade onset,
is strongest immediately after such onset, and recovers
again <100ms later (151). Therefore, this time course looks
very similar to the time course of microsaccade-related dis-
charge (e.g., Fig. 2A, left)—in one case, movement-related ac-
tivity is elevated, and in the other, visual sensitivity is
suppressed, but with similar temporal progression. Even in
the studies of microsaccade-related enhancement of visual
sensitivity mentioned in the previous section (128), if the

microsaccade was not directed toward the peripheral stimu-
lus, or if the stimulus appeared right after a microsaccade,
suppression occurred instead of enhancement. As also stated
in the previous section, for far peripheral visual-motor neu-
rons, suppression also occurred before microsaccades made
in the direction of the test stimulus.

Therefore, complementing neural enhancement, micro-
saccadic suppression of visual sensitivity of SC neurons rep-
resents yet another example of how foveal action can have
an impact on extrafoveal vision, since suppression occurs
extrafoveally (151). However, after the initial characteriza-
tions of SC microsaccadic suppression approximately one
decade ago (151), important questions remained. In particu-
lar, there was no characterization of microsaccadic suppres-
sion of the activity of visual-only (superficial) SC neurons,
and there remained an interest in relating SC visual suppres-
sion to behavioral effects. Most importantly, with large sac-
cades, perceptual saccadic suppression was discovered to
exhibit very intriguing dependencies on the image proper-
ties of the visual stimuli appearing around the time of sac-
cades (131), and it was, therefore, important to attempt to
search for a neural correlate of these dependencies.

Recent SC studies withmicrosaccades explored all of these
questions. First, the cell-type dependence of visual sensitiv-
ity suppression in the SC was investigated. Remarkably, it
was found that microsaccadic suppression of visual sensitiv-
ity in the SC is much weaker in visual-only neurons than in
visual-motor neurons (150). This effect is clearly seen in Fig.
4, A and Cwith two example neurons. Consider, for example,
the leftmost panels. In the visual-only neuron (Fig. 4A), a
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Figure 4. A neural locus for spatial-frequency specific microsaccadic suppression in visual-motor neurons of the primate superior colliculus (SC).
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gratings are only mildly suppressed (faint colors) relative to baseline visual responses (saturated colors). B: across spatial frequencies, suppression of vis-
ual responses by microsaccades (relative to visual responses for identical gratings without microsaccades) is only mild and not dependent on spatial fre-
quency. C: example visual responses from a visual-motor SC neuron. Unlike in A, visual responses are strongly suppressed by microsaccades (relative
to baseline), but only for the low spatial frequency grating. Visual responses are virtually unaltered by microsaccades for the higher spatial frequency
grating. D: across spatial frequencies, it is clear that visual-motor SC neurons show strong suppression that is dependent on spatial frequency, demon-
strating a neural correlate for a classic and well-known human perceptual phenomenon in association with large saccades (131). Adapted with permission
from Chen and Hafed (150).
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stimulus appeared immediately after microsaccade end and
the neuron’s visual response was only mildly suppressed. On
the other hand, in the deeper visual-motor neuron (Fig. 4C,
left), the same stimulus evoked a very strong visual response
in baseline but the response was strongly reduced after micro-
saccades (150). This is consistent with a study by Hafed and
Krauzlis (151), in which it was found that there could be up to
�50% suppression in visual-motor neurons bymicrosaccades.
This dichotomy between visual-only and visual-motor neu-
rons in terms of suppression is very interesting because it sug-
gests that with large saccades, stronger suppression would
also still be seen in the deeper visual-motor layers. As
described at the beginning of this section, the bulk of early
work with large saccades in the past was in exploring sup-
pressed visual sensitivity in only superficial neurons (146–
148), so this is an area of interesting future research. In fact,
and consistent with our hypothesis, it was recently found that
reversible inactivation of the superficial SC layers did not alter
the influences of saccadic suppression on visual responses of
MT neurons (normally receiving input from the SC through
the pulvinar), whereas inactivation of the deeper SC layers
did. Thus, saccadic suppression in cortical areasmay bemedi-
ated more strongly by ascending pathways from the deeper
layers to the frontal cortex (82, 83), rather than by ascending
pathways from the superficial layers toMT (77).

