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SUMMARY
Humans use rapid gaze shifts, known as saccades, to explore visual scenes. These movements yield abrupt
luminance changes on the retina, which elicit robust neural discharges at fixation onsets. Yet little is known
about the spatial content of saccade transients. Here, we show that saccades redistribute spatial information
within the temporal range of retinal sensitivity following two distinct regimes: saccade modulations counter-
balance (whiten) the spectral density of natural scenes at low spatial frequencies and follow the external po-
wer distribution at higher frequencies. This redistribution is a consequence of saccade dynamics, particularly
the speed/amplitude/duration relation known as the main sequence. It resembles the redistribution resulting
from inter-saccadic eye drifts, revealing a continuum in the modulations given by different eye movements,
with oculomotor transitions primarily acting by regulating the bandwidth of whitening. Our findings suggest
important computational roles for saccade transients in the establishment of spatial representations and lead
to testable predictions about their consequences for visual functions and encoding mechanisms.
INTRODUCTION

Humans perform rapid eye movements, known as saccades,

more frequently than their hearts beat. Every few hundreds of

milliseconds, a saccade shifts gaze toward a new location in

the scene so that it can be inspected with the fovea, the tiny re-

gion of the retina that affords high visual acuity. Although this re-

gion only covers a minuscule fraction of the visual field—less

than 0.001%—it has disproportionate importance for visual

functions, as manifested by the devastating consequences of

foveal impairments [1, 2].

Much research has focused on how saccades affect visual

function. At the perceptual level, it has long been observed

that saccades are coupled with a transient attenuation in visual

sensitivity, an effect known as ‘‘saccadic suppression’’ [3–7].

Saccades have also been associated with mislocalizations and

distortions in the perception of space [8–11], enhancements in

visual sensitivity following their offsets [12–15], as well as other

extraretinal effects [7, 16–18]. At the neural level, the sudden

changes in the visual input caused by saccades tend to elicit

strong responses at fixation onset in neurons at the early

stages of the visual system [19–22]. Furthermore, phenomena

associated with saccade preparation [23–26], as well as modu-

latory signals related to motor commands [27–30], have been

observed.

Despite themassive impact of saccades at both the perceptual

and neural levels, relatively little attention has been paid to the in-

formation content of the luminance signals that thesemovements

deliver to the retina. As they relocate gaze, saccades yield
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complex spatiotemporal modulations that depend on both the

dynamics of the movement and the statistics of the visual scene.

These signals presumably play an important role in the strong re-

sponses of neurons following saccades. Previous analysis of

another type of eye movements, ocular drift, the incessant in-

ter-saccadic wandering of the eye, has shown that the motion

of the eye may act as an information-processing stage. As ocular

drift transforms spatial patterns into temporal modulations, it

counterbalances the power distribution of natural scenes,

yielding an input signal to the retina that attenuates statistical re-

dundancies in natural scenes and enhances luminance disconti-

nuities [31, 32], effects traditionally attributed to center-surround

interactions within the receptive fields of retinal ganglion cells

[33–35]. It is unknown whether saccades also serve computa-

tional functions in the processing of visual information, beyond

simply presenting new stimuli to the retina.

Here, we show that saccade dynamics—specifically the main

sequence, the well-known relations among duration, velocity,

and amplitude [36]—lead to a flexible reformatting of the visual

flow, which selectively discards redundant information present

in natural scenes. The bandwidth of this phenomenon increases

for small saccades, with microsaccades approaching the previ-

ously reported effects for ocular drift. These results reveal a form

of matching between saccade dynamics and the characteristics

of the natural world and show that the luminance signals deliv-

ered by movements as different as saccades and ocular drifts

are part of a continuum. These findings have important implica-

tions for the visual functions of saccades, their motor character-

istics, and the mechanisms of spatial encoding.
iology 30, 3999–4008, October 19, 2020 ª 2020 Elsevier Inc. 3999
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Figure 1. Oculomotor Influences on the Retinal Input

Observers freely examined pictures of natural scenes while their eye movements were measured at high spatial and temporal resolution.

(A) An example of recorded eye movements superimposed on the observed image.

(B) The corresponding horizontal and vertical traces of eye positions as a function of time.

(C) Eye movements transform a static visual scene into a time-varying luminance flow on the retina. An example of the resulting visual flow is shown: the images

represent the input at various times as the eye moves.

(D and E) This transformation corresponds to a redistribution of the stimulus spatial power in the joint space-time frequency domain. The power of the retinal

stimulus would (D) be concentrated at 0 Hz in the absence of image motion but (E) is shifted to non-zero temporal frequencies by eye movements.

(F and G) Saccade characteristics.

(F) Distribution of saccade amplitude averaged across observers (N = 14; bin width 0.2�). The vertical dashed line marks the mean of the distribution. The inset

zooms in on the range of small amplitudes (bin width 30).
(G) Saccade main sequence. Each dot corresponds to one saccade, and the red line represents the linear regression of the data averaged across subjects.

