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Abstract

The perceived vanishing location of a moving target is systematically displaced forward, in the direction of motion—repre-
sentational momentum—, and downward, in the direction of gravity—representational gravity. Despite a wealth of research
on the factors that modulate these phenomena, little is known regarding their neurophysiological substrates. The present
experiment aims to explore which role is played by cortical areas hMT/V 5+, linked to the processing of visual motion, and
TPJ, thought to support the functioning of an internal model of gravity, in modulating both effects. Participants were required
to perform a standard spatial localization task while the activity of the right h(MT/V5+ or TPJ sites was selectively disrupted
with an offline continuous theta-burst stimulation (cTBS) protocol, interspersed with control blocks with no stimulation. Eye
movements were recorded during all spatial localizations. Results revealed an increase in representational gravity contingent
on the disruption of the activity of hMT/V5+ and, conversely, some evidence suggested a bigger representational momentum
when TPJ was stimulated. Furthermore, stimulation of h(MT/V5+ led to a decreased ocular overshoot and to a time-dependent
downward drift of gaze location. These outcomes suggest that a reciprocal balance between perceived kinematics and antici-
pated dynamics might modulate these spatial localization responses, compatible with a push—pull mechanism.

Keywords Representational momentum - Representational gravity - Medio-temporal area - Temporo-parietal junction -
Theta-burst stimulation

Introduction guide and fine-tune the perceived features. Hypothetically,

and by virtue of the highly regular characteristics of physical

An influential idea in recent research on the perception
of moving objects is that dynamic regularities of physi-
cal systems have representational counterparts. These are
thought to be instantiated in dedicated neural structures and
account for a set of assumptions and expectations which
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dynamics, observers could capitalize on that predictability,
by internally modelling its effects and, consequently, antici-
pating future states of events. Notwithstanding, the function-
ing of such representational analogues could also result in
systematic errors.

If an observer is asked to indicate the perceived vanishing
location of a moving object, the response is usually found to
be displaced forward, in the direction of motion, and down-
ward, in the direction of gravity. These errors have been
linked to the functioning of representational analogues of
momentum and gravity and coined, accordingly, as repre-
sentational momentum (RM; Freyd and Finke 1984) and
Representational Gravity (RG; Hubbard 1990). Even though
several factors are known to modulate the magnitudes of
both RM and RG (Hubbard, 2005, 2010, 2014, 2015), little
is known regarding their neurophysiological substrates.
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Phenomena of spatial localization

Originally reported in 1984 by Freyd and Finke (1984),
RM refers to a perceptual displacement of the last seen
position of an object undergoing either implicit, implied,
or actual movement. The phenomenon has subsequently
been reported for perceptual domains other than the vis-
ual (Freyd et al. 1990; Getzmann et al. 2004; Kelly and
Freyd 1987), to be modulated by seen kinematics (Freyd
and Finke 1985; Freyd and Johnson 1987), type of stimuli
events (Freyd 1983; Freyd and Miller 1992; Freyd and
Pantzer 1995; Reed and Vinson 1996; Vinson and Reed
2002) and with varying psychophysical tasks (Hubbard
and Bharucha 1988).

If, on the one hand, the proliferation of studies on RM
reflected on the scope of the literature, on the other hand,
it also became evident that the phenomenon is differently
affected by several variables, depending on the nature
of the task and the type of motion. These findings cast
doubts on whether a forward perceptual displacement can,
by itself, be unambiguously interpreted as evidencing an
analogue of a physical invariant.

As a case in point, RM is systematically reported with
implied motion stimuli both when participants have to
judge the relative location of a visual probe (henceforth
referred to as a “perceptual judgement”; Freyd and Finke,
1984; Freyd and Johnson 1987; but see Kerzel 2002)
and when required to displace a visual cursor with the
aid of a computer mouse to the perceived vanishing loca-
tion (henceforth referred to as a “behavioural localization
response”; Kerzel 2003a, b). However, with smooth con-
tinuous motions, RM emerges with behavioural locali-
zation responses (Hubbard and Bharucha 1988), but not
consistently when a perceptual judgement is required (see,
e.g., De Sa Teixeira et al. 2017, for a null result, and Hub-
bard 1990, for a significant RM).