Another outcome of the study of Fig. 4 (150) is that it
explored the impacts of different stimulus properties (in par-
ticular, spatial frequencies) on microsaccadic suppression.
Each neuron (two examples are shown in Fig. 4, A and C)
was visually stimulated with a grating onset of different spa-
tial frequencies immediately after microsaccade end. It was
found that in the visual-only neurons, the mild suppression
is constant as a function of spatial frequency; that is, sup-
pression is unselective for spatial frequency (Fig. 4B). On the
other hand, in visual-motor neurons, suppression strongly
depends on spatial frequency. For low spatial frequency
stimuli appearing after microsaccades, suppression is strong
(Fig. 4C, left), but it is much weaker for high spatial frequen-
cies (Fig. 4C, right; note how the visual response with and
without microsaccades is almost the same in the case of the
high spatial frequency stimulus). This effect is also seen in
the population summary of suppression strength as a func-
tion of spatial frequency in Fig. 4D. This result is interesting
because it was the first direct neural correlate of the same
perceptual effect (selectivity of suppression) observed in
humans with large saccades more than two decades earlier
(131). This result also motivated very intriguing and surpris-
ing follow-up questions regarding why the spatial frequency
dependence of saccadic suppression may or may not
emerge, as we describe shortly (152). From the perspective of
SC visual functions per se, this result is additionally very
interesting because it motivates investigating these func-
tions in relation to cortical visual processes. Specifically, the
difference in suppression “tuning” between visual-only and
visual-motor neurons precludes a simple model of visual-
motor neurons, simply reflecting descending intralaminar
connections from the more superficial visual-only layers.
Rather, there are rich bidirectional dependencies between
the SC and several cortical visual areas that are very impor-
tant to investigate in more detail in the future (70, 78, 79,
153–155).

As in the case of sensitivity enhancement effects men-
tioned in the previous section, the microsaccadic suppres-
sion results made in the SC (Fig. 4) were all extending much
farther into the periphery than the microsaccadic movement
end points themselves (150, 151). Therefore, these results rep-
resent yet another example of the potential impacts that
foveal active vision can have on broader visual and motor
modulations in the brain. Indeed, consistent with this, direct
behavioral correlates of Fig. 4 were investigated. Specifically,
because SC visual responses are particularly relevant for sac-
cadic reaction times (112, 122–124), it was hypothesized that
suppressed visual bursts (in association with microsaccades)
should translate into slower reaction times for saccade tar-
gets at the (extrafoveal) visual burst locations (151). To test
this, trials with microsaccades occurring near target onset in
a visually guided saccade task were analyzed. It was indeed
found that reaction time elevations do consistently occur for
stimulus onsets time-locked to microsaccade generation,
and with remarkable similarity of time course between such
a behavioral cost and the neural visual suppression time
course (Fig. 5A) (151). These results were recently replicated
and extended with human subjects, and also using either
saccadic or manual responses (156). Most interestingly, it
became necessary to also ask whether such a strong relation-
ship between visual suppression and behavioral costs also
existed for visual-only SC neurons, especially given the past
work with large saccades in the superficial layers that we
alluded to above (145, 147). Therefore, Chen and colleagues
exploited the diversity of effects in Fig. 4 to investigate be-
havioral correlates. They again trained monkeys to generate
a visually guided saccade, but this time to a specific spatial
frequency grating. In visual-motor neurons, they confirmed
that the stronger the neural suppression is, the greater the
behavioral reaction time cost that is observed (150). This
effect is seen in Fig. 5B for stimulus onsets right after micro-
saccades, a reaction time cost is clear for low spatial frequen-
cies (black), just like visual responses in the SC (visual-motor
neurons) are most strongly suppressed (red). The authors
then correlated, for all spatial frequencies and all stimulus
onset times after microsaccades, reaction time with visual
response strength. In visual-motor neurons (Fig. 5C), the
effects were unequivocal: the weaker the visual response
strength, the stronger the increase in reaction time. It is im-
portant to note here that this correlation still held even
though the visual bursts were measured in a pure fixation task
and the saccadic reaction timesweremeasured in a completely
different “overt” task, and in completely different behavioral
sessions (150). This strongly validates similar observations of
how behavioral reaction times can be predicted from visual
responses in the SC collected during simplefixation and in sep-
arate sessions (122). It is also testimony to the importance of SC
visual bursts for visual orienting (121). Remarkably, visual-only
neurons showed much weaker relationships to the behavioral
effects (Fig. 5D). This, again, calls for a reevaluation of the
hypothesized (145) role of the superficial SC in mediating sac-
cadic suppression signals to the cortex via a pulvinar pathway.