Shaded areas in both (F) and (G) represent SEMs across subjects.
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RESULTS

The visual signals impinging onto retinal receptors are never sta-

tionary. Eye movements transform an external spatial scene into

a temporally changing flow of luminance to the retina, even when

no motion occurs in the scene itself (Figures 1A–1C). In the fre-

quency domain, this transformation corresponds to a conversion

of the spatial power of the image into temporal power in the

retinal input. For a static scene, if the eye did not move, all the

power of the incoming luminance flow would be confined to

the zero-temporal-frequency plane (Figure 1D). However,
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oculomotor behavior redistributes this spatial power across

non-zero temporal frequencies (Figure 1E). The specifics of

this redistribution depend on the characteristics of eye

movements.

Here, we focus on the space-time conversion resulting from

saccades. Rather than restricting our analysis to the instanta-

neous modulations present during saccades, we consider,

more broadly, how shifting gaze from one point to the next via

a saccadic movement redistributes the power of an external

static scene across temporal frequencies on the retina (i.e.,

from u= 0 to us0) (Figures 1D and 1E). These input changes
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Figure 2. Power Redistribution Caused by

Saccades

(A) Proportion of the spatial power in the stimulus

that saccades make available at each spatial and

temporal frequency on the retina. Data represent

averages across observers and refer to saccades

with 2� to 3� amplitudes. Note the presence of two

distinct regimes. The horizontal dashed lines mark

the temporal frequencies further examined in (B).

(B) Power present at four temporal frequencies

(dashed lines in A). For each temporal frequency,

the critical spatial frequency separating the two re-

gimes is defined as the frequency at which power

deviates by 3 dB from the k2 interpolation (k denotes

spatial frequency).

(C) The critical spatial frequency as a function of

temporal frequency. Shaded areas in (B) and error

bars in (C) represent one standard deviation across

subjects.

See also Figure S1.
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strongly drive neural responses after saccades, irrespective of

possible influences from saccadic suppression. In the following,

we will refer to the luminance flow resulting from exploring the

external scene via eye movements as the visual (or retinal) input.

This signal should not be confused with the stationary pattern of

luminance given by the scene by itself.

We recorded the eye movements of 14 subjects as they freely

examined images of natural scenes. As expected, our observers

made frequent saccades (�3 saccade/s; average inter-saccadic

interval across subjects ± standard deviation: 248 ± 54 ms).

Saccades covered a broad range of amplitudes, from just a

few minutes of arc to over 10� (average saccade amplitude:

3.1� ± 0.79�) (Figure 1F), and a very wide range of velocities,

with peak speed ranging from �20�/s to more than 500�/s.
Most observers executed primarily saccades around 2� to 3�,
except for a few who exhibited a preference for smaller ampli-

tudes. Irrespective of these individual preferences, all observers

exhibited tightly stereotyped relations among peak velocity,

saccade duration, and amplitude, as well established in the liter-

ature [36] (Figure 1G). The resulting fast and abrupt motion of the

retinal image contrasts with the slow/smooth motion present in

between saccades. In these fixation intervals, the eye drifted

following seemingly random trajectories, with a mean instanta-

neous speed of 1�/s, a value consistent with previous measure-

ments [37].

We first examined how saccades redistribute power at each

individual spatial frequency. That is, we estimated the redistribu-

tion resulting from saccades along the temporal frequency axis,

given unit power at each spatial frequency. This is computation-

ally equivalent to the power spectrum of the visual flow delivered

by the recorded saccades had they occurred over white noise

scenes. This step is important because the spatiotemporal

transformation resulting from saccades is non-linear in the tem-

poral domain but linear in space. This implies that we can under-

stand the impact of saccades on any possible spatial scene from

the modulations saccades generate at each individual spatial

frequency.

Because saccades of different sizes follow different velocity

profiles and, therefore, yield luminance modulations with distinct

characteristics on the retina, we divided the recorded saccades
into subsets with similar amplitudes so that all saccades within

each subset differed by no more than 1� in size. We then exam-

ined each subset separately. The data in Figure 2 refer to a com-

mon range of saccades, those with amplitudes between 2� and
3�. A very specific pattern is clearly visible in these data, with

two distinct regimes present and a transition at�0.3 cycles/deg.

At high spatial frequencies, the abrupt changes caused by

saccades yield luminance modulations with approximately con-

stant power across spatial frequencies. This ‘‘saturation regime’’

is consistent with previous reports [15] and conforms to the stan-

dard way of thinking about saccades as producing abrupt lumi-

nance steps. Unexpectedly, however, a strikingly different

regime emerges at lower spatial frequencies. In this band, the

power of the luminance modulation increases with increasing

spatial frequency, a behavior not previously reported in the liter-

ature. We will refer to this regime as ‘‘whitening’’ for reasons that

will be clear in Figure 4.