Furthermore, it is known that when a smoothly tracked
target suddenly vanishes, the eyes keep moving in the
same direction and speed for some time, before decelerat-
ing and coming to a stop at a position which overshoots
the actual offset of the target (Luebke and Robinson 1988;
Mitrani and Dimitrov 1978; Pola and Wyatt 1997). This
observation led some authors to suggest a causal role of
eye movements on RM. Accordingly, given a continu-
ous movement of the target, preventing smooth pursuit
eye movements reduces (Kerzel 2003a, c; Miisseler et al.
2002) or supresses (De Sa Teixeira 2016; De Sa Teixeira
et al. 2013; Kerzel 2000; Kerzel et al. 2001) RM, a finding
which was taken as evidence that, under these conditions,
the forward displacement might be strongly linked with
the ocular overshoot of the target offset location (Kerzel
2000). Interestingly, if participants must directly point
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to the vanishing location of the target, constraining eye
movements seems to have little effect, and RM is still
observed (Ashida 2004; Kerzel and Gegenfurtner 2003),
an outcome which has been interpreted as evidence for
an action-specific extrapolation of the target kinematics.

The perceived offset of a moving target has also been
found to be displaced downward, in the direction of gravity
(RG), an effect that has shown considerably more robustness
across varying methodologies and types of motion. Some
of the first studies on RM, requiring a perceptual judge-
ment regarding the position of a visual probe, reported that
static displays depicting unsupported objects (Freyd et al.
1988) or a ball in an incline (Bertamini 1993) lead to sig-
nificant downward displacements. Likewise, downward
implied motions were found to result in a bigger displace-
ment (in comparison with upward implied motions; Nagai
et al. 2002). Finally, when people are instructed to locate
with a computer mouse the perceived vanishing position of
a smoothly moving descending target, forward displacement
is bigger in comparison with an ascending target (Hubbard
and Bharucha 1988). For horizontally moving objects, peo-
ple systematically indicate the perceived offset position of
the target as lower than it actually was (Hubbard 1990), a
bias that emerges even for static stimuli (De Sa Teixeira and
Hecht 2014; Hubbard and Ruppel 2002). Finally, and unlike
what is the case for RM, constraining eye movements (De Sa
Teixeira 2016) or emitting a perceptual judgement instead of
a behavioral spatial localization (De Sa Teixeira et al. 2017)
does not seem to significantly impact on RG.

Taken together, these outcomes strongly suggest a dis-
sociation of the processes responsible for RM, mostly
dependent upon perceived kinematics and ocular and motor
mechanics, and RG, conveying mainly putative expected
dynamics of the environment (see also Motes et al. 2008),
suggesting that disparate neural substrates might be found
to modulate these phenomena. However, and although some
studies did focus on the neural correlates of RM, no attention
to date has been devoted to RG, albeit some parallel research
lines do provide some hints as to how gravitational-relevant
information is processed in the brain.

Neurophysiology of RM and RG

White et al. (1993) first reported a higher RM for stimuli
processed by the right cerebral hemisphere. These research-
ers employed an inducing sequence of three squares varying
in size, implying either a shrinking or expanding motion,
presented at fixation. Afterwards, a probe, either consistent
or inconsistent with the direction of implied motion, was
presented in the left or right visual hemifield and participants
required to provide a same/different judgement concerning
its size in comparison with the last square of the inducing
sequence. Magnitude of RM was found to be significantly
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higher when the probe was presented 500 ms after the termi-
nation of the inducing sequence and in the left visual field.
For longer retention intervals, the magnitude of RM meas-
ured for the right hemisphere fell to the value found for the
left hemisphere (which produced constant biases). Further
support for the involvement of the right cerebral hemisphere
has been provided by contrasting the performance of patients
with left spatial neglect and right hemisphere damage with
no neglect with normal controls in a spatial localization task
directed to the offset position of a smoothly moving target
(McGeorge et al. 2006). Although all participants showed
a forward displacement, for patients with right hemisphere
damage the magnitude of RM decreased as a function of
distance travelled by the target, being virtually null for the
longer lengths.

