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In tracking a moving target, the visual context may
provide cues for an observer to interpret the causal
nature of the target motion and extract features to
which the visual system is weakly sensitive, such as
target acceleration. This information could be critical
when vision of the target is temporarily impeded,
requiring visual motion extrapolation processes. Here we
investigated how visual context influences ocular
tracking of motion either congruent or not with natural
gravity. To this end, 28 subjects tracked computer-
simulated ballistic trajectories either perturbed in the
descending segment with altered gravity effects (0g/2g)
or retaining natural-like motion (1g). Shortly after the
perturbation (550 ms), targets disappeared for either 450
or 650 ms and became visible again until landing. Target
motion occurred with either quasi-realistic pictorial cues
or a uniform background, presented in counterbalanced
order. We analyzed saccadic and pursuit movements
after 0g and 2g target-motion perturbations and for
corresponding intervals of unperturbed 1g trajectories,
as well as after corresponding occlusions. Moreover, we
considered the eye-to-target distance at target
reappearance. Tracking parameters differed significantly
between scenarios: With a neutral background, eye

movements did not depend consistently on target
motion, whereas with pictorial background they showed
significant dependence, denoting better tracking of
accelerated targets. These results suggest that
oculomotor control is tuned to realistic properties of the
visual scene.

Introduction

Motor control and perceptual processes rely criti-
cally on acquisition of detailed visual information.
Because of the limited extent of the visual field covered
by the fovea, in performing actions the image of objects
of interest is foveated by accurate gaze movements to
maintain clear vision even in the face of object motion
or self-motion (Abrams, Meyer, & Kornblum, 1990;
Carnahan & Marteniuk, 1991; Land, Mennie, &
Rusted, 1999; Helsen, Elliott, Starkes, & Ricker, 2000;
Neggers & Bekkering, 2000, 2001; Binsted, Chua,
Helsen, & Elliott, 2001; Johansson, Westling,
Bäckström, & Flanagan, 2001; Pelz, Hayhoe, & Loeber,
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2001; Bowman, Johansson, & Flanagan, 2009; Gielen,
Dijkstra, Roozen, & Welten, 2009; López-Moliner &
Brenner, 2016; Li, Wang, & Cui, 2018). Thus, when
catching an object on the fly, ocular tracking of object
motion is instrumental for an observer to keep the
projection of the object image on the fovea in
preparation for the catching action (Land & McLeod,
2000; McLeod, Reed, & Dienes, 2006; McLeod, Reed,
Gilson, & Glennerster, 2008; Brenner & Smeets, 2009,
2011; Dessing, Oostwoud Wijdenes, Peper, & Beek,
2009; Bennett, Orban de Xivry, Lefèvre, & Barnes,
2010; Spering, Schütz, Braun, & Gegenfurtner, 2011;
Hardiess, Hansmann-Roth, & Mallot, 2013; Cesqui,
Mezzetti, Lacquaniti, & d’Avella, 2015; Fooken, Yeo,
Pai, & Spering, 2016). Ocular tracking often combines
two types of eye movements: smooth-pursuit move-
ments, which maintain the target image on the fovea by
driving the eyes at velocities proportional to those of
the moving targets, and saccades that compensate for
retinal slips of the target image due to the limitations of
the smooth-pursuit system with high-speed and un-
predictable motion (for a review, see Orban de Xivry &
Lefèvre, 2007).

Both saccadic and pursuit movements rely heavily on
predictive mechanisms to compensate for sensorimotor
delays as well as ambiguous or lacking visual infor-
mation. For example, in the absence of visual feedback,
smooth-pursuit movements continue to be driven by
intentional signals and by the expectancy of the target
reappearance, although at lower velocity relative to
that of the occluded target (Mitrani & Dimitrov, 1978;
Becker & Fuchs, 1985; Morris & Lisberger, 1987; Pola
& Wyatt, 1997; Bennett & Barnes, 2003; Madelain &
Krauzlis, 2003; Barnes & Collins, 2008). Saccadic
movements, in turn, place the eyes ahead of the
extrapolated position of the occluded object, compen-
sating for the lower pursuit velocities (Bennett &
Barnes, 2006b).

Predictive estimates of the target motion are based
largely on signals related to the target kinematics prior
to its disappearance (Kowler, Martins, & Pavels, 1984;
de Brouwer, Missal, & Lefèvre, 2001; Bennett & Barnes
2004, 2005, 2006a; Collins & Barnes, 2006; Orban de
Xivry, Bennett, Lefèvre, & Barnes, 2006; Bennett,
Orban de Xivry, Barnes, & Lefèvre, 2007; Mrotek &
Soechting, 2007; Orban de Xivry, Missal, & Lefèvre,
2008; Brostek, Eggert, & Glasauer, 2017).

In addition to visual information acquired before the
target occlusion, cognitive factors and long-term
memory information of past experiences are also
known to contribute to the predictive control of eye
movements (Makin, Poliakoff, Chen, & Stewart, 2008;
Makin, Poliakoff, & El-Deredy, 2009; Bennett et al.,
2010; Kattoulas et al., 2011; Santos & Kowler, 2017).
For example, acquired expertise with particular visual
contexts, such as those associated with sport games,

may also exert a strong influence on oculomotor
behavior in response to visual occlusions (Crespi,
Robino, Silva, & de’Sperati, 2012; Sarpeshkar, Aber-
nethy, & Mann, 2017). Furthermore, studies using
virtual-reality simulations of racquetball and manipu-
lations of the naturalness of target motion have
suggested that the oculomotor plan includes long-term
memory about the dynamic and natural properties of
the moving object (Diaz, Cooper, & Hayhoe, 2013;
Diaz, Cooper, Rothkopf, & Hayhoe, 2013; Souto &
Kerzel, 2013).

In this respect, gravity represents a major invariant
property of the natural environment, imposing on
object motion a quasi-constant downward acceleration
of 9.81 m/s2. Strong evidence supporting the idea that
implicit knowledge of gravity contributes to predictive
processes has come mostly from studies that have
reported interceptive and perceptual responses com-
patible with an expectation of gravity effects on object
motion (McIntyre, Zago, Berthoz, & Lacquaniti, 2001;
Zago et al., 2004, 2005; Indovina et al., 2005; Senot,
Zago, Lacquaniti, & McIntyre, 2005; Zago, Iosa,
Maffei, & Lacquaniti, 2010; Moscatelli & Lacquaniti,
2011; Bosco, Delle Monache, & Lacquaniti, 2012;
Senot et al., 2012; La Scaleia, Lacquaniti, & Zago,
2014; La Scaleia, Zago, & Lacquaniti, 2015; Russo et
al., 2017). The putative neural substrates of the internal
representation of gravity have been identified in a
complex of multimodal brain structures belonging to
the vestibular network, and located mainly in the
perisylvian region, thalamus, cerebellum, and vestibu-
lar nuclei (Indovina et al., 2005; Bosco, Carrozzo, &
Lacquaniti, 2008; Miller et al., 2008; Maffei, Macaluso,
Indovina, Orban, & Lacquaniti, 2010; Indovina et al.,
2013; Indovina et al., 2015; Maffei et al., 2015; Delle
Monache, Lacquaniti, & Bosco, 2017). This internal
representation of gravity stored in the vestibular
network appears to be rather abstract in nature, since it
might be evoked not only by interactions with real
objects subjected to the gravity force but also by
pictorial scenes displayed on a computer screen, where
the effects of gravity on the object motion are simulated
by scaling the object kinematics to the overall visual
context. Compatible with this idea, functional MRI
experiments that manipulated parametrically both the
effects of gravity on the target motion and the visual
context have shown that stationary pictorial elements,
enhancing the overall sense of realism of the visual
scene and providing a metric scale, facilitate specifically
the interception of motion congruent with gravity
effects, by engaging activity in the vestibular nuclei and
in the posterior cerebellar vermis (Miller et al., 2008).