The presence of two regimes is particularly evident in the tem-

poral frequency sections in Figure 2B, which better show how

the saccade-induced conversion of spatial power into temporal

modulations depends on the spatial frequency of the stimulus. At

every non-zero temporal frequency section, the gain of this con-

version first increases proportionally to the square of the spatial

frequency until a critical spatial frequency is reached and then

delivers equal power across spatial frequencies. Note that the

critical spatial frequency that divides these two regimes varies

relatively little with temporal frequency, i.e., by less than a factor

of 3 as temporal frequency varies from 1 to 30 Hz (Figure 2C).

The data in Figure 2 refer to saccades in a single amplitude

range (2� to 3�). However, saccades vary greatly in amplitude,

prompting the question of how saccade size influences the po-

wer redistribution. To investigate this point, Figures 3A and 3B

show the spatiotemporal power made available by saccades in

three amplitude ranges: microsaccades with amplitudes of

only a fraction of a degree; small saccades of 1� to 2�; and rela-

tively large saccades with amplitudes of 5�–7�. Comparison

across different saccade amplitudes shows that, qualitatively,

all saccades transform the spatial patterns entering the eyes

into temporal modulations on the retina in a similar manner.

They all result in the two distinct regimes of whitening and
Current Biology 30, 3999–4008, October 19, 2020 4001
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Figure 3. Impact of Saccade Amplitude

(A and B) The analysis of Figure 2 is here conducted for saccades in three different amplitude ranges. Graphical conventions are as in Figure 2. The full

spatiotemporal spectra are in (A) and sections at selected temporal frequencies in (B).

(C) Changes in power with saccade amplitude. Each curve represents the total power within the temporal range of human sensitivity [38] by saccades of a given

amplitude. Shaded areas represent SEM across subjects. For comparison, the panel also shows the power of the modulations resulting from the inter-saccadic

eye drifts recorded both in the experiments of this study and during examination of a 20/20 line in a Snellen chart (data from Intoy and Rucci [39]).

(D) Critical spatial frequency, the frequency separating whitening and saturation regimes, as a function of saccade amplitude. This value was estimated from the

curves in (C), following the procedure described in Figure 2C. Experimental data are well approximated by the function 1=ð2AÞ, whereA is the saccade amplitude.

Error bars represent one standard deviation across temporal frequencies.

ll
Article
saturation in separate spatial frequency bands. In the whitening

regime at low spatial frequencies, power always increases pro-

portionally to the square of spatial frequency, and in the satura-

tion regime at higher spatial frequencies, all saccades deliver the

same amount of power, irrespective of their amplitudes.

As summarized by the data in Figure 3C, two important

changes occur as saccade amplitude varies. First, the critical
4002 Current Biology 30, 3999–4008, October 19, 2020
spatial frequency that separates the two regimes of whitening

and saturation also varies. As the saccade amplitude decreases,

the critical frequency shifts toward higher spatial frequencies, re-

sulting in a broader whitening range. Second, below the critical

frequency, the power of the input signals increases with saccade

amplitude. Saccades with amplitudes above 7� give substan-

tially stronger signals than those elicited by 1� saccades within
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Figure 4. Interaction between the Power

Redistribution due to Saccades and Natural

Scenes

(A and B) Power spectrum of the luminance modu-

lations from saccades (2� to 3�) during viewing of

natural images. Both the full space-time distribution

(A) and sections (B) at selected temporal frequencies

(horizontal lines in A) are shown. Note that, below the

critical spatial frequency, saccades counterbalance

the power spectrum of natural scenes. At higher

spatial frequencies, visual signals follow the spectral

density of natural images (the dashed lines, k�2, in

B). Graphical conventions are as in Figure 2.

(C) Power in the temporal range of human sensitivity

delivered by saccades with various amplitudes. The

shaded areas represent SEM.

ll
Article
the bandwidth of temporal sensitivity. This effect is a conse-

quence of the faster and wider displacements resulting from

larger saccades, which convertmore spatial power into temporal

power, as shown by comparison of the spectral distributions at

individual temporal frequencies in Figure 3B.

The data in Figure 3C were obtained from the spatiotemporal

spectra in Figure 3A by weighting and integrating temporal fre-

quencies based on the known temporal characteristics of human

temporal sensitivity, as measured in the absence of the retinal

image motion caused by eye movements [38]. Over the range

of saccade amplitudes examined in this study, the critical spatial

frequency varied by approximately one order of magnitude, from

�1 cycle/deg for microsaccades (<0.5 deg) to less than 0.1 cy-

cles/deg for saccades larger than 7� (Figure 3D). Interestingly,

the critical spatial frequency is well approximated by 1=ð2A),
where A is the saccade amplitude. This is the frequency of a

grating for which a single lobe is equal to the saccade amplitude.