Another reevaluation is also warranted with respect to
perceptual selectivity of saccadic suppression for low spatial
frequencies (131). Specifically, Fig. 4 shows that visual-only
neurons do not show selective microsaccadic suppression,
whereas visual-motor neurons do. Given that visual-only SC
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layers exhibit different forms of lateral interactions relative
to visual-motor SC layers (70), this leads to a very intriguing
question: is it possible that perceptual saccadic suppression
(131) can be rendered unselective for low spatial frequencies
simply by changing the far peripheral visual context (puta-
tively activating different kinds of lateral interactions from
those involved with the classic experiment)? Remarkably,
the answer turned out to be a resounding yes (152).
Specifically, Idrees, Baumann, and colleagues performed
perceptual saccadic suppression experiments, in which they
changed the peripheral visual context that was swept across
the retina by saccades (Fig. 6A) (152). They then presented
perisaccadic flashes of Gabor gratings having different spa-
tial frequencies. With one kind of peripheral visual context
(the one shown in the example scenario of Fig. 6A), they
replicated the classic selectivity of perceptual saccadic sup-
pression for low spatial frequencies (Fig. 6B). However, and
surprisingly, when they changed the peripheral visual con-
text (but kept all other experimental conditions identical),
they obtained suppression that was not selective for low spa-
tial frequencies (152); suppression was equal in strength for
all spatial frequencies (Fig. 6C). The profile in Fig. 6B looks
similar to the profile of visual-motor SC neural suppression
(Fig. 4D), whereas the profile in Fig. 6C looks similar to the
profile of visual-only SC neural suppression (Fig. 4B). These
intriguing results will motivate many future experiments
further exploring the mechanisms of suppression, whether
for microsaccades or larger saccades.

In all, this aspect of active vision at the foveal scale in the SC
(i.e., suppression of visual neural sensitivity due to microsac-
cades) demonstrates, such as with sensitivity enhancement in
the previous section, that neural suppression can extend well
into the periphery (Figs. 4 and 5), meaning that the effects go
beyond the microsaccadic movement endpoints themselves.
Thus, investigating microsaccadic suppression can illuminate

andmotivate very intriguing broader results in active vision in
general, and with novel implications for perception (Fig. 6).