Despite the amount of data supporting the view that
a priori information about gravity is integrated in the
predictive control of interceptive movements to over-
come sensory ambiguity or limitations in the central
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processing of sensory information (Zago, McIntyre,
Senot, & Lacquaniti, 2008, 2009; Lacquaniti et al.,
2014, 2015; Bosco et al., 2015), direct evidence for a
role of an internal model of physics on oculomotor
control is mostly confined to the literature on the
vestibulo-ocular reflex (André-Deshays et al., 1993;
Merfeld, Zupan, & Peterka, 1999; Angelaki, Shaikh,
Green, & Dickman, 2004; Clarke & Haslwanter, 2007;
Clarke, 2008; Nooij, Bos, & Groen, 2008; Green &
Angelaki, 2010a, 2010b).

Within this framework, an earlier study of ours
examined the spontaneous oculomotor behavior of
subjects who manually intercepted trajectories per-
turbed with altered gravity effects, and suggested that
anticipation of gravity effects may be common to both
interceptive and oculomotor control (Delle Monache et
al., 2015).

Following this evidence, in the present study we
specifically tested the idea that presupposed knowledge
of gravity might contribute to the predictive control of
eye-tracking movements depending on the naturalness
of the visual context. In particular, based on the results
of Miller et al. (2008), we hypothesized that target-
motion predictions would weigh more internalized
gravity information when target motion is tracked in a
visual scene containing elements of naturalness com-
pared to when the same motion is embedded in a
neutral background.

For this purpose, we asked healthy human subjects
to continuously track computer-simulated ballistic
trajectories, which could be perturbed with the effects
of altered gravity (either by removing or by doubling
the gravity acceleration) and occluded for variable time
intervals in order to require visual motion extrapola-
tion. The same target trajectories were presented either
on a structured visual scenario containing quasi-
realistic pictorial elements or on a uniform dark-gray
background.

We anticipate that stronger weighting of internalized
gravity information with the quasi-realistic pictorial
background might be reflected by higher tracking
accuracy of accelerated motion congruent with the
effects of natural gravity compared to constant-velocity
motion or motion accelerated at twice natural gravity.
In addition, a stronger expectation of accelerated
motion with a falling target at constant velocity might
induce significantly longer time leads of the eye relative
to the target motion during the descending limb of the
ballistic trajectory. Conversely, stronger reliance on
visual motion feedback signals than internalized gravity
information with the neutral background might result
in similar ocular-tracking performance across types of
target motion, or even in better tracking of the more
predictable constant-velocity targets.

Experimental findings were generally compatible
with this hypothetical framework, since ocular tracking

with the neutral background did not depend consis-
tently on the gravity level imposed on the target
motion, whereas eye movements with the pictorial
background showed stronger dependence on the target
kinematics, denoting higher tracking accuracy of
accelerated motion.

Methods

Twenty-eight healthy subjects (16 women, 12 men;
mean age 6 SD: 21.64 years 6 2.42) with either normal
or corrected-to-normal vision gave informed written
consent to participate in the experiments. Experimental
procedures, approved by the ethics committee of the
University of Rome Tor Vergata (Protocol 140.12),
were performed in agreement with the Declaration of
Helsinki. Subjects sat in front of a 22-in. LCD screen
(ViewSonic VX2268WM) with their head stabilized by
a chin rest. Visual scenarios were created using the
graphics software package Presentation (Version 14.9;
Neurobehavioral Systems, Berkeley, CA) and were
projected on the LCD screen at 100 Hz with a spatial
resolution of 1,680 3 1,050 pixels, spanning 42.868 3
26.798 visual angle.

Visual scenes and target-motion trajectories

The moving target was a white ball (7 pixels
diameter, 0.188 visual angle) which followed a ballistic
trajectory along the fronto-parallel plane from the
bottom left corner of the screen to the bottom right
corner. In separate blocks of trials, ball trajectories
were presented on either a pictorial or a neutral scene.
The pictorial scene reproduced a fly-ball play of a
baseball game. The ball was batted by the hitter located
at the bottom left corner of the scene. Stationary
graphic elements—such as the perimeter of the baseball
field, the players, and the overall landscape–provided
perspective view and metric cues (Figure 1A; for further
details, see Bosco et al., 2012; Delle Monache et al.,
2015, 2017).

In the neutral scene, the same ball trajectories were
displayed on a uniform dark-gray background; the only
stationary pictorial element, located at the same screen
coordinates as the hitter in the pictorial condition, was
a tilted orange rectangle taking the place of a ball
launcher (Figure 1B).

Projectile trajectories had a fixed launch angle of
76.58 from the horizontal (see Figure 2). The ascending
segment, modeled according to the equations originally
described by Brancazio (1985), took into account
Earth’s gravity and air-drag effects, scaled to the
metrics of the pictorial scenario. The descending
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segment either retained the same level of gravity
(unperturbed 1g trajectories) or was perturbed with
simulated microgravity (0g) and hypergravity (2g)
effects. Acceleration perturbations occurred either
1,750 or 1,500 ms prior to the ball landing (Figure 2A
and 2B illustrates the resulting trajectories for the
1,750- and 1,500-ms perturbation intervals, respective-
ly).

Ball trajectories were then occluded for either 450 or
650 ms, beginning 550 ms after the temporal markers of

the trajectory perturbations. The temporal markers of
the onsets of the acceleration perturbations in 0g and
2g trajectories were applied also to unperturbed 1g
trajectories as reference points to define the visual-
occlusion intervals and to delimit the time windows for
the eye-movement analyses.

The number of experimental conditions was in-
creased further by imposing two possible initial
velocities for the target motion: 20.48/s or 21.28/s visual
angle. Finally, at random intervals of 800–1,200 ms
during the visible portions of the trajectories, the ball
color switched to orange for 200 ms.

Figure 1. Visual scenes for the ocular-tracking task. (A) Pictorial

scenario. The scene reproduced a fly-ball play of a baseball

game and spanned 42.868 3 26.798 visual angle. Ball motion

(white circle, enlarged slightly for illustration purposes) started

from the batter at the bottom left of the scene and landed on

the right half of the scene following a parabolic path (magenta

dotted trace, shown here for illustrative purposes but never

appearing on-screen). Stationary graphic elements, such as the

baseball field’s perimeter, the players, and the landscape,

provided perspective view and metric cues. (B) Neutral

scenario. The same ball motion as presented in the pictorial

scene was projected over a uniform gray background, with

average luminance matched to the pictorial scenario (27 cd/

m2). The oriented orange rectangle, located at the same pixel

coordinates as the batter in the pictorial scene, symbolized a

ball launcher.

Figure 2. Ball ballistic trajectories. The ascending segment was

modeled by accounting for Earth gravity and air-drag effects,

scaled to the metrics of the pictorial scene. The descending

segment either retained the same level of gravity (unperturbed

1g trajectories, red traces) or was perturbed with simulated

micro- (0g, blue traces) or hypergravity (2g, green traces)

effects. Crosses and filled circles indicate perturbation and

visual-occlusion onsets, respectively. Crosses indicating the

perturbation onsets are illustrated also on unperturbed 1g

trajectories, since they were used as temporal markers for the

eye-movement analyses and to define the onsets of the visual

occlusions. Visual occlusions began 550 ms after the temporal

markers of the perturbation and lasted either 450 or 650 ms

(the open circles and squares mark the end of the 450- and 650-

ms intervals, respectively). (A) Trajectories perturbed 1,750 ms

before landing. (B) Trajectories perturbed 1,500 ms before

landing.
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The order of the two scenarios was counterbalanced
among subjects. One group of 14 subjects (G1) tracked
the target trajectories first in the pictorial and then the
neutral condition, and the sequence was inverted for
the remaining 14 subjects (G2).

Each block of trials with a given scenario consisted
of eight repetitions of 24 conditions (2 initial velocities
3 2 occlusion intervals 3 2 perturbation intervals 3 3
ball accelerations). The resulting 192 trials were
distributed pseudorandomly with respect to the exper-
imental conditions and delivered in two subblocks of 96
trials each. Subjects rested for 5 min between sub-
blocks. The overall duration of the experiment was
about 90 min.