Static stimuli implying motion (e.g., an image of a hand
dropping a mug) have been found not only to lead to RM
effects (Freyd 1983; Freyd et al. 1988) but also to signifi-
cantly increase metabolic activity in the middle-temporal
(hMT/V5+) and medial superior temporal (MST) areas—as
assessed with fMRI (Kourtzi and Kanwisher 2000; Senior
et al. 1999). The involvement of area hMT/V5+ in RM was
further tested by applying repetitive transcranial magnetic
stimulation between the presentation of a static image imply-
ing motion and the presentation of a probe, for which par-
ticipants had to provide a same/different perceptual judge-
ment (Senior et al. 2002). RM was found to be suppressed
with stimulation of hMT/V5+, which was interpreted as
evidence for a functional necessity of that cortical area.
Notwithstanding, this conclusion is far from clear, for Rao
et al. (2004) reported no increased activity in hMT/V5+
using fMRI methodology when observers were instructed to
provide a perceptual judgement regarding the last orientation
of a rectangle undergoing apparent rotation (in contrast with
scrambled sequences implying no regular motion). The dis-
crepancy between the studies by Rao et al. (2004) and those
by Senior et al. (1999) and Kourtzi and Kanwisher (2000)
seems to be due to the type of stimuli events and the strength
of the motion signal: while in the former studies the task
consisted in an inducing sequence of rectangles implying a
rotational motion, the latter studies used static images with
implicit dynamics as stimuli. It remains to be explained why
only the implicit motion stimuli would depend on the func-
tioning of hMT/V5+. Among the cortical areas known to be
responsive to visual motion (Sunaert et al. 1999), h(MT/V5+
is by far the one which has received more attention, being
systematically linked to the visual processing of several
different types of motion stimuli (Born and Bradley 2005;
Riecansky 2004; Zeki 2015) and known to lead to deficits in
motion discrimination when lesioned (Barton et al. 1996).

It is noteworthy that fMRI results suggest an involvement
of the pre-frontal cortex when participants view an implied
motion sequence (Rao et al. 2004), a result taken to support

the view that RM reflects high-level cognitive representa-
tions of dynamic events (Hubbard 2005). In a similar vein,
Amorim et al. (2000), using magnetoencephalography, iden-
tified the involvement of a fronto-parietal cortical network
in a motion extrapolation task, with trials compatible with
a RM effect contingent on an activation of centro-parietal
regions of the right hemisphere.

As stated above, given the complex relationship between
RM and variations of the inducing stimuli, the task employed
to measure it and the variables that modulate its magnitude,
it might not be warranted to collapse the available neuro-
physiological evidence into a single picture. This is par-
ticularly true when RM is measured for targets undergoing
continuous smooth motion, as is the case in the experiment
to be presently discussed, for not only is there scarce avail-
able evidence concerning which cortical areas are involved,
but the phenomenon is known to be sensitive to extraneous
variables, such as the presence of smooth pursuit eye move-
ments (De Sa Teixeira 2016) and the nature of the spatial
localization task (De Sa Teixeira et al. 2017).

In what refers specifically to RG, no study to date
attempted to identify its neural correlates. In part, this is
because RG has been far less studied than RM. Also, and
until recently, empirically disentangling both phenomena
was not always straightforward, for they jointly determine
the measured spatial displacement. Nevertheless, parallel
research lines, the bulk of which has focused on human abili-
ties to either intercept a falling object (Bosco et al. 2012; La
Scaleia et al. 2014, 2015; Lacquaniti and Maioli 1987, 1989;
Mclntyre et al. 2001) to estimate time-to-contact or to inter-
cept a virtual target subjected to gravity-congruent dynam-
ics (Delle Monache et al. 2014; Moscatelli and Lacquaniti
2011; Zago and Lacquaniti 2005) have amassed considerable
evidence favouring the hypothesis that the brain implements
an internal model of gravity, which outputs predictions for
the effects of Earth gravity (Bosco et al. 2015; Lacquaniti
et al. 2013, 2014, 2015; Zago and Lacquaniti 2005). What is
more, a network of brain regions, within and in close vicinity
to the Temporo-Parietal Junction (TPJ), has been identified
and linked to the functioning of an internal model of gravity,
both with the aid of fMRI (Indovina et al. 2013; Indovina
et al. 2005; Maffei et al. 2010), TMS (Bosco et al. 2008;
Delle Monache et al. 2017), studies of patients with corti-
cal damage (Maffei et al. 2016), and vestibular stimulation
(Indovina et al. 2005, 2015; for a meta-analysis see Lopez
et al. 2012). As such, this region has been taken as a critical
site of the vestibular cortex specifically devoted to the mul-
tisensory integration of gravitational cues, and involved in
the visual anticipation of gravity effects (Bosco et al. 2015;
Lacquaniti et al. 2013, 2014). To the degree that RG likewise
reflects the functioning of an internal model of gravity (De
Sa Teixeira et al. 2013), it is plausible to hypothesize that it
may be modulated by similar neural substrates.
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The present study