VISUAL UPDATING AND MICROSACCADES

The results in the previous two sections were mainly con-
cerned with visual sensitivity modulations around microsac-
cades. However, microsaccades are still eye movements. As a
result, they do change the position of the eye and shift retinal
images (albeit by only a small amount). Such shifts are expected
to require updating of spatial representations, whether through
simple visual image flows on the retina or through additional
active mechanisms. Perceptually, a correlate of active updating
mechanisms was long believed to emerge when subjects are
asked to localize very brief visual flashes that are presented
perisaccadically (134, 157–161). In this case, robust mislocaliza-
tion of the flashes occurs. For microsaccades, this was also
found to be the case (18). Interestingly, the direction of misloc-
alization depends on the eccentricity of the brief flash relative
to the microsaccade. Foveal flashes are mislocalized in the
direction of the movement, whereas extra-foveal flashes are
mislocalized in the opposite direction (18). This, thus, looks like
a kind of “compression” toward the foveal movement goal of
themicrosaccade, as in the case of larger saccadic compression.
There are currently no exhaustive neural correlates of this
microsaccadic mislocalization effect, save for an analysis of RF
positions in the foveal SC representations right before micro-
saccade onset (44). It was found that foveal RFs are shifted rela-
tive tomicrosaccades, and in amanner thatmight be related to
the directions observed in perceptual effects (18, 44). Future
experiments are needed to further elaborate on these findings
(44), and particularly in peripheral SC neurons.

In terms of the retinal image visual flows caused by micro-
saccadic image shifts, this issue was investigated in more
detail in the SC recently (149). If a stimulus exists inside the RF
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of a visually responsive SC neuron (Fig. 7A), then the occur-
rence of a microsaccade shifts this image by a small amount
(e.g., by a fewminutes of arc). The net result is that SC neurons
exhibit a postmovement visual reafferent response (Fig. 7B,
right) (149). Note that this response generally follows the fea-
ture tuning of the neuron to the presented visual stimulus; for

example, in the example neuron shown in Fig. 7B, the stimu-
lus-evoked response (when the stimulus first appears inside
the RF as a visual onset event) favors the low spatial frequency
stimulus (Fig. 7B, left), and this is also true in the reafferent
response after microsaccades (Fig. 7B, right). However, it turns
out that this reafferent response reflects more than simply a
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new “event” of fixation onset. Rather, the properties of the vis-
ual reafferent response reflect the spatiotemporal luminance
modulation that is experienced by the RF as a result of the
microsaccadic image shift. Consider, for example, the situa-
tion shown in Fig. 7C. The RF stimulus consists of a vertical
grating of 2.22 cycles/� (cpd) spatial frequency. If a predomi-
nantly horizontal microsaccade shifts this image across a
given visual RF by some amount, then the RF should experi-
ence a luminance modulation of a specific amplitude for the
duration of themicrosaccade. Given a spatial frequency of 2.22
cycles/�, a small shift of<9min arc (e.g., a microsaccade that
is <9min arc in amplitude) should cause a smaller intrasacca-
dic luminancemodulation than a bigger shift (e.g., by a micro-
saccade that is >9min arc in amplitude). It turns out that SC
RFs, even though they are much bigger in diameter than
9min arc (103, 110, 111), are indeed sensitive to such subtle
image modulations (Fig. 7C) (149). This is remarkable given
the general perception in the literature, to date, of the primate
SC as being a motor control structure that is not sensitive to
visual image features. Similarly, one can use the same logic to
argue that if the microsaccade is now predominantly vertical
in direction, as opposed to being predominantly horizontal,
then a small retinal image shift in the vertical grating would
not cause as strong a luminance modulation over the SC RF
(there is now a parallel shift of the RF image relative to the gra-
ting orientation). As a result, predominantly horizontal micro-
saccades (orthogonal in direction to the grating orientation)
should result in stronger visual reafferent responses than pre-
dominantly vertical (parallel) microsaccades, and this is what
is observed (Fig. 7D) (149).

Therefore, the visual flow on the retinal image that is asso-
ciated with microsaccades is sensed quite faithfully by extra-
foveal SC neurons (149). This implies that microsaccades not
only cause a temporal flagging of events (through visual reaf-
ferent bursts in general; Fig. 7), but they also modulate the
representation of images, essentially enhancing the SC rep-
resentation of orthogonal edges of appropriate spatial fre-
quencies (Fig. 7, C and D). A strong future follow-up for these
results is to ask whether SC neurons can be sensitive to even
smaller images shifts, in association with ocular position
drifts, which represent the lower limit of image shift sizes on
the retinal image that are caused by active foveal visuomotor
behavior. Another future research direction would be to
explore whether a suppression of neural activity before the
visual reafferent response can be observed. As noted in the
previous section, it was suggested with large saccades (147)
that intrasaccadic image shifts are associated with sup-
pressed background activity. However, Fig. 7B shows that for
microsaccades, there is no clear suppression of background
activity before the visual reafferent responses. In the future,
whether such a lack of reduction is general or only specific to
the experimental condition should be investigated (e.g., due
to the relatively bright gray background shown in Fig. 7).