Thus, all saccades, irrespective of their amplitudes, yield lumi-

nance modulations that qualitatively follow the same pattern of

power redistribution, but the boundary between the two regimes

of whitening and saturation and the amount of low-frequency po-

wer depend on the saccade amplitude.

For comparison, Figure 3C also shows the power redistribu-

tions resulting from ocular drifts. Previous studies have shown

that, over a wide range of spatial frequencies, the proportion of

spatial power in the scene that ocular drift makes available in

the form of temporal modulations also increases proportionally

to the square of the spatial frequency [40]. The luminance flow

from drift measured in our experiments closely followed this

behavior, with power increasing up to �10 cycles/deg, similar

to what reported in previous free-viewing experiments [31].

Like for saccades, this cutoff frequency is not hard wired: it

has been observed that it changes across tasks [39], yielding

broader ranges of whitening in high-acuity tasks (see dashed

and solid gray curves in Figure 3C).

Thus, surprisingly, the luminance modulations resulting from

eye movements as different as saccades and ocular drifts

follow similar spectral distributions. Both types of eye move-

ments yield two distinct modulation regimes in separate spatial

frequency ranges, with the lower band characterized by an
increase in power with spatial frequency. The primary differ-

ence across distributions is the critical spatial frequency,

which changes according to the eye movements: it is higher

for ocular drift than for saccades. In both cases, the critical fre-

quency varies with the scale of the movement, the equivalent

diffusion constant for drift, and the amplitude for saccades.

Both distributions can be captured by a unified, general model,

with a single parameter (the critical spatial frequency sepa-

rating the two regimes) that varies according to the type of

movement.

So far, we have focused on the proportion of the stimulus po-

wer redistributed by saccades. As mentioned above, the data in

Figures 2 and 3 correspond to the power spectra of the retinal

signals available while viewing scenes with constant spectral

density, such as white noise images. In the presence of a scene

with different statistics, saccade modulations depend on the

spatial power available in the scene itself, which in general will

not be equal across spatial frequencies. It is particularly inter-

esting to examine the interaction between eye movements and

natural scenes.

It is well known that the power of natural scenes decreases

approximately proportionally to the square of the spatial fre-

quency [41]. Below the critical spatial frequency, saccade mod-

ulations counterbalance this distribution, yielding a luminance

flow with equalized spatial power, i.e., a whitened retinal input

(Figures 4A and 4B; hence the term ‘‘whitening regime’’ to indi-

cate this band). Above the critical spatial frequency, the

proportion of redistributed power remains constant, so that the

luminance transients from saccades follow the spectral density

of natural images, decreasing proportionally to the square of

spatial frequency. These general characteristics hold for sac-

cades with all amplitudes. However, larger saccades yield a nar-

rower whitening band, and more power within this band reaches

the temporally relevant range of sensitivity (Figure 4C). In

contrast, all saccades deliver equal power irrespective of their

amplitude, in the saturation regime. Thus, during natural viewing,

the normal saccade-drift alternation yields a cyclical modulation

of the range of whitening to which retinal neurons are exposed.

This cycle emphasizes distinct spatial frequency ranges de-

pending on saccade amplitude.
Current Biology 30, 3999–4008, October 19, 2020 4003
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Figure 5. Some Factors Responsible for the

Power Spectra of Saccade Transients

(A) Saccades of different amplitudes (colored solid

lines) can be well approximated by scaling in size

and time a prototypical saccade waveform uðtÞ
(dashed lines).

(B) The spatial (A) and temporal (j) scale factors

resulting from least-squares fitting of saccades with

different amplitudes (x axis). Note that j remains

close to 1, a consequence of the saccade main

sequence. The red line marks the linear regression.

(C) Spatial distribution of power made available at

8 Hz in three cases: an instantaneous displacement

over orthogonal gratings (yellow curve); the proto-

typical saccade waveform over orthogonal gratings

(blue curve); and the prototypical saccade wave-

form over a white noise pattern, with texture in all

orientations (red curve). The x axis represents the

frequency of the grating(s).

(D) Same as in (C) for the temporal distributions at 1

cycle/deg.
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Why do saccades deliver luminance transients with these

characteristics? An intuition can be gained from the changes

in the visual signal experienced by a retinal receptor as a

saccade relocates gaze. If the scene does not vary in space,

as when looking at a uniform field (all power at 0 spatial fre-

quency), the receptor experiences no change in its input signal.