Behavioral task

Subjects were instructed to maintain their head fixed
on the chin rest and continuously track the moving
ball, even during its transient disappearance (ocular-
tracking task). Binocular movements were recorded
with an EyeLink 1000 tracker system at a sampling
frequency of 500 Hz (SR Research, Ontario, Canada).
Eye-tracker signals were calibrated every 32 trials with
a 9-point calibration grid, and drift corrections were
applied every eight trials. To reduce the occurrence of
blink artifacts in eye-movement recordings, subjects
were also advised to refrain from blinking throughout
the trial.

While tracking the ball, subjects were asked to press
the left button of a computer gaming mouse (Razer
Copperhead, San Francisco, CA) in response to the
sudden color change of the ball, which occurred at
unpredictable times along the visible portion of its
trajectory (reaction-time task). The reaction-time task
enforced subjects’ attention on the moving target,
thereby improving tracking performance (Shagass,
Roemer, & Amadeo, 1976). Button-press responses
were recorded at a sampling frequency of 1 kHz
through a Power1401 acquisition board (Cambridge
Electronic Design, Cambridge, UK). Synchronization
between the PC running the Presentation software and
the EyeLink system was mastered through custom-
made software written for the Spike2 real-time module
(Cambridge Electronic Design).

Analysis of eye movements

Data collected from the eye tracker were prelimi-
narily screened for poorly calibrated signals and
recording artifacts by using custom-made MATLAB
(MathWorks, Natick, MA) scripts. The screening
analysis detected 1,451/10,752 trials (13.5%) with data
from only one eye affected by poorly calibrated signals.

For these trials, we retained monocular data from the
unaffected eye trace. We discarded 178/10,752 trials
(1.6%) because both eye traces were unreliable. For the
remaining 9,123/10,752 trials with clean binocular
signals (i.e., 84.9% of all trials), we obtained cyclopean
eye-position time series by averaging the two eye traces
bin by bin (2-ms bin width). Monocular eye-position
time series (either monocular at source or computed
cyclopean) were numerically differentiated and filtered
with a zero-lag 2nd-order low-pass Butterworth filter
(cutoff frequency ¼ 40 Hz).

In order to evaluate the ocular-tracking behavior in
response to the acceleration perturbations of the ball
trajectories and the absence of visual feedback, we
defined two temporal windows (Figure 3).

The first window, named perturbation—starting 100
ms after the temporal markers of the trajectory
perturbations and lasting for the successive 450 ms of
visible motion—was used to examine ocular tracking of
visible motion either congruent or not with gravity
effects. The second window, named occlusion—com-
prising 100 ms after the ball disappearance and the
successive 350 ms of occluded motion—was used to
evaluate tracking behavior in the absence of visual
feedback.

The first 100 ms of data recorded after the onsets of
the trajectory perturbations and occlusions were not
included in the perturbation or occlusion windows, to

Figure 3. Perturbation and occlusion time windows used for

eye-movement analysis. Horizontal and vertical and eye-

position traces (blue) recorded from one subject during tracking

of one 0g trajectory (red traces) are illustrated in the top and

bottom panels, respectively. Vertical solid, dashed, and dash-

dotted lines indicate the ball-trajectory perturbation, occlusion,

and reappearance events, respectively. The green transparency

delimits the perturbation interval, from 100 ms after the

perturbation onset until the ball disappearance. The red

transparency corresponds to the occlusion interval, lasting 350

ms from the time 100 ms after the ball disappearance.
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account for oculomotor response delays to the sudden
perturbations and occlusions of the ball motion. We
quantified ocular-tracking behavior during the pertur-
bation and occlusion windows by analyzing separately
saccadic movements and bouts of smooth pursuit.

Saccadic movements

Saccadic movements were detected by using com-
bined eye-velocity (.308/s) and eye-acceleration
(.2,0008/s2) thresholds (Bennett & Barnes, 2003).
Saccades that were followed by post-saccadic eye-to-
target distances greater than 48 visual angle were
discarded because they likely diverted gaze from the
target trajectory, and therefore they could not be
considered related to the ocular-tracking task.

To evaluate the saccadic behavior and quantify
potential changes across experimental conditions, we
used the post-saccadic error—defined as the Euclidean
eye-to-target distance averaged over 10 ms after the
saccade—and the saccadic frequency computed sepa-
rately for the perturbation and occlusion time windows.
The post-saccadic error, in other words, indicated the
scalar deviation of the eye from the target trajectory
following a saccadic movement. Since saccades, in the
context of ocular tracking, may represent corrective
movements to potential smooth-pursuit limitations, we
may also interpret the post-saccadic error as a measure
of the accuracy of these corrections (Bennet and Barnes
2006b). By the same line of reasoning, the saccadic
frequency may relate to the degree of saccadic
correction of the smooth pursuit needed in order to
maintain the eye on the target trajectory (Bennett &
Barnes, 2006b).

Smooth-pursuit movements

Ocular-pursuit bouts were identified from desac-
caded eye traces as time epochs during which the mean
eye-to-target distance remained below 48 visual angle
and the mean ratio between eye and target velocities
was between 0.25 and 1.80. The analysis considered
only pursuit bouts that occurred within either the
perturbation or the occlusion time window and lasted a
minimum of 300 or 150 ms, respectively. For each bout,
we computed the time lag/lead s of the eye relative to
the ball motion by minimizing the error function:

f sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xeye tð Þ � xball t� sð Þ
� �2 þ yeye tð Þ � yball t� sð Þ

� �2q
;

where x and y represent the coordinates of either eye or
ball position, as indicated in subscript (Mrotek &
Soechting, 2007; Delle Monache et al., 2015). Briefly,
we computed f sð Þ for each bin of the pursuit bout by
varying the value of s 6200 ms around the time t of the
given bin. Once the error function was defined, we

found the s value correspondent to the minimum of
f sð Þ. Negative s values indicated that the eye led the
ball, and positive values indicated time lags. We also
computed the pursuit gain as follows:

gain tð Þ ¼~veye tð Þ �~vball tð Þ=vball2 tð Þ;
where ~v represents the velocity vector and v its module
for either the eye or the ball, as indicated in subscript
(Mrotek & Soechting, 2007; Delle Monache et al.,
2015). Sample-by-sample values of s and pursuit gain
were averaged over the pursuit bout.

Post-reappearance error

Subjects’ estimates of the ball position at reappear-
ance were evaluated by computing the post-reappear-
ance error—that is, the mean Euclidean eye-to-target
distance in the first 100 ms after the ball reappearance
or up to the first saccadic movement occurring within
100 ms of the ball reappearance.

Statistical analyses of oculomotor parameters

Statistical analyses were performed on the oculo-
motor parameters extracted from smooth-pursuit bouts
and saccadic movements occurring during either the
perturbation or the occlusion window (i.e., pursuit gain
and s, post-saccadic error and saccadic frequency), as
well as on the post-reappearance error. To simplify
data interpretation, these analyses focused exclusively
on the effects of gravity level and the visual scenario.
Therefore, the manipulations of the perturbation and
occlusion intervals, as well as those of the target initial
velocity, were considered only to increase the overall
number and variability among experimental condi-
tions. For example, the different perturbation intervals
made the point and time of the acceleration change
unpredictable from trial to trial. Similarly, varying the
lengths of the occlusion intervals created uncertainty on
the time and place of the ball’s reappearance. However,
the effects of these two experimental manipulations on
oculomotor behavior could not be interpreted uniquely
because they were associated with changes in both the
trajectory curvature and the instantaneous target
velocity. The ball’s initial velocity was not considered
as a predictor of the oculomotor behavior, on the basis
of results of previous experiments with similar ballistic
trajectories which indicated only marginal effects on
oculomotor and interceptive behavior (Delle Monache
et al., 2015).