Our main aim was to ascertain the role played by hMT/V5+
and TPJ cortical areas in modulating the magnitudes of RG
and RM. Although the review above does not afford any
strong predictions, available evidence does hint that disrupt-
ing cortical activity in hMT/V54 might likely result in a
decreased RM. Likewise, it is plausible to hypothesize for
RG to be lessened when cortical activity in TPJ is disrupted.
To test these hypotheses, a TMS study, employing an offline
(that is, not contingent on the execution of the task) continu-
ous Theta-Burst Stimulation (cTBS; Fiori et al. 2015; Huang
et al. 2005; Ridding and Ziemann 2010; Sacheli et al. 2015)
protocol, was designed in which the target cortical areas
of the right hemisphere were selectively disrupted while
observers performed a standard spatial localization task.
Blocks of trials performed during the lasting cTBS effects
were interspersed with no-stimulation blocks, conforming
to two partially superimposed Baseline-cTBS—Recovery
designs, one for each target cortical area. The logic underly-
ing the adoption of this design was to allow identification of
the effects of disrupting cortical activity of each area while
still being able to discard non-specific sources of variation
related to the stimulation itself. For measurement of RM
and RG, we adopted a behavioural spatial localization task,
where participants had to indicate the perceived vanishing
location of the target. The reason for this choice was two-
fold: (i) despite its generalized use (Hubbard 2005, 2010,
2014, 2015), it is still to be determined what role, if any,
do hMT/V5+ and TPJ play in this task; (ii) with an appro-
priate design (De S4 Teixeira 2016), this task allows one
to obtain specific and independent estimates of RM, linked
to the perceived target motion axis, and RG, rooted on an
internal reference system independent of motion trajectory
and the actual direction of gravity, for any conceivable target
trajectory. Finally, and besides measuring spatial localization
errors, eye movements were tracked and relevant oculomotor
features (pursuit gain and oculomotor overshoot) subjected
to a similar analysis.

Method
Participants

22 volunteers (12 males), with ages between 22 and 52
(M=27.9; SD=6.7), were paid €40 to take part in the
experiment. All of them had normal or corrected to normal
vision, were right-handed, had no known neurological defi-
cits and fulfilled the safety criteria for enrolment in a TMS
study (Rossini et al. 2015; Wasserman 1998). Sample size
was estimated based upon previous related studies (Delle
Monache et al. 2017; De Sa Teixeira 2016).

@ Springer

Stimuli

A simple animation involving a black circle (target) with a
diameter of 30 pixels (0.78°), moving linearly at a constant
speed of 600 pixels per second (px/s; 15.59°/s) on an oth-
erwise white background, was used as stimulus. On each
trial, the orientation of the target trajectory could vary
between 0° (rightward), 22.5°, 45°, 67.5°, 90° (upward),
112.5°, 135°, 157.5°, 180° (leftward), 202.5°, 225°,
247.5°, 270° (downward), 292.5°, 315° or 337.5°. The tra-
jectory length was 600 pixels (15.59°), but randomly posi-
tioned on the screen such that the target vanished inside an
area of 50 (1.31°) squared pixels at about 90 pixels (2.35°)
beyond the centre of the screen. A cross-shaped cursor,
the position of which could be adjusted with a mouse,
appeared on the centre of the screen immediately after
target offset.