If, in contrast, the same saccade occurs over a textured, non-

uniform field (power available at non-zero spatial frequencies),

the visual input changes, and the extent of the modulation de-

pends on the specific structure of the scene. Consider, for

example, a saccade of amplitude A that shifts gaze over an

orthogonal grating at spatial frequency k. For small k, the vari-

ance of the luminance signal experienced by the retinal recep-

tor will grow as k increases. The largest response will be

achieved for k = 1=ð2AÞ, the frequency that, on average, yields

the largest luminance difference between the starting and

ending locations of the saccade. For larger k, the variance of

the input modulation saturates, as the receptor covers more

than half a period during the saccade. Thus, as spatial fre-

quency increases, the amount of change in the modulation first

increases and then saturates, yielding the two regimes

described in Figure 2. This example also provides an intuition

for the influence of saccade amplitude. The frequency of the

grating that yields the largest luminance change decreases

with increasing saccade amplitude, although all saccades, irre-

spective of their amplitudes, yield signals with similar variance

with stimuli at higher spatial frequencies.

Although intuitive, the description above neglects important

detail. A deeper understanding can be gained on the basis of

the dynamics of saccades, specifically the well-established rela-

tions among duration, peak velocity, and amplitude known as

the saccade main sequence [36]. A fundamental consequence

of these relations is that all saccades can be well described by

scaling and stretching a prototypical waveform, uðtÞ (Figure 5A).
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That is, any saccade trace, sðtÞ, can be

approximated as sðtÞ � A uðt =jÞ, where

A is the amplitude j the duration and u(t)

is a standard template for saccade trajec-
tories. This implies that the spectral redistribution of the lumi-

nance flow of any saccade, Sðk;uÞ, can be directly estimated

from Uðk; uÞ, the redistribution caused by the template uðtÞ:
Sðk;uÞ = j2 UðAk; j uÞ. Note that, as saccade amplitude varies,

two factors cooperate to attenuate the influence of the temporal

scaling factor, j: (1) the relation between saccade velocity and

amplitude, specifically the higher speed reached by larger sac-

cades (Figure 1G), which maintains j relatively close to unity

(Figure 5B), and (2) the spectral characteristics of U, notably its

� 1=u2 behavior (Figure 5D), which partially counterbalances

the scaling. Thus, saccades with different amplitudes primarily

differ by an amplitude-dependent compression of the spatial fre-

quency axis, as shown in Figure 3.

What is then Uðk; uÞ? Figure 5C shows a temporal section

(8 Hz) when the stimulus is simply a grating orthogonal to the

saccade. If saccades were instantaneous displacements, the

changes in luminance would only depend on their starting and

ending positions, so that power would oscillate with the fre-

quency of the grating (yellow curve in Figure 5C). Real saccades,

however, deliver a signal that depends not just on the end points

of the trajectory but also on their speed dynamics, yielding more

evenly distributed power at high spatial frequencies (blue curve

in Figure 5C). Furthermore, more complex stimuli, like natural

scenes, contain Fourier components with all possible orienta-

tions, not just orthogonal to the saccade direction; these oblique

components act as if they had a lower spatial frequency (down to

0 cycles/deg for a grating parallel to the saccade). In these cir-

cumstances, the total power available at any spatial frequency

also includes these non-orthogonal components, further flat-

tening the power distribution in the high-frequency range (red

curve in Figure 5C). Thus, although several factors contribute,

the temporal reformatting of the visual flow resulting from sac-

cades is primarily shaped by saccade dynamics and the main

sequence.
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DISCUSSION

Eye movements are an incessant presence during normal visual

functions. Because high visual acuity is only restricted to a

minuscule portion of the visual field, humans need to shift their

gaze several times every second, executing billions of saccades

throughout their lifetimes. Like all eye movements, saccades

temporally modulate the stimulus on the retina, effectively trans-

forming patterns of luminance into a spatiotemporal flow

impinging onto retinal receptors. Here, we have shown that

this transformation results in a stereotypical redistribution, which

counterbalances the power spectra of natural scenes over a fre-

quency range that systematically depends on saccade ampli-

tude. For very small saccades, this redistribution approaches

that given by inter-saccadic eye drifts, so that the luminance

modulations delivered by both slow/smooth and rapid/jerky

eye movements follow a similar pattern, well described by a uni-

fied model.

Estimating the power redistribution resulting from saccades is

not straigtforward. The visual flow delivered by these move-

ments is inherently non-stationary, and their brief duration limits

the temporal resolution that can be achieved via standard

methods of spectral analysis. Standard methods are also limited

in the lowest spatial frequency range that can be practically

examined, as spatial resolution is inversely related to image

size. To circumvent these difficulties, here, we averaged the po-

wer spectrum of the visual flow over the course of saccades and

followed the factorization approach developed in Kuang et al.

[31]. This method assumes independence between eye move-

ments and the pattern of luminance to gain spectral resolution.