In sum, data collected during the various experi-
mental conditions were collapsed with respect to the
ball’s acceleration level and the type of visual scene by
averaging, separately for each experimental block with
either the pictorial or the neutral scenario, the
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oculomotor-parameter values across trials with the
same acceleration level. Data sets created for each
oculomotor parameter by pooling mean values across
subjects were submitted to generalized linear mixed
models (GLMMs; see Moscatelli, Mezzetti, & Lac-
quaniti, 2012). Gravity level (0g, 1g, 2g), scenario
(pictorial, neutral), scenario order (G1, G2), and their
two- and three-way interactions were used as predictors
of the oculomotor parameters and treated as fixed
effects. A subject-identifier variable (28 levels) was
included as a dummy random effect to control for
unaccounted heterogeneity in the individual subjects’
average response. Post-saccadic errors, saccadic fre-
quency, pursuit gain, and post-reappearance errors
were modeled with gamma distributions, and s values
with a normal distribution. The parameter estimate
covariance matrix was computed by using the robust
estimate method to account for violations of model
assumptions. The covariance structure for the residuals
was specified as variance components. The degrees of
freedom for the significance tests were computed with
the residual method and the significance level was set at
p , 0.01. GLMM analysis was performed with the
statistical software package SPSS (Version 23.0).

Analysis of reaction-time responses

Reaction times to the color changes of the ball were
computed by subtracting the button-press times from
the times of the ball color changes. We discarded 9.4%
of the recorded reaction-time responses as anticipated
and late responses, as they were, respectively, shorter
than 50 ms and longer than 400 ms. We also did not
consider for further analysis the reaction-time re-
sponses to events occurring within 10 ms of a saccade,
because they could have been affected by the transient
blanks of visual information associated with saccadic
movements (1.5% of the remaining reaction-time
responses).

For each subject, we averaged the reaction-time
responses to all events occurring in a given trial, and
then we computed the mean values across trials
separately for the blocks in which either the pictorial or
the neutral scenario was presented. The data set of
mean reaction-time values pooled from all subjects was
submitted to a two-way mixed analysis of variance
(ANOVA) with scenario and scenario order as within-
subject and between-subjects factors, respectively.
Greenhouse–Geisser corrections were applied to the
significance levels of the ANOVA factors.

Unlike in the GLMMs applied to the oculomotor
parameters, gravity level was not included as a
predictor in the ANOVAs of the reaction-time
responses, because the ball color changes occurred too
sporadically (every 800–1,200 ms) and at random

points of the visible portions of the trajectories, to
allow the collection of a consistent number of responses
from individual subjects to events occurring in corre-
sponding segments of the ball trajectories across trials.
ANOVAs were carried out using SPSS (Version 23.0).

Results

We found that ocular tracking was affected by the
gravity levels applied to the moving targets, but this
effect depended on the visual context. Saccades and
smooth-pursuit movements, in fact, were strongly
dependent on the target acceleration when subjects
tracked the ball trajectories in the pictorial scenario,
but to a much lesser extent when the same target
motion was displayed on a uniform background.

Ocular tracking following perturbations of the
gravity acceleration

The effects of the experimental manipulations of the
effects of gravity on the target motion and of the visual
context on ocular tracking were assessed by analyzing
the oculomotor parameters extracted from saccadic
and smooth-pursuit movements during the perturba-
tion window—that is, the time interval from 100 ms
after the trajectory perturbation until target disap-
pearance due to occlusion 450 ms later.

Saccadic movements

The results of the GLMMs applied to the data sets of
post-saccadic error values and saccadic frequencies
during the perturbation window are summarized in
Table 1A.

First of all, post-saccadic errors were significantly
smaller in the neutral compared to the pictorial
scenario (main effect of scenario; see also the right
subplot of Figure 4A). In order to facilitate the
interpretation of this effect, we performed an additional
analysis motivated by the earlier evidence that primary
saccades to visual targets in a saccadic adaptation task
were systematically less hypometric in a patterned
visual background than in complete darkness (Ger-
ardin, Gaveau, Pélisson, & Prablanc, 2011). For
continuously moving targets, in fact, these results may
imply a stronger influence of the visual background on
the post-saccadic errors along the direction of motion
than in directions away from it. We tested this
possibility by relating the post-saccadic error to a
coordinate system centered on the ball position at the
end of the saccade and with the x-axis tangent to the
ball trajectory, thereby parsing the post-saccadic error

Journal of Vision (2019) 19(4):13, 1–21 Delle Monache, Lacquaniti, & Bosco 7

Downloaded from jov.arvojournals.org on 04/28/2020



into its components along the direction of motion of
the target and orthogonal to it. Significant differences
between scenarios emerged only for the post-saccadic
error component tangential to the target trajectory
(paired t test: t(27)¼ 7.1, p , 0.001), with the positive t
value indicating that in the pictorial scenario, errors
were larger in the forward direction of motion.

An even stronger predictor of the post-saccadic
errors during the perturbation window was the level of
gravity acceleration imposed on the targets after
perturbation. This effect was explained by larger post-
saccadic errors in response to 0g compared to
accelerated 1g and 2g motion (left panel of Figure 4A),
and thus it appeared consistent with the idea that
implicit knowledge of gravity effects on the ball motion
was integrated in the saccadic plan.

Moreover, consistent with our hypothesis that
internalized gravity information may be weighted more
in the presence of visual cues of naturalness, we found a
significant Scenario 3 Gravity level interaction, which
accounted for the observation that post-saccadic errors
in response to constant velocity and accelerated targets
were significantly different only in the pictorial, not the
neutral, scenario. The effects of visual scenario and
gravity level on the post-saccadic error depended
further on the order in which the two scenarios were
presented (three-way Scenario 3 Gravity level 3

Scenario order interaction).

Factor df

Post-saccadic error Saccadic frequency

F p F p

(A)

Scenario 1, 156 31.797 ,0.001 3.860 0.051

Gravity level 2, 156 20.187 ,0.001 64.752 ,0.001

Scenario order 1, 156 0.000 0.991 1.529 0.218

Scenario 3 Gravity level 2, 156 30.625 ,0.001 2.220 0.112

Scenario 3 Scenario order 1, 156 2.005 0.159 12.134 0.001

Gravity level 3 Scenario order 2, 156 0.881 0.417 1.896 0.154

Scenario 3 Gravity level 3 Scenario order 2, 156 6.394 0.002 0.461 0.631

Factor df

s Gain

F p F p

(B)

Scenario 1, 156 43.392 ,0.001 8.673 0.004

Gravity level 2, 156 158.134 ,0.001 1.856 0.160

Scenario order 1, 156 2.019 0.157 0.560 0.455

Scenario 3 Gravity level 2, 156 17.246 ,0.001 19.165 ,0.001

Scenario 3 Scenario order 1, 156 1.506 0.222 2.285 0.133

Gravity level 3 Scenario order 2, 156 1.148 0.320 0.376 0.687

Scenario 3 Gravity level 3 Scenario order 2, 156 7.983 0.001 1.329 0.268

Table 1. Results of generalized linear mixed model analyses on indexes derived from (A) saccadic movements (post-saccadic error and
saccadic frequency) and (B) smooth-pursuit movements (s and gain) during the perturbation temporal window. Statistically significant
fixed effects (p , 0.01) are in bold.

Figure 4. Ocular-tracking parameters during the perturbation

interval. (A) In the left panel, mean post-saccadic errors computed

among subjects by pooling experimental conditions with the

same gravity level are plotted against the gravity level (6SEM).

The right panel shows the mean post-saccadic error (6SEM)

computed, separately for G1 and G2 subjects, across experimental

conditions of a given block with either the neutral or the pictorial

scenario. Mean values in the pictorial and neutral scenarios are

indicated by black filled circles and gray filled triangles,

respectively. (B–D) Same layout as in (A) for, respectively, saccadic

frequency, smooth-pursuit s, and gain values.
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Saccadic frequencies depended significantly on the
ball acceleration, with higher values during 0g than
accelerated 1g and 2g motion (see the left panel in
Figure 4B). This result may suggest that subjects broke
smooth pursuit more often with 0g trajectories, likely to
correct for tracking errors resulting from inaccurate
predictions of the ball motion. This seems compatible
with the idea that anticipation of gravity effects on the
ball motion was applied to constant-velocity motion,
leading to larger pursuit errors.