Apparatus and equipment

Stimuli were presented on a 22" LCD screen (Viewsonic
VX2268WM, 16:9) with a resolution of 1680 x 1050 px
(46 x26 cm) and a refresh rate of 100 Hz. A black card-
board mask obstructed the view of the screen except for
a circular area with a diameter of 26 cm (24.45°). Partici-
pant’s head movements were restrained with a chin rest
and forehead support at 60 cm from the screen, with the
direction of their cyclopean eye aligned with its centre.
Programming of the experiment, stimuli presentation, trial
randomization and collection of localization responses was
done with Presentation (v. 14.9, Neurobehavioral Systems,
USA). Localization responses were performed with a
modified gaming mouse (Razer Copperhead, Razer USA),
allowing a 1 ms temporal resolution for button presses (via
a data acquisition interface; CED Power 1401), with posi-
tion of the cursor sampled at 200 Hz through the USB port.
During each block, participants were acoustically isolated
with white noise continuously delivered through in-ear
earphones (Bose, USA; loudness was adjusted on an indi-
vidual basis to mask any surrounding noises without being
disruptive to the participant) and the laboratory room kept
in darkness. Eye movements were binocularly recorded
with a remote EyeLink 1000 tracker (SR research, CA) at
a sampling frequency of 500 Hz. Transcranial magnetic
stimulation was delivered through a figure-of-eight coil
(Double 70 mm coil; mounted on a multiple degrees of
freedom mechanical arm; Magic Arm, Manfrotto Italy)
attached to a SuperRapid” stimulation unit (Magstim,
Whitland, Wales, UK) and positioned on the participant’s
scalp aimed at the target sites with the aid of Brainsight
neuronavigation system (Rogue Research, CA).
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Fig. 1 a Individual target A
cortical sites represented over
CARET’s 3D fiducial rendering
of the MNI brain template (Van
Essen et al. 2001); b schematic
depiction of one spatial locali-
zation trial

hMT/V5+

Procedure and design

Each cortical area of interest (WMT/V5+ and TPJ) was
identified a priori on the right hemisphere in a normalized
stereotactic space based upon individual MRI anatomical
brain images acquired on a Siemens Magnetom Allegra 3
Tesla head-only scanning system (Siemens Medical Sys-
tems, Erlangen, Germany). For stimulation of TPJ, MNI
coordinates X=67, Y=—26 and Z=23 were targeted (see
Fig. 1a, black dots; cf. Bosco et al. 2008; Delle Monache
et al. 2017). As for hMT/V 5+, the TMS coil was positioned
at MNI coordinates X=52, Y=—71 and Z=0 (see Fig. 1a,
white dots; Bosco et al. 2008; Orban et al. 2003). Upon
arrival at the laboratory, participants were briefed about the
experimental procedure, screened for the TMS safety crite-
ria (see Rossini et al. 2015; Wasserman 1998) and asked to
sign an informed written consent form. All procedures were
approved by the local ethics committee (protocol 169/16). A
licensed medical doctor was present in the laboratory dur-
ing all TMS procedures. No participant experienced any
adverse effect when subjected to the stimulation protocol.
In each trial (see Fig. 1b), participants were instructed to
pay attention to the target and, upon its offset, to locate with
the mouse its vanishing position on the screen (confirmed
with the left button), as precisely as possible. The next trial
started 6 s after the vanishing of the target, thus ensuring
both time for each localization response as well as a dura-
tion of no more than 20 min for an entire block, comprised
of 160 trials (16 target motion trajectories X 10 repetitions).
Eye tracking calibration was performed at the start of each
block and after the completion of 80 trials, while drift cor-
rections were made every 20 trials. No instructions con-
cerning gaze behaviour were provided. Each participant
performed two experimental blocks, one for each target
cortical area of interest (hMT/V5+ and TPJ), following a
c¢TBS protocol consisting of a train of triplets of pulses at
50 Hz every 200 ms for 20 s at 50% of the maximum stimu-
lator output. This protocol was estimated to disrupt corti-
cal activity for about 20 min (lasting for a maximum for

Target Motion
(1s)

30 min; cf. Fiori et al. 2015; Huang et al. 2005; Sacheli et al.
2015; for a review, see Wischnewski and Schutter 2015).
The mean error in coil positioning across all participants was
0.488 mm (SD =0.144; Maximum=0.764) and 0.683 mm
(SD =0.298; Maximum=1.197) when targeting TPJ and
hMT/V5+, respectively.