SMOOTH OCULAR MOVEMENTS AND
FOVEAL SC GOAL-RELATED AND VISUAL
REPRESENTATIONS
We have so far focused on microsaccades. However, active

vision at the foveal scale necessarily also involves slow ocular
position drifts during fixation. These slow eye movements,

which are much smaller than microsaccades, have received
much less neurophysiological investigation. They thus repre-
sent an important frontier for future research on active vision,
whether in the SC or beyond. However, the existing evidence
in the literature so far already supports the idea that the SC
might still represent, and even drive, slow ocular position
drifts in a precise manner (71).

For example, if a monkey is trained to smoothly track the
instantaneous invisible midpoint of two moving visual bars
(Fig. 8A), then there is a foveal goal (the invisible midpoint)
that needs to be continuously represented in the SC for as
long as tracking is to proceed. This is because the SC is known
to represent behaviorally relevant target locations (162). It
turns out that the foveal region of the SC topographic map
can indeed represent the real-time location of the invisible
goal quite faithfully. Specifically, in the intermediate SC
layers where visual-motor neurons exist, the neurons show
continuous modulations during invisible target tracking, and
for as long as such tracking takes place (up to> 3,000ms; Fig.
8B). Analysis of the “tuning” of such neural modulations
reveals that the neurons elevate their activity whenever the
instantaneous foveal movement goal enters their movement
RF (similar to the movement RF shown in Fig. 2A), and they
reduce their activity whenever the instantaneous foveal
movement goal exits their movement RF (101, 102). With ocu-
lar position drifts during fixation, a similar result should be
expected. Specifically, the foveal goal in this case would be
the retinotopic location of the stationary fixated target.
Whenever the eye drifts in such a way that the fixated target
position (even if it is only inferred through non-visual guid-
ance) enters into a neuron’s movement-related RF, then the
neuron should elevate its activity; similarly, when the fixated
target leaves the neuron’s RF, then the neuron should reduce
its activity. Indeed, inspecting Fig. 1A of Hafed et al. (91)
shows clearly how tonic SC activity in betweenmicrosaccades
changes significantly as a function of intermicrosaccadic eye
position, and in a manner that is consistent with the move-
ment RF location inferred from the microsaccadic bursts of
the neuron. This issue of real-time representation of goal posi-
tion during ocular position drifts should be investigated in
more detail in future studies. At the very least, it will relate
rostral SC activity during ocular position drifts to early classic
hypotheses about the role of such activity inmaintaining gaze
fixation in the absence of saccades (107, 127).

More interestingly, we also know that the potential modu-
lation of activity in the deeper SC layers by ocular position
drifts can work in tandem with visual modulations in the
more superficial layers; these latter modulations would reflect
the visual consequences of subtle eye position deviations
(44). Specifically, in Fig. 8, C–E, an example of how SC foveal
visual responses are sensitive to tiny ocular position drifts is
shown. In Fig. 8C, a scenario is shown in which a foveal visual
RF of an SC neuron is just slightly to the right of the line of
sight, with an inner edge sharply ending in the contralateral
(right) visual field (44). If eye position now drifts to the left
(opposite from the RF location) by a very small amount, then
the retinotopic image of the fixation spot shifts rightward and
enters into the neuron’s visual RF. Therefore, when eye posi-
tion drifts ever so slightly away from the fixation spot, and in
a direction that is opposite from the RF location, the neuron
should be more active since it is visually activated by the
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fixation spot. This is what is seen in Fig. 8D, which demon-
strates different microsaccade-free eye position epochs that
are sorted by where the eye was relative to the RF location. As
can be seen, only eye positions opposite from the RF direction
were associated with elevated neural activity (more spikes).
Moreover, the relative timing between eye position drifts and
spiking is quantified in Fig. 8E. In this figure, averaged eye
position before every spike was quantified; a spike was most
likely to be triggered within less than �50ms (consistent with
visual response latencies of neurons), if eye position was at
some distance (which depended on RF preferred eccentricity)
away from the RF hotspot (44). Therefore, visual representa-
tions in the foveal SC do also provide a real-time estimate of
foveal visual target location during ocular position drifts. It
remains to be seen how peripheral (and larger) SC visual RFs
can bemodulated by ocular position drifts.