Saccadic frequencies also depended significantly on
the Scenario 3 Scenario order interaction effect (see
Table 1A). In fact, only G2 subjects showed signifi-
cantly different saccadic frequencies between the two
visual scenarios (right panel of Figure 4B).

Smooth-pursuit movements

Table 1B summarizes the GLMM results for
advance/delay (s) and gain of smooth-pursuit bouts
during the perturbation window. Figure 4C shows that
s values varied greatly with the type of visual scene (see
right panel) and the ball acceleration (see left panel). In
fact, eye motion led ball motion more when subjects
tracked in the pictorial scenario (main effect of
scenario) and in response to 0g motion (main effect of
ball acceleration) compared to the other types of
motion. Interestingly, the differences in s values across
target accelerations were larger when subjects tracked
the targets in the pictorial scenario (two-way Scenario
3 Gravity level interaction), suggesting, again, a
stronger influence of a priori knowledge of gravity.
Congruently, in the pictorial scenario we observed a
much larger time lead in response to 0g trials, which
may go along with a greater expectation of gravity
effects on the ball motion (see Figure 5C, left panel).
The statistical significance of the three-way Scenario 3

Gravity level 3 Scenario order interaction was mostly
explained by the different s values shown by G1 and G2
subjects tracking 2g trials in the pictorial visual scene.

Pursuit gain was also influenced significantly by the
visual scenario, with higher gain values when subjects
tracked the ball motion in the neutral compared to the
pictorial scenario (Figure 4D). Interestingly, the
strongest predictor for this oculomotor parameter was
represented by the two-way Scenario 3 Gravity level
interaction, which accounted for the fact that differ-
ences in pursuit gain across ball accelerations were
evident only when subjects tracked the targets in the
pictorial scene. This pattern resembled that reported
for post-saccadic error (compare Figure 4D and 4A), in
that it denotes better tracking performance in the
pictorial scenario for accelerated 1g and 2g trials than
for 0g trials, which may be compatible with predictions
based on an expectation of gravity effects.

Ocular tracking during visual occlusion of the
target motion

Ocular tracking in the absence of visual motion
feedback was evaluated by analyzing the oculomotor
indexes extracted from saccadic and smooth-pursuit
movements during the occlusion window, which
comprised 350 ms of occluded motion starting 100 ms
after the target disappearance.

Saccadic movements

Like in the perturbation window, subjects made, on
average, smaller post-saccadic errors when tracking the
targets in the neutral compared to the pictorial scenario
(main effect of scenario; see Figure 5A and Table 2).
Analogously, analysis of the post-saccadic error
orthogonal components indicated that post-saccadic
error differences between visual scenarios were mostly
confined to the component tangent to the target
trajectory, denoting greater anticipation of the target
trajectory in the pictorial scenario (paired t test,
tangential component: t(27) ¼ 7.8, p , 0.001; orthog-
onal component: t(27) ¼ 1.8, p ¼ 0.08). Post-saccadic
errors were also significantly influenced by the target
acceleration, as they tended to decrease with increasing
gravity level (main effect of gravity level). More
importantly, the distribution of post-saccadic errors
replicated the pattern, observed in the perturbation
window and modeled by the two-way Scenario 3

Gravity level interaction, that differences across gravity
levels occurred only when subjects tracked the ball
trajectories in the pictorial scene (see left panel of
Figure 5A).

Figure 5. Ocular-tracking parameters during the occlusion

interval. Same layout as Figure 4.
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The results of the analysis of saccadic frequency
during the occlusion window also showed strong
similarities with those reported for the perturbation
window, albeit with overall smaller effects. Gravity
level was the main predictor, with 1g trials evoking
higher saccadic frequencies than 2g trials. Moreover, a
significant two-way Scenario 3 Scenario order interac-
tion accounted for the facts that only G1 subjects, who
experienced the pictorial scene first, showed different
saccadic frequencies between the two visual scenes and
that saccadic frequencies between the two subject
groups were significantly different only in the neutral
scenario (see Figure 5B, right panel).

Smooth-pursuit movements

Figure 5C shows that, like in the perturbation
window, eye motion in the absence of visual feedback
tended to lead ball motion more when ocular tracking
was performed in the pictorial scene (main effect of
scenario) and in response to 0g compared to acceler-
ated 1g and 2g motion (main effect of gravity level).
Larger differences in s values across gravity levels were
observed, again, in the pictorial compared to the
neutral scene (two-way Scenario 3 Gravity level
interaction), supporting the idea that the naturalness of
the visual background influenced the relative weighting
of information in the predictive processes underlying
ocular tracking of hidden targets.

This was evident also from the analysis of the
smooth-pursuit gain (see Figure 5D and Table 2B).
This parameter, in fact, was strongly affected by the
visual context, with higher values when subjects tracked
the ball trajectories in the neutral scene (main effect of
scenario; see right panel in Figure 5D). Moreover, the
significant two-way Scenario 3 Gravity level interac-
tion accounted for the finding that pictorial-scene gain
values followed an increasing monotonic trend with
gravity level (see Figure 5D, left panel).

Estimates of target position at reappearance

We analyzed subjects’ estimates of the ball position
at reappearance by considering the post-reappearance
error (see Methods). Post-reappearance errors de-
pended significantly on the gravity level, but as with
other oculomotor parameters, the dependence on the
gravity level was stronger when subjects tracked the
ball in the pictorial scenario, as denoted by the
significant two-way Scenario 3 Gravity level interac-
tion (see Table 3 and Figure 6).

In addition, we found a significant two-way Scenario
3 Scenario order interaction, accounting for the
observation that subjects tended to make larger errors
in the first scenario they experienced (the pictorial
scenario for G1 subjects, the neutral one for G2

Factor df

Post-saccadic error Saccadic frequency

F p F p

(A)

Scenario 1, 156 42.067 ,0.001 4.348 0.039

Gravity level 2, 156 11.400 ,0.001 5.681 0.004

Scenario order 1, 156 2.094 0.150 1.747 0.188

Scenario 3 Gravity level 2, 156 6.609 0.002 4.492 0.013

Scenario 3 Scenario order 1, 156 0.002 0.962 9.232 0.003

Gravity level 3 Scenario order 2, 156 0.983 0.376 3.475 0.033

Scenario 3 Gravity level 3 Scenario order 2, 156 2.855 0.061 1.661 0.193

Factor df

s Gain

F p F p

(B)

Scenario 1, 156 37.467 ,0.001 37.587 ,0.001

Gravity level 2, 156 71.338 ,0.001 1.610 0.203

Scenario order 1, 156 0.532 0.467 0.614 0.434

Scenario 3 Gravity level 2, 156 17.757 ,0.001 6.453 0.002

Scenario 3 Scenario order 1, 156 3.229 0.074 0.654 0.420

Gravity level 3 Scenario order 2, 156 0.246 0.783 1.165 0.315

Scenario 3 Gravity level 3 Scenario order 2, 156 0.084 0.919 2.043 0.133

Table 2. Results of generalized linear mixed model analyses on indexes derived from (A) saccadic movements (post-saccadic error and
saccadic frequency) and (B) smooth-pursuit movements (s and gain) during the occlusion temporal window. Statistically significant
fixed effects (p , 0.01) are in bold.
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subjects), and this trend was more pronounced for G1
than G2 subjects (Figure 6, right panel).