It enables power estimation at any desired spatial frequency, if

the spectral distribution of the external scene is known. Because

saccades tend to be directed toward meaningful regions of the

scene, the assumption of independence may not strictly hold

within selected regions of the retina, notably the fovea. It is, how-

ever, a reasonable assumption when considered across the

entire retina, as saccade characteristics cannot depend on the

pattern of luminance at every retinal location. Indeed, results ob-

tained with the factorization method were virtually identical to

those obtained—at lower resolution—by means of a more stan-

dard method of spectral analysis (see Figure S1), confirming the

validity of the approach.

These findings have implications at multiple levels. At the

methodological level, a direct consequence is that they chal-

lenge the common assumption that equates saccade temporal

transients with instantaneous steps in contrast. Studies of visual

perception often replace saccades with abrupt stimulus onsets,

implicitly assuming that the two types of stimulus presentations

are functionally equivalent. However, these transients differ

considerably in terms of the spatial information they provide. Un-

like saccades, contrast steps do not yield a whitening range: the

proportion of spatial power that is made available in the form of

luminance modulations remains constant across all spatial fre-

quencies. Thus, perceptual and neural responses measured

with contrast steps in the laboratory may differ in important

ways from those elicited by saccades during natural viewing.

For example, one would expect the responses of neurons with

peak sensitivity within the whitening range to be more similar af-

ter saccades than following steps in contrast. Furthermore,
stronger correlated activity should be expected in the responses

of retinal ganglion cells to natural scenes when saccades are re-

placed by abrupt onsets of the same images.

With regard to neural encoding, our results suggest that sac-

cades act as a computational stage in the processing of visual

information. Theories of efficient sensory encoding [33, 42]

were traditionally formulated without taking eye movements

into account, under the premise that the statistical properties

of retinal stimulation and the observed external images were

identical. This, however, is not the case during natural viewing.

Previous studies have observed that the incessant inter-

saccadic motion of the eye removes part of the statistical redun-

dancies of natural scenes before any neural processing [40]. Our

data add to this previous body by showing that, surprisingly, sac-

cades and drift yield luminance transients that differ only quanti-

tatively, not qualitatively. Saccades, like ocular drift, also

possess a whitening region but restricted to a lower range of

spatial frequencies, up to approximately 1 cycle/deg for small

saccades.

Interestingly, retinal ganglion cells tend to exhibit sensitivity

functions complementary to the input reformatting given by

saccades. These neurons typically possess (1) a frequency

range within the saccade saturation region in which sensitivity

increases with spatial frequency and (2) a lower range that over-

laps with the saccade whitening region, in which sensitivity flat-

tens, deviating from the responses of ideal decorrelating filters

[43, 44]. These observations suggest a possible synergy be-

tween the structure of saccade transients and the sensitivity of

ganglion cells during viewing of natural scenes, with the two

elements cooperating to attenuate correlations in neural re-

sponses immediately following saccades, before the influences

from ocular drifts emerge. This interaction would facilitate en-

coding of the visual scene under examination by emphasizing

how it differs from the general, predictable characteristics of nat-

ural scenes.

The reformatting of the visual flow resulting from saccades

may also provide an explanation for discrepant findings between

studies conducted in the presence and absence of eye move-

ments. Neurophysiological recordings often use temporally

modulated stimuli. With such stimuli, saccades will spread tem-

poral power in a similar way to what occurs with a stationary

scene, but starting from the frequency of the modulation. This

spread is similar to the mechanism proposed to be responsible

for boosting sensitivity to temporally modulated low-spatial-

frequency gratings relative to stationary ones [45]. This effect

tends to maintain more power within the bandwidth of temporal

sensitivity in a low range of spatial frequencies. Thus, saccade

modulations may play a role in the shift in neural tuning toward

lower spatial frequencies measured in experiments in which

eye movements occur [46, 47] relative to studies with anesthe-

tized, paralyzed monkeys [48, 49].

At the perceptual level, multiple considerations emerge. First,

it is worth pointing out that a contribution of saccade transients

to visual representations is not in contradiction with the notion

of saccadic suppression, the lack of awareness to the inter-

saccadic motion of the retinal image [3, 50, 51]. As noted above,

the spectral analyses reported here apply to the luminance flow

given by the entire saccadic gaze shift, not just to the signals pre-

sent during the movement itself. That is, they include the
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changes in visual input from one fixation to the next, which elicit

strong responses after the termination of saccadic suppression

[19–22]. Furthermore, contrast sensitivity is only moderately

suppressed during saccades [4, 24, 52], and information ac-

quired around the occurrence of saccades may influence visual

processes [53, 54]. In fact, our results are informative in terms of

the mechanisms of saccadic suppression. Because of the

whitening regime, saccades yield weaker signals at low spatial

frequencies than commonly assumed. This attenuation may

contribute to make a moderate suppression in sensitivity suffi-

cient to prevent visibility of retinal image motion during

saccades.