In all, the existing evidence supports the idea that the SC is
involved in the control and representation of foveal goals
associated with ocular position drifts during fixation. One
future important experiment to perform is to causally modu-
late rostral SC activity and look for changes in ocular position
drifts. It is known that reversible inactivation of a portion of
the rostral SC reduces microsaccades and alters average eye
position (91, 100). It would, next, be interesting to see whether
the dynamics and trajectories of ocular position drifts are also
affected by such inactivation.

FOVEAL MAGNIFICATION AS A MEANS OF
LINKING ACTIVE VISION AT THE FOVEAL
AND EXTRA-FOVEAL SCALES
Finally, it is important to discuss how the SC structurally

represents foveal eccentricities, because this can clarify a va-
riety of observations alluded to in the previous sections.

Historically, the rostral end of the SC was perceived to be
largely nonspecific for eccentricity, particularly because of a
hypothesized role for the rostral SC in maintaining gaze fixa-
tion, as opposed to moving the eyes saccadically (107).
However, the ability to drive small microsaccades precisely
suggests otherwise (91). This has prompted a detailed map-
ping of SC topography, revealing a foveal magnification fac-
tor (Fig. 9A) that is much larger than previously assumed
(44). Specifically, the only model of SC topography that was
accepted for the SC for a long time before the new mappings
was that in Ottes et al. (163), which was itself based on the
experiments of Robinson (23). This model was motivated by
models of primary visual cortex topography, in which foveal
magnification was previously observed. The model therefore
represented retinotopic eccentricity with a logarithmic
warping function that compressed large eccentricities in
neural tissue and expanded small eccentricities. However,
because most of the data for fitting the logarithmic function
was eccentric (23), and because many logarithmic functions
can fit the compressed periphery relatively well, while still
diverging foveally, the model that was fit in this manner
only represented the foveal visual representation using
extrapolation from (sparse) peripheral measurements. With
the new dense mappings, it turned out that the real foveal
magnification factor, with many foveal mapping samples, is
much stronger than the extrapolated magnification factor
(Fig. 9A). This means that the SC surface topographic map of
the contralateral visual field has a surprisingly large repre-
sentation of the central visual field (Fig. 9, B and C) (44). For
reference, the surface topographic map shown in Fig. 9, B
and C is modeled using the same equations as in Ottes et al.
(163), but with magnification parameters directly derived
from dense foveal mapping (44), as follows:

-100
Time from spike (ms)

-50 0

0

-0.02

-0.04S
pi

ke
-a

lig
ne

d 
ey

e
po

si
tio

n 
(d

eg
)

Aw
ay

A B

Invisible
goal location

enters and
exits RF

Response field
(RF) of intermediate-

layer SC neuron

Horizontal
Vertical

Time from motion onset (ms)
0 1000 2000 3000

Fi
rin

g 
ra

te
 (s

pi
ke

s/
s)