Reaction-time responses

Figure 7 illustrates the mean reaction-time responses
observed in G1 and G2 subjects (who experienced the
inverted order of visual scenarios) when they performed
the reaction-time task in either the pictorial (black
circles) or the neutral (gray triangles) visual scene. Both
groups, on average, responded quicker to the ball color
change with the scenario presented in their second
block of trials (neutral for G1 subjects, pictorial for G2
subjects). This shortening of reaction-time responses in
the second block of trials was much stronger for G2
than G1 subjects, accounting for the high statistical
significance of the effect of the Scenario 3 Scenario
order interaction in the repeated-measures ANOVA
(F(1,26)¼ 19.3, g2p ¼ 0.42, p , 0.001). This analysis

pointed out also a much smaller main effect of visual
scenario, explained primarily by the shorter reaction-
time responses in the pictorial compared to the neutral
scenario observed in G2 subjects (F(1,26) ¼ 6.92, g2p ¼
0.21, p ¼ 0.014). In sum, reaction-time responses
appeared to be influenced mostly by a combination of
practice with the task and the sequence in which the
two visual scenarios were experienced.

Discussion

In the present study, we tested the idea that
presupposed knowledge of gravity might contribute to
the predictive control of eye-tracking movements
depending on the naturalness of the visual context. For
this purpose, we asked healthy human subjects to track
computer-simulated ballistic trajectories with altered-
gravity effects and displayed over either a uniform
background or a pictorial realistic scenario.

Effects of the visual background

The visual context in which ballistic trajectories were
displayed was one of the significant factors affecting the
ocular-tracking parameters. Previous studies have
shown that presenting target motion over patterned
backgrounds can influence the speed, acceleration, and
latency of smooth-pursuit movements, and can frag-
ment eye tracking with a higher number of saccades
because of a potential interference between the
optokinetic reflex pathway—stimulated by the textured
background—and the smooth-pursuit system (Yee,
Daniels, Jones, Baloh, & Honrubia, 1983; Collewijn &
Tamminga, 1984; Keller & Khan, 1986; Howard &
Marton, 1992; Worfolk & Barnes, 1992; Masson,
Proteau, & Mestre, 1995; Mohrmann & Their, 1995;
Niemann & Hoffmann, 1997; Lindner, Schwarz, & Ilg,
2001; Spering & Gegenfurtner, 2007; Kreyenmeier,

Factor df

Post-reappearance

error

F p

Scenario 1,156 4.980 0.027

Gravity level 2,156 10.415 ,0.001

Scenario order 1,156 0.941 0.333

Scenario 3 Gravity level 2,156 5.717 0.004

Scenario 3 Scenario order 1,156 20.419 ,0.001

Gravity level 3 Scenario order 2,156 0.128 0.880

Scenario 3 Gravity level 3

Scenario order

2,156 2.804 0.064

Table 3. Results of generalized linear mixed model analyses on
the post-reappearance error. Statistically significant fixed effects
(p , 0.01) are in bold.

Figure 6. Post-reappearance errors. In the left panel, mean post-

reappearance errors computed among subjects by pooling

experimental conditions with the same gravity level are plotted

against the gravity level (6SEM). The right panel shows the

mean post-reappearance error (6SEM) computed, separately

for G1 and G2 subjects, across experimental conditions of a

given block with either the neutral or the pictorial scenario.

Mean values in the pictorial and neutral scenarios are indicated

by black filled circles and gray filled triangles, respectively.

Figure 7. Reaction-time responses. Mean reaction-time values

(6SEM) in the pictorial (black filled circles) and visual (gray

filled triangles) scenarios were computed separately for the two

subject groups that experienced either the pictorial (G1) or the

neutral (G2) scenario first.
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Fooken, & Spering, 2017). In this respect, the lower
pursuit gains and higher saccadic frequencies observed
in the pictorial scenario are consistent with this earlier
evidence.

In the pictorial scenario, subjects also made larger
post-saccadic errors. In particular, saccadic movements
placed the eyes farther ahead of the target, a result
compatible with previously reported reduced saccadic
hypometry in a patterned background compared to
complete darkness (Gerardin et al., 2011) and rather
suggestive of greater anticipation of the target’s future
trajectory in the pictorial scenario. This idea is
supported by the more negative smooth-pursuit s values
observed in this scenario, which imply larger temporal
anticipation of the target trajectory during smooth-
pursuit bouts. Overall, these latter two findings appear
congruent with other studies suggesting a predominance
of anticipatory mechanisms when target motion is
tracked in more ‘‘realistic’’ visual environments, which
can provide cues that may make the target motion more
easily interpretable (Bahill & McDonald, 1983; Kowler,
Martins, & Pavel, 1984; Lisberger, Morris, & Tychsen,
1987; Kowler, 1989; Boudet, Bocca, Dollfus, & Denise,
2006; Collins & Barnes, 2009; Kowler, Aitkin, Ross,
Santos, & Zhao, 2014).

A borderline significant effect of the visual context
was observed also on reaction-time responses, which
were shorter, on average, in the pictorial scenario. The
order of magnitude of this effect (;20 ms) was
comparable to that reported in an earlier study where
the shortening of reaction-time responses in the
pictorial scenario compared to the uniform background
failed to reach the statistical level of significance (Miller
et al., 2008). In the current study, however, the highly
significant Scenario 3 Scenario order interaction
indicated further that reaction-time responses tended to
be shorter in the second experimental block, and more
so for G2 subjects, who experienced the pictorial
scenario in their second block of trials (see also Figure
7)—suggesting that reaction-time responses were in-
fluenced not as much by the visual background but
predominantly by practice, and perhaps also by
idiosyncratic differences between subject groups.

Internalized gravity information is used
primarily if the visual context is congruent

The gravity acceleration imposed on the ball motion
after perturbation was another strong factor affecting
the ocular-tracking parameters (see Tables 1–3). The
main effect of gravity level was accompanied, for most
oculomotor parameters, by highly significant Scenario
3 Gravity level interactions, denoting a strong depen-
dence of the effects of target acceleration on the visual
context. In fact, oculomotor parameters showed more

similar values across target accelerations when tracking
was performed with the uniform background, whereas
with the pictorial scenario they were systematically
different between accelerated (both 1g and 2g) and
constant-velocity targets. Oculomotor differences be-
tween 1g and 2g accelerated motion were, however,
sporadic and not as consistent. Previous studies have
examined manual interceptive and oculomotor re-
sponses under similar experimental conditions and
reported smaller and more sporadic differences be-
tween the responses to accelerated 1g and 2g motion
compared to the differences occurring between con-
stant-velocity and accelerated motion (Bosco et al.,
2012; Delle Monache et al., 2015). The similar
responses to 1g and 2g stimuli observed across these
studies could depend on the poor sensitivity of the
visual system to retinal acceleration (de Brouwer,
Missal, Barnes, & Lefèvre, 2002; Zago et al. 2009), as
well as on the fact that the pictorial information
provided by the ‘‘realistic’’ visual scene, which was
common to all studies, may have been insufficient to
properly scale proximal retinal acceleration to distal
world acceleration. It should be remarked that in the
earlier studies, the smaller response differences between
1g and 2g targets were nevertheless congruent with the
larger ones observed between 0g and accelerated
targets, in that they both seemed to reflect the use of
implicit knowledge of gravity effects on the target
motion.

Based on these considerations, we may interpret the
result that ocular tracking of accelerated motion in the
pictorial scenario was slightly more accurate than that
of constant-velocity targets as being compatible with
the idea that a priori knowledge of gravity was
integrated in the oculomotor plan depending on
whether visual-context information was congruent with
a natural setting. This interpretation, moreover, goes
along with previous experimental work suggesting that
expectations of gravity effects could be enhanced by
realistic environments (Miller et al., 2008; Maffei et al.,
2010; Zago, La Scaleia, Miller, & Lacquaniti, 2011;
Fiori, Candidi, Acciarino, David, & Aglioti, 2015;
Jörges & López-Moliner, 2017; for reviews, see
Lacquaniti et al., 2014, 2015).