An important consequence of our findings is the possibility

that saccades can be used for selecting information not just in

space (by positioning the fovea) but also in spatial frequency,

by using saccade amplitude to control the spatial frequency

range that is made available within the temporal frequency range

of retinal sensitivity. Although the primary function of saccades is

to enable sequential exploration of the scene by centering ob-

jects of interest on the high-acuity fovea, our data show that a

similar selection process is also possible relative to spatial fre-

quency. In terms of absolute power, the strength of the lumi-

nance flow to the retina increases with saccade amplitude in

the region of whitening (Figure 4C). In relative terms, once the to-

tal amount of power on the retina is normalized, the bandwidth of

the whitening region decreases with saccade amplitude. Mech-

anisms of contrast gain control, which presumably emphasize

relative differences within power distributions rather than overall

power, occur starting from the retina [55–58]. Thus, saccade

amplitude could be effectively controlled to emphasize the fre-

quency range relevant to the task at hand. Targeted experiments

are needed to determine whether this power modulation trans-

lates into a perceptual benefit and, if so, whether this phenome-

non plays a role in saccade planning.

Irrespective of whether or not saccades are controlled to

select spatial frequency, our data show that a stereotypical

evolution in the bandwidth of whitening continually occurs dur-

ing the natural alternation between saccades and fixational

drifts. Visual responses are driven by a signal that contains

strong low-spatial frequency power and narrow whitening

bandwidth immediately after a saccade and stronger high-

spatial frequency power and broad whitening later during fixa-

tion. This observation is in agreement with the proposal that

eye movements initiate, during normal viewing, a coarse-to-

fine dynamics of visual analysis [15], a processing hierarchy

in which analysis of the overall gist of the scene precedes elab-

oration of fine details [59–64].

These dynamics also imply different optimal strategies for ex-

tracting spatial information in separate frequency ranges. Given

the vast discrepancy in saccade/drift power at low, but not high,

spatial frequencies, low-spatial-frequency information is pre-

dominantly available immediately after a saccade, whereas

high-spatial-frequency information is available throughout the

post-saccadic period of fixation. The response characteristics

of magnocellular and parvocellular neurons, with their different

tuning in both space and time, appear well suited to capture

these time courses, and evidence exists in favor of a role of the

magnocellular pathway in encoding the initial gist of a scene

[65, 66]. In this view, the delays in thalamic afferents [67] and
4006 Current Biology 30, 3999–4008, October 19, 2020
refinements in neuronal selectivity [68–70] that also occur under

anesthesia and oculomotor paralysis are not the primary causes

for a coarse-to-fine evolution of visual processing but rather

reflect the natural tuning of a system designed to operate on

the visual signals given by the saccade/drift alternation. This

view also implies that saccades act as clocks in the establish-

ment of visual representations, as the information conveyed by

each neuronal impulse varies with the amount of time elapsed

since the end of a saccade.

In sum, our results show that the characteristics of saccades,

particularly their dynamics and the velocity-amplitude relation,

lead to luminance modulations on the retina that counterbal-

ance the power spectra of natural scenes up to an ampli-

tude-dependent cutoff frequency. The resulting conversion of

spatial patterns into temporal signals is similar to that previ-

ously observed for inter-saccadic eye drifts but now com-

pressed in spatial frequency and with greater power at low

spatial frequency. These findings suggest that saccades are

not merely a means to center the high-acuity fovea on the ob-

jects of interest. Rather, they appear to play important roles in

processing visual information before neural computations take

place, by removing broad-scale correlations in natural scenes,

enhancing low-frequency vision, and setting the stage for a

coarse-to-fine processing dynamics. Saccade characteristics

are altered in a variety of neurological disorders [71]. Our find-

ings point at the need to examine the visual signals emerging in

these conditions and their possible relations with the observed

perceptual deficits.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Fourteen subjects (6 females and 8 males; age range: 21–31 years) with normal, non-corrected vision participated in the study. All

observers were naive about the purpose of the experiment and were compensated for their participation. Informed consent was

obtained from all participants following the procedures approved by the BostonUniversity Charles River Campus Institutional Review

Board and the Declaration of Helsinki.

METHOD DETAILS

Apparatus
Gray-scale images of natural scenes were displayed on a fast-phosphor CRT monitor (Iyamaya HM204DT) at 8003600 pixel reso-

lution and 200 Hz refresh rate. Stimuli were observed monocularly with the right eye while the left eye was patched. Subjects were

positioned at a fixed distance (126 cm) from the monitor, so that each pixel subtended�10. The subject’s head was immobilized by a

custom dental-imprint bite bar and a head-rest.

Eye movements were measured by means of a Generation 6 Dual Purkinje Image (DPI) eye-tracker (Fourward Technologies). This

method is known to provide high linearity and reaches a resolution of approximately 10 [72]. The specific unit used in the experiments

had been extensively tuned and tested to minimize its level of noise and increase its sensitivity. The analog output signals delivered

from the eye-tracker were first low-pass filtered at 500 Hz and then sampled at 1 kHz. The digital traces were recorded for offline

analysis.