0

20

40

60

80

2 
de

g

E
ye

 p
os

iti
on

X
Visual

receptive
field

Eye
position

Fixation
spot

Eye Position D
rift D

uring Fixation

100 ms

0.
1 

de
g

E
ye

 p
os

iti
on

 a
lo

ng
re

sp
on

se
 fi

el
d 

ax
is

Aw
ay

Neuron RF: 0.8 deg

X
Visual

receptive
field

Drift away

0.1 deg

0.1 deg

C D

E

Figure 8. Real-time representation by superior colliculus (SC) neurons of instantaneous foveal goals and visual stimuli during slow ocular movements. A:
smooth pursuit of an invisible target (the midpoint between two moving bars). Due to imperfections in smooth pursuit gain, the intended goal of the move-
ment can occupy different retinotopic positions during tracking. It can therefore enter or exit a given neuron’s RF. B: this gives rise to modulations in neural
activity during tracking. Analysis of the modulation reveals that it is explained by the instantaneous retinotopic position of the intended movement goal rela-
tive to the RF location (101, 102).C: even for visual-only neurons, a foveal neuron’s visual RF can experience the movement of the visual fixation spot (white)
into its inner border (bottom) as the eye drifts in a direction opposite from the RF location during maintained fixation. Therefore, the neuron might increase
or decrease its activity during ocular position drifts (44). D: an example demonstration of foveal visual neuron activity (spikes in the bottom) as a function of
where the eye happens to be fixating relative to the fixation spot. For epochs in which the eye happens to be drifted away from the RF location (as in C),
the neuron experiences the fixation spot as a visual stimulus and increases its spiking activity. E: spike-aligned average eye position of the neuron in D. The
neuron emits a spike when the eye drifts, by a small amount, opposite to the RF direction (such that the visual fixation spot enters into the inner edge of the
RF). A and Bmodified with permission from Hafed et al. (101). C–Emodified with permission from Chen et al. (44).

FOVEAL ACTIVE VISION IN MIDBRAIN

J Neurophysiol � doi:10.1152/jn.00724.2020 � www.jn.org 1133

http://www.jn.org


X ¼ Bxloge

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 2ARcosðhÞ þ A2

p
A

� �
; ð1Þ

Y ¼ Byarctan
RsinðhÞ

RcosðhÞ þ A

� �
; ð2Þ

where X and Y are anatomical distances along the SC axis (X
being along the axis of the horizontal meridian and Y being
along the orthogonal axis), R and h are visual coordinates in
eccentricity (R) and direction from horizontal (h), and Bx, By,
and A are model magnification parameters: 1.1 (Bx), 1.8 (By),
and 0.9 (A).

One interesting consequence of the large fovealmagnifica-
tion in Fig. 9 is that a link between foveal and extrafoveal vis-
ual sensitivity modulations (such as those that we alluded to
above with sensitivity enhancement before microsaccades)
become neurally more proximal to each other than in retino-
topic visual coordinates. In that sense, given that a large frac-
tion of SC neurons can be simultaneously active at any one
moment in time for representing a stimulus location (164),
then a large foveal magnification factor might explain why
visual-motor SC neurons only show premicrosaccadic
enhancement only up to �5�–10� eccentricity and suppres-
sion otherwise (128). An interesting future research direction
in this regard would be, again, to link these modulations to
slow ocular position drifts, since these latter movements are
the least studied component of foveal visuomotor behavior
at the neurophysiological level right now.

CONCLUDING REMARKS
Active vision at the foveal scale in the SC represents an im-

portant opportunity for clarifying the neural mechanisms of
fixational eye movements. These eye movements represent

the lower limit of neural control abilities of the brain.
Moreover, the image shift consequences of these eye move-
ments also represent the lower limit of self-generated visual
flows on the retina. Therefore, understanding the perceptual
implications of these visual flows is very important. In this
article, we reviewed our current understanding of active
vision at the foveal scale in the primate SC. We presented
recent developments, and we also clarified the remaining
open questions and intriguing possibilities. We anticipate
that the next few years will witness important new develop-
ments not only at the level of the SC, but also at the level of
both downstream brainstem motor nuclei as well as at the
level of cortical visual and visual-motor areas.
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