Both saccadic and smooth-pursuit control use
internalized gravity information

Oculomotor parameters derived from pursuit and
saccadic movements were generally explained by a
similar set of GLMM predictors (see Tables 1–3). This
commonality between smooth-pursuit and saccade
properties may be consistent with the idea that during
ocular tracking, pursuit and saccadic movements
represent outcomes of the same internal path (Colle-
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wijn & Tamminga, 1984; de Brouwer, Missal, &
Lefèvre, 2001; de Brouwer et al., 2002; Blohm, Missal,
& Lefèvre, 2003; Bennett & Barnes, 2006b; Orban de
Xivry et al., 2006; Kreyenmeier et al., 2017; for a
review, see Orban de Xivry & Lefèvre, 2007). In
particular, the statistical significance of the main effect
of gravity level and of the two-way Scenario3 Gravity
level interaction for both pursuit and saccadic param-
eters may imply that both types of eye movements
integrate implicit knowledge of gravity. This integra-
tion may occur at relatively high hierarchical stages of
neural processing, before the information is relayed to
the pursuit and saccadic components of the oculomotor
system. Among the cortical areas involved in oculo-
motor control, frontal and supplementary eye fields
could represent reasonable candidates, since their
neural activity has been related to the extrapolation of
occluded target motion in conjunction with other brain
areas, such as the lateral intraparietal cortex and the
cerebellum (Assad & Maunsell, 1995; Eskandar &
Assad, 1999; Fukushima, Yamanobe, Shinmei, &
Fukushima, 2002; Barborica & Ferrera, 2003, 2004;
Olson, Gatenby, Leung, Skudlarski, & Gore, 2004;
Nagel et al., 2006; Xiao, Barborica, & Ferrera, 2007;
Fukushima et al., 2008; O’Reilly, Mesulam, & Nobre,
2008; Cerminara, Apps, & Marple-Horvat, 2009;
Ferrera & Barborica, 2010; Schmitt, Klingenhoefer, &
Bremmer, 2018). Moreover, because of their respon-
siveness to vestibular stimulation, frontal and supple-
mentary eye fields have been associated with the
vestibular network, a constellation of cortical and
subcortical brain areas receiving vestibular input that
neuroimaging and transcranial magnetic stimulation
studies have indicated as putative neural correlates of
the internal model of gravity (Guldin & Grüsser, 1998;
Brandt & Dieterich, 1999; Indovina et al., 2005; Bosco
et al., 2008; Miller et al., 2008; Delle Monache et al.,
2017; for reviews, see Dieterich & Brandt, 2015).

Weighted integration of internalized gravity and
visual information

Another aspect inherent to the functional signifi-
cance of the effect of the Scenario 3 Gravity level
interaction concerns the combinatorial nature of the
information processed by the oculomotor control
centers, at least within the present experimental
conditions. This implies that visual-context signals are
used by oculomotor control centers to adjust the
relative weight between moment-to-moment visual
information about the target kinematics processed by
visual motion areas and internalized gravity informa-
tion relayed by vestibular-network areas (Zago et al.,
2008; for reviews, see Lacquaniti et al., 2014, 2015).
According to this scheme, if visual-context information

is congruent with a natural setting, predictive estimates
of the target trajectory would reflect mostly internalized
knowledge of the effects of natural gravity and, to a
lesser extent, incoming visual motion information. This
emerged, in part, as a general preference for accelerated
motion compared to arbitrary motion in the pictorial
scenario, exemplified by lower saccadic errors, lower
saccadic frequency and higher pursuit gains during 1g
and 2g trials. Similarly, the longer time leads of the eye
relative to the ball when pursuing 0g trajectories in the
pictorial scenario are consistent with stronger antici-
pation of the effects of gravity acceleration on the ball
motion in the presence of visual cues about the
naturalness of the visual scene. As already mentioned,
the evidence reported here may be limited by the fact
that, contrary to our original hypothesis, subjects’
ocular responses did not differentiate between natural-
like and enhanced gravity, perhaps because scaling
between 1g and 2g accelerated motion in the realistic
pictorial scenario was ambiguous. Conversely, visual
information about the target kinematics would prevail
over internalized gravity information if the visual
context does not provide clear information about the
causal nature of the target motion. Indeed, the
similarity of oculomotor parameters across gravity
levels we generally observed in the neutral scenario may
be consistent with the predominance of visual infor-
mation in guiding ocular-tracking behavior.

Notably, similar effects of the visual context on
behavioral responses to motion either congruent or not
with the effects of natural gravity have been reported
previously by an earlier study of ours that investigated
the issue in the framework of manual interceptive
actions (Miller et al., 2008). That study identified the
posterior cerebellar vermis and the vestibular nuclei as
putative neural structures responsible for extracting
information from the visual context that could facilitate
the interpretation of the causal nature of the target
motion. In a similar vein, future neuroimaging and
transcranial magnetic stimulation experiments may
help reveal the reweighting of information we hypoth-
esized here as differential activity changes between
brain areas involved in processing visual motion and
internalized gravity information, or brain activity
correlated to the effect of the Gravity level 3 Scenario
interaction, as reported by Miller et al. for the
cerebellar vermis and the vestibular nuclei. With respect
to this latter possibility, we could consider the
oculomotor regions of the posterior cerebellar vermis
(McElligott & Keller, 1984; Suzuki & Keller, 1988;
Fujikado & Noda, 1987; Krauzlis & Miles, 1998;
O’Driscoll et al., 2000; Tanabe, Tregellas, Miller, Ross,
& Freedman, 2002; Konen, Kleiser, Seitz, & Bremmer,
2005; Müri, 2006) as potential candidates for modu-
lating the relative weighting between internalized
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gravity and visual motion information in the predictive
processes underlying ocular-tracking control.

Ocular tracking of visible and occluded
trajectories may share common properties

The significant effects of most GLMM predictors,
including the two-way Scenario 3 Gravity level
interaction, extended across the two temporal windows
(perturbation and occlusion) we defined to examine the
ocular-tracking parameters in relation to the target’s
motion perturbation and disappearance. This finding
suggests that the combination of internalized and visual
motion information guiding ocular tracking of visible
targets during the perturbation window may also
contribute to the visual extrapolation processes, which
continued to drive the eyes along the invisible trajectory
during the occlusion window. This interpretation of our
behavioral results, in effect, may support previous
neuroimaging evidence indicating that processing of
visible and occluded motion can share the same
mechanisms (Olson et al., 2004).

Effects of prior experience with the visual
background

Finally, the effects of visual context and ball
acceleration on some of the oculomotor parameters
depended also on the order in which visual scenarios
were presented (see, in Tables 1–3, the statistical
significance of the interaction terms that included
scenario order). This result might hint at the possibility
that prior experience with the visual scenarios affected
tracking performance. For example, the significant
Scenario3Gravity level3Scenario order and Scenario
3 Scenario order interactions we reported, respectively,
for post-saccadic errors and saccadic frequencies
during the perturbation window may suggest that
subjects who experienced the pictorial scenario first
showed more similar oculomotor parameters between
the two scenarios by applying the scaling information
derived from the quasi-realistic pictorial elements in
their second block of trials with the neutral scenario.
However, the opposite was true for other oculomotor
parameters, like the pursuit s values in the perturbation
window and the saccadic frequencies in the occlusion
window. Indeed, the interpretation of these interaction
effects of scenario order must be taken cautiously,
because the different order of visual scenarios was
tested on two distinct groups of subjects. With this
experimental design, it may be difficult to disambiguate
entirely genuine effects of scenario order from inter-
group differences in ocular-tracking performance, even
though the numerosity of the two groups (n¼ 14) could

be sufficient to compensate for individual subjects’
idiosyncratic oculomotor behavior. In this respect,
further experiments are needed to evaluate in depth the
possibility that ocular-tracking performance is influ-
enced by different prior experience with natural and
neutral visual contexts.