Data Collection
Observers were instructed to freely examine andmemorize pictures of natural scenes. The imageswere presented sequentially, each

for 10 s. Data were collected via separate blocks of consecutive trials, each trial consisting in the presentation of one image, in exper-

imental sessions that lasted approximately 1 h each. Before a block of trials, preliminary set-up procedures, described in detail in

previous publications, ensured optimal eye-tracking. These procedures included tuning the eye-tracker and executing a gaze-

contingent calibration procedure that enables conversion of the eye-tracker output signals into degrees of visual angle with high pre-

cision [18, 73]. The duration of each block of trials never exceeded 10 min, and brief breaks between successive blocks allowed the

subject to rest.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of Oculomotor Data
Eye movement traces were processed as described in previous publications [39]. Only periods with optimal, uninterrupted tracking

and no blinks were selected for data analysis. Traces were segmented into complementary periods of fixation and motion events

based on a speed threshold of 3+/s. The instants in which speed became, respectively, higher and lower than this threshold defined

the start and end points of the event, respectively, and its amplitude was defined as the modulus of the vector connecting gaze po-

sitions at these two instants. Consecutive events in which eye speed returned lower than threshold for less than 15 ms were merged

into a single movement, a method that took care of possible post-saccadic overshoots [74]. Events with amplitude of at least 30 were

classified as saccades.

Power spectrum estimation
Spectral analyses were conducted using the factorization method described in previous publications [31]. This method enables

high-resolution estimation of the spectral density, under the plausible assumption of statistical independence between the pattern

of luminance and eye movements:

Sðk;uÞ = IðkÞQðk;uÞ (Equation 1)

where k and u indicate spatial and temporal frequencies, respectively; I represent the power spectrum of the external scene (f k�2

for natural scenes); and Qðk;uÞ is the spatiotemporal power redistribution resulting from eye movements. This term is given by the

Fourier Transform of the displacement probability qðx; tÞ, the probability that the eye moved by x in an interval t.

To estimate the average redistribution given by saccades, we first grouped them according to their amplitudes. For each recorded

saccade, xðtÞ, we selected a 512 ms segment centered on the time of peak velocity and eliminated confounding influences from the

eye drifts preceding and following the saccade by replacing these trajectories with periods of equal duration in which the eye was

assumed to remain immobile. We then estimated Q directly in the frequency domain, as:

Qðk;uÞ =
�����
Z

e�2pjkT xðtÞe�2pjutdt

����
2�

x

(Equation 2)

By separating retinal image statistics and eye movements, this method enables spectral estimation with high temporal resolution at

any desired spatial frequency k. Reported data are the spectra estimated individually for each subject and then averaged

across observers. They are summarized in two dimensions (space and time) by taking radial averages across spatial frequencies

(k = kkk). For comparison, the power spectrum of the retinal flow given by ocular drift was estimated following the same approach

over uninterrupted, non-overlapping drift segments of 1024 ms.

To facilitate comparisons of the amount of useful power made available by eye movements, in Figures 3C and 4C, we integrated

across temporal frequencies after weighting spectral density distributions by the profile of human temporal sensitivity. We used the

filter developed by Kelly [38], which incorporates the way temporal sensitivity changes with spatial frequency:

G u; kð Þ= 6:1+ 7:3

����log k

3

� �����
3

 !
uke�u+ 2k

22:95

This filter was derived from measurements obtained under retinal stabilization, a condition that minimizes oculomotor influences. At

each individual spatial frequency, it was normalized by the sum of its values over temporal frequency to summarize the power

delivered by saccades within the range of temporal sensitivity.
e2 Current Biology 30, 3999–4008.e1–e2, October 19, 2020
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Figure S1. Comparison of spectral estimates obtained with different methods,
Related to Figure 2.
Power spectra obtained with the factorization method used in the main text (solid lines) are
compared to those obtained—at lower resolution—via a standard method for spectral esti-
mation (Welch; dashed lines). The latter does not assume independence between eye move-
ments and images. All spectra shown in the article were obtained by means the factorization
method because, unlike Welch, it enables estimation of power at low spatial frequencies and
achieves finer temporal resolution. (A) Power delivered by saccades within the bandwidth
of human temporal sensitivity. The curves represent saccades with different amplitudes, as
in Fig. 4C. Note the close agreement between the data obtained with the two methods of
spectral estimation. The negligible differences relative to the data reported in Fig. 4C are
caused by small deviations in the power spectrum of the images used in the experiments from
the theoretical 1/k2 distribution. (B) Same as in A, after normalizing the power spectra of
the images to 1/k2. In both panels, shaded areas represent SEM.
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