To assess the effects of cortical activity disruption, each
c¢TBS block was performed after and before blocks with
no cortical stimulation, to establish, respectively, a base-
line and recovery performance. Overall, each participant
was thus subjected to two concatenated repeated-measures
baseline-cTBS-recovery designs, one for each target cortical
area (hMT/V5+ and TPJ) and with order of stimulated area
counterbalanced between participants. Aiming to maintain
the duration of the experimental session within reasonable
limits and so as to not unnecessarily tire participants with
the successive repetition of the same task, the two baseline-
cTBS-recovery blocks were partially superimposed such
that the recovery block for the first cortical area and the
baseline block for the second cortical area were collapsed
into one single experimental block. Therefore, and in total,
each participant performed 5 experimental blocks. The first
block was performed without transcranial magnetic stimula-
tion to establish a baseline performance for the first cortical
area to be stimulated. Prior to the start of the second block
(but after the eye tracking calibration), a ¢cTBS protocol
(see above) was employed, targeting the first cortical area
of interest (hMT/V5+ for half the participants, TPJ for the
remaining). 40 min after the end of the cTBS protocol (to
allow the return of cortical activity towards normal levels), a
third experimental block was administered—this block was
taken both as a recovery condition for the first target area
and as the baseline for the second cortical target site. The
fourth block was again preceded by an offline cTBS proto-
col applied to the remaining cortical area of interest (TPJ
or hMT/V5+). Finally, a fifth block, starting again 40 min
after the end of the cTBS protocol, was run and taken as the
recovery condition for the second cortical target site. The
entire experimental session lasted about 3 h.
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Data analysis

Prior to data analysis, outlier localization responses within
each individual combination of block and motion direction
were discarded, based upon a cut-off value of 2 standard-
deviations above or below the mean. This cut-off point was
found, in preliminary analysis, to be effective in discarding
responses reflecting accidental presses of the mouse but-
ton without significantly altering the means of the “true”
responses. Less than 2% of the total number of trials were so
discarded. For the remaining trials, the arithmetic difference
between the horizontal and vertical coordinates of the locali-
zation response and the coordinates of the actual vanishing
position were calculated. The obtained differences were used
to determine the displacement along the motion trajectory,
M-displacement, in pixels (1 pixel = 1.56"), such that posi-
tive values corresponded to localizations further beyond
the target actual offset. At this point it should be noticed
that both RM and RG jointly determine M-displacement
values, with the relative contribution of the latter varying
with target motion direction from a null value, for targets
moving orthogonal to the subjective vertical direction, to
a maximum, for targets moving along the subjective verti-
cal direction, and to a minimum, for targets moving against
the subjective vertical direction. Arguably, for an upright
healthy observer, the subjective vertical direction would be
roughly aligned with the Earth gravitational pull, although
it is important to conceptually distinguish between the two.
Theoretically, M-displacements would thus be expected to
fluctuate sinusoidally, as a function of the target motion
directions, reflecting the contribution of RG, and around a
positive constant value, corresponding to RM magnitude (for
details see, e.g., De Sa Teixeira 2016).1 By virtue of the
Fourier theorem, a set of M-displacements, measured for
each of n possible motion directions, may be expressed as a
sum of periodic terms of increasing frequency, as follows:

M(0) =c+ b sin (9/27[) +a, cos (9/27[)
+ b, sin <29/2ﬂ.> + a, cos (20/2”> + b5 sin (39/2”>

+ a; cos (39/2”) + ...+ b,sin (”9/27[> +a, cos <n6/2”>

ey

Constant ¢ reflects a constant magnitude common to all
motion directions and, thus, indexes RM. Coefficients a,_,
and b,_, reflect the magnitude of sine and cosine terms,

! The terms “M-displacement” and “forward displacement” will be
used, in the present paper, interchangeably and will be reserved for
the empirically observed localization errors, with RM and RG refer-
ring to theoretical constructs hypothesized to modulated the latter,
biasing the perceived offset forward, in the direction of (seen) motion,
and downward, in the direction of (perceived) gravity, respectively.
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respectively, of frequencies n/2z. Setting the rightward,
upward, leftward and downward motion directions as 0°,
90°, 180° and 270°, respectively, coefficient a; expresses a
rightward (0°) increase of M-displacements, b, an upward
increase (90°; relative contributions of a; and b, index
increases of M-displacements along any one possible direc-
tion), a, a horizontal increase of M-displacements (both
rightward, 0°, and leftward, 180°), b, a vertical increase
(both upward, 90°, and downward, 270°), b5 and a; increases
of M-displacement along three main directions, a, and b,
along four main directions, and so forth. Importantly, such a
set of direction-dependent M-displacements can be subjected
to a Fourier decomposition procedure (see Sekuler and Arm-
strong 1978), with which constant ¢ and harmonic coeffi-
cients (a, and b,) of Eq. 1 can be independently determined.
Within this logic, previous studies (De Sa Teixeira 2016)
showed that M-displacements can be reasonably described
by a positive constant ¢ plus a sin (8) component modulated
by a negative b, coefficient and a cos (26) function with
magnitude a,:

M) = c—bsin(0/2x) + a, cos (20 [2x) )

Equation 2 states that M-displacement results from the
combination of a tendency to locate the offset of a target
displaced forward in the direction of motion (c)—RM—, a
trend to perceive offset positions displaced downward (b,)—
RG—, and a somewhat increased forward displacement for
horizontally moving targets (a,). The same procedure was
employed in the present experiment: for each participant,
the set of M-displacements were averaged across repetitions
and subjected to a discrete Fourier decomposition procedure
(Sekuler and Armstrong 1978). All harmonic coefficients
up to a frequency of 4/2z were estimated and percentage of
variance explained used to determine which accounted for
the main trends in M-displacement. The same procedure was
also employed for the analysis of individual mean response
times.

For eye tracking recordings, data collected during blinks
were discarded. Eye position data were filtered by means of
a 2nd order Butterworth filter (cut-off frequency of 40 Hz),
averaged across the left and right eyes to find the cyclopean
eye direction, converted to pixel coordinates in relation to
the target offset, and gaze location along the target’s motion
axis calculated. Trials where participants smoothly tracked
the target while it was visible were identified and smooth
pursuit gain calculated (a gain of 1 indicates that the eyes
speed matched target speed, while lower values indicate that
eyes speed was lower than target speed). Percentage of trials
where the target was smoothly tracked and smooth pursuit
gain were taken as dependent variables and subjected to sta-
tistical analysis in all respects similar to the ones employed
for M-displacement and response times.
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Fig.2 Mean individual ¢
constants (RM; a) and b, coef-
ficients (RG; b) as a function
of experimental block for

both order groups (h(MT/V5+
first—square markers; TPJ
first—diamond markers). Data
labels identify, for the cTBS
blocks, which cortical area was
stimulated. Error bars depict the
standard errors of the subgroup
means
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Preliminary analysis revealed that participants’ eyes kept
moving for at least 200 ms after the target vanished, in those
cases where it was smoothly tracked. In a significant per-
centage of cases, participants made a saccade to the centre
of the screen (where the mouse cursor appeared) roughly
200-300 ms after the target disappeared. Thus, and to
explore patterns of ocular overshoot, trials where the target
was being smoothly tracked for at least 100 ms before the
target disappeared were identified and mean gaze location
during slots of 10 ms (the duration of each frame in the
presentation screen) was calculated at 0 (when the target
vanished), 50, 100, 150 and 200 ms after target offset. Mag-
nitude of ocular overshoot, in pixels, was subjected to the
same discrete Fourier decomposition procedure employed
for the remaining dependent measures.

For all measures (M-displacement, Response Times and
eye tracking recordings) and each cortical area of inter-
est (hWMT/V5+ and TPJ), the relevant estimated harmonic
parameters were taken as dependent measures and subjected
to mixed ANOVAs with condition (baseline-cTBS-recovery)
as the repeated-measures factor (for magnitude of ocular
overshoot only, time elapsed after target’s offset was taken as
an additional repeated-measures factor) and order of stimu-
lated cortical areas as the between-subjects factor.

Results
Spatial localizations

In accordance with previous findings (De Sa Teixeira 2014,
2016), M-displacements were well described by a sum of a
constant ¢ (indexing RM), a sin(6/2x) function modulated
by a negative coefficient b, (indexing RG) and a cos(26/2x)
component modulated by a coefficient a, (signalling that

3 4

o -
-

2 3 4 5
Experimental Block

M-displacements were overall bigger for horizontal than
vertical directions; cf. Eq. 2). These harmonic components
accounted for more than 97% of the variation in M-displace-
ment as a function of motion direction for all experimental
blocks. Preliminary analysis revealed that the coefficient a,
did not vary significantly across experimental blocks for
both cortical areas of interest (p >0.1). Thus, it will not be
discussed further.

As for the remaining spatial localization dependent vari-
ables, Fig. 2 depicts mean RM (¢ parameter) and mean RG
(b, parameter) as a function of experimental block, plotted
separately for both order groups. Data labels indicate which
cortical area (hMT/V5+ or TPJ) was stimulated prior to the
associated block. Visual inspection suggests that, overall,
RM tended to increase with each successive block. This
trend is clearly seen for the initial experimental blocks,
especially for those participants for whom hMT/V5+ was
targeted first (see Fig. 2a, black squares). When cTBS was
applied to TPJ mean RM seems to be slightly increased,
deviating from that linear trend (see Fig. 3a, white markers,
inverted V trends). Conversely, disruption of cortical activity
in hMT/V5+ seems to lead to an increase in the magnitude
of RG (see Fig. 2b, black markers, V trends).

Aiming to isolate possible effects of cTBS from the clear
sequential fluctuations along the experimental blocks, mean
RM (c parameter) and mean RG (b, parameter) were sub-
jected, as dependent variables, to mixed ANOVAs, sepa-
rately performed for each cortical area of interest (hMT/
V5+ and TPJ) with condition (baseline-cTBS-recovery) as
the repeated-measures factor and order of stimulation (hMT/
V5+—TPJ or TPJ —hMT/V5+) as the between-subjects fac-
tor. Since the levels of the factor condition are taken in a
fixed order (baseline — cTBS —recovery), within-subjects
contrasts can be used to differentiate between sequential
effects, reflecting the mere repetition of the task across
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Fig.3 Mean M-displacements as a function of motion direction found
for the baseline (left column; circle markers), cTBS (middle column;
triangle markers) and recovery (rightward; square markers) blocks for

blocks, and effects due to the disruption of cortical activ-
ity. The former would reflect on a significant linear contrast
(continuous increasing or decreasing of the dependent vari-
able as a function of condition) and the latter on a significant
quadratic contrast (signalling either an increase or a decrease
of the dependent variable in the middle condition, that is,
the cTBS block).

Regarding hMT/V54, RM (c parameter) was found to
increase significantly with each successive block (condi-
tion), F(2, 40)=10.84, p <0.001, partial 712=0.35 (linear
contrast: F(1, 20)=14.04, p=0.001, partial 172= 0.41;
quadratic contrast: F(1,20)=1.09, p=0.309). This effect
was modulated by the order in which cortical areas were
stimulated, as revealed by a significant interaction between
condition and order of stimulation, F(2, 40)=6.94,
p=0.003, partial 7%= 0.26, being considerably more pro-
nounced for those participants who performed first the
hMT/V5+ sequence of blocks. As for RG (b, coefficient),
disrupting the activity of area hMT/V5+ was found to
significantly increase its mean magnitude, as revealed by
a main effect of condition, F(2, 40)=3.9, p=0.029, par-
tial 172= 0.16, with a null linear contrast, F(1, 20)=1.98,

@ Springer

B hMT/V5+ - cTBS

C hMT/V5+ - Recovery
40

30
20

N
[&)]
N
[$)]

=15 n =15
5 5
E 5 £ 5
3 3
B 15 B .15
RM RG RM RG
F TPJ - Recovery
40
30
20
Q
< 25 ! < 25
=15 " u =/15
[ c
Q [}
E 5 £ 5
) g
E‘ -5 §' -5
815 815
RM RG RM RG

target cortical sites hMT/V5+ (top row) and TPJ (bottom row). The
full lines are the best fit Fourier model. Inset plots depict mean RM
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p=0.175, but a significant quadratic contrast: F(2,
40)=6.54, p=0.019, partial ;12: 0.25. The latter effect
did not interact with order of stimulation, F(2, 40)=1.19,
p=0.316, being found for both subgroups of participants.

As for TPJ, disruption of its cortical activity resulted in
an increased RM, as revealed by a significant main effect
of condition, F(2, 40)=3.28, p=0.048, partial 172= 0.14,
with a null linear contrast, F(1,20)=1.4, p=0.251, and a
significant quadratic contrast: F(1, 20)=6.175, p=0.022,
partial #°=0.24. Moreover, there was also a significant
interaction between order of stimulation and condition,
F(2,40)=3.54, p=0.038, partial 7°=0.15, suggesting that
RM, besides being increased contingently with the stimu-
lation of TPJ, also increased linearly with each successive
block for those participants who were first subjected to
c¢TBS in TPJ area, in contrast with those for whom this
area was stimulated last (linear contrast: F(1, 20)=5.83,
p=0.025, partial °=0.23; quadratic contrast: F