Conclusions

This study presented novel evidence that predictive
control of eye-tracking movements can take advantage
of an internal model of natural gravity effects on
external object motion. Moreover, the weight with
which internalized gravity information is integrated
with sensory information depends critically on the
naturalness of the overall visual context. Finally, we
presented suggestive evidence that the order in which
the realistic and neutral scenarios were experienced
might also influence ocular-tracking behavior.

Keywords: internal model, visual extrapolation,
predictive control, gravity acceleration
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López-Moliner, J., & Brenner, E. (2016). Flexible
timing of eye movements when catching a ball.
Journal of Vision, 16(5):13, 1–11, https://doi.org/10.
1167/16.5.13. [PubMed] [Article]

Madelain, L., & Krauzlis, R. J. (2003). Effects of
learning on smooth pursuit during transient disap-
pearance of a visual target. Journal of Neurophys-
iology, 90(2), 972–982, https://doi.org/10.1152/jn.
00869.2002.

Maffei, V., Indovina, I., Macaluso, E., Ivanenko, Y. P.,
Orban, G. A., & Lacquaniti, F. (2015). Visual
gravity cues in the interpretation of biological
movements: Neural correlates in humans. Neuro-

Journal of Vision (2019) 19(4):13, 1–21 Delle Monache, Lacquaniti, & Bosco 18

Downloaded from jov.arvojournals.org on 04/28/2020

https://doi.org/10.1523/JNEUROSCI.21-17-06917.2001
https://doi.org/10.1523/JNEUROSCI.21-17-06917.2001
https://doi.org/10.3389/fnhum.2017.00203
https://doi.org/10.1007/s00221-011-2887-5
https://doi.org/10.1007/s00221-011-2887-5
https://doi.org/10.1016/0042-6989(86)90152-5
https://doi.org/10.1016/0042-6989(86)90152-5
https://doi.org/10.1007/s00221-005-2289-7
https://doi.org/10.1016/0042-6989(89)90052-7
https://doi.org/10.1016/0042-6989(89)90052-7
https://doi.org/10.1167/14.5.10
https://doi.org/10.1167/14.5.10
https://www.ncbi.nlm.nih.gov/pubmed/24839290
https://jov.arvojournals.org/article.aspx?articleid=2121469
https://doi.org/10.1016/0042-6989(84)90122-6
https://doi.org/10.1016/0042-6989(84)90122-6
https://doi.org/10.1152/jn.1998.80.4.2046
https://doi.org/10.1152/jn.1998.80.4.2046
https://doi.org/10.1152/jn.00217.2017
https://doi.org/10.1152/jn.00217.2017
https://doi.org/10.1155/2014/615854
https://doi.org/10.1155/2014/615854
https://doi.org/10.1163/22134808-00002471
https://doi.org/10.1163/22134808-00002471
https://doi.org/10.1038/81887
https://doi.org/10.1038/81887
https://doi.org/10.1068/p2935
https://doi.org/10.1371/journal.pone.0099837
https://doi.org/10.1152/jn.00475.2015
https://doi.org/10.1152/jn.00475.2015
https://doi.org/10.1152/jn.00476.2017
https://doi.org/10.1152/jn.00476.2017
https://doi.org/10.1016/S0042-6989(01)00050-5
https://doi.org/10.1016/S0042-6989(01)00050-5
https://doi.org/10.1146/annurev.ne.10.030187.000525
https://doi.org/10.1146/annurev.ne.10.030187.000525
https://doi.org/10.1167/16.5.13
https://doi.org/10.1167/16.5.13
https://www.ncbi.nlm.nih.gov/pubmed/26982371
https://jov.arvojournals.org/article.aspx?articleid=2504108
https://doi.org/10.1152/jn.00869.2002
https://doi.org/10.1152/jn.00869.2002


Image, 104, 221–230, https://doi.org/10.1016/j.
neuroimage.2014.10.006.

Maffei, V., Macaluso, E., Indovina, I., Orban, G., &
Lacquaniti, F. (2010). Processing of targets in
smooth or apparent motion along the vertical in the
human brain: An fMRI study. Journal of Neuro-
physiology, 103(1), 360–370, https://doi.org/10.
1152/jn.00892.2009.

Makin, A. D., Poliakoff, E., Chen, J., & Stewart, A. J.
(2008). The effect of previously viewed velocities on
motion extrapolation. Vision Research, 48(18),
1884–1893, https://doi.org/10.1016/j.visres.2008.05.
023.

Makin, A. D., Poliakoff, E., & El-Deredy, W. (2009).
Tracking visible and occluded targets: Changes in
event related potentials during motion extrapola-
tion. Neuropsychologia, 47(4), 1128–1137, https://
doi.org/10.1016/j.neuropsychologia.2009.01.010.

Masson, G., Proteau, L., & Mestre, D. R. (1995).
Effects of stationary and moving textured back-
grounds on the visuo-oculo-manual tracking in
humans. Vision Research, 35(6), 837–852, https://
doi.org/10.1016/0042-6989(94)00185-O.

McElligott, J. G., & Keller, E. L. (1984). Cerebellar
vermis involvement in monkey saccadic eye move-
ments: Microstimulation. Experimental Neurology,
86(3), 543–558, https://doi.org/10.1016/0014-
4886(84)90088-8.

McIntyre, J., Zago, M., Berthoz, A., & Lacquaniti, F.
(2001). Does the brain model Newton’s laws?
Nature Neuroscience, 4, 693–694, https://doi.org/
10.1038/89477.

McLeod, P., Reed, N., & Dienes, Z. (2006). The
generalized optic acceleration cancellation theory
of catching. Journal of Experimental Psychology:
Human Perception and Performance, 32(1), 139–
148, https://doi.org/10.1037/0096-1523.32.1.139.

McLeod, P., Reed, N., Gilson, S., & Glennerster, A.
(2008). How soccer players head the ball: A test of
optic acceleration cancellation theory with virtual
reality. Vision Research, 48(13), 1479–1487, https://
doi.org/10.1016/j.visres.2008.03.016.

Merfeld, D. M., Zupan, L., & Peterka, R. J. (1999,
April 15). Humans use internal models to estimate
gravity and linear acceleration. Nature, 398(6728),
615–618, https://doi.org/10.1038/19303.

Miller, W. L., Maffei, V., Bosco, G., Iosa, M., Zago,
M., Macaluso, E., & Lacquaniti, F. (2008).
Vestibular nuclei and cerebellum put visual gravi-
tational motion in context. Journal of Neurophys-
iology, 99(4), 1969–1982, https://doi.org/10.1152/jn.
00889.2007.

Mitrani, L., & Dimitrov, G. (1978). Pursuit eye

movements of a disappearing moving target. Vision
Research, 18(5), 537–539, https://doi.org/10.1016/
0042-6989(78)90199-2.

Mohrmann, H., & Thier, P. (1995). The influence of
structured visual backgrounds on smooth-pursuit
initiation, steady-state pursuit and smooth-pursuit
termination. Biological Cybernetics, 73(1), 83–93,
https://doi.org/10.1007/BF00199058.

Morris, E. J., & Lisberger, S. G. (1987). Different
responses to small visual errors during initiation
and maintenance of smooth-pursuit eye movements
in monkeys. Journal of Neurophysiology, 58, 1351–
1369, https://doi.org/10.1152/jn.1987.58.6.1351.

Moscatelli, A., & Lacquaniti, F. (2011). The weight of
time: Gravitational force enhances discrimination
of visual motion duration. Journal of Vision, 11(4):
5, 1–17, https://doi.org/10.1167/11.4.5. [PubMed]
[Article]

Moscatelli, A., Mezzetti, M., & Lacquaniti, F. (2012).
Modeling psychophysical data at the population-
level: The generalized linear mixed model. Journal
of Vision, 12(11):26, 1–17, https://doi.org/10.1167/
12.11.26. [PubMed] [Article]

Mrotek, L. A., & Soechting, J. F. (2007). Predicting
curvilinear target motion through an occlusion.
Experimental Brain Research, 178(1), 99–114,
https://doi.org/10.1007/s00221-006-0717-y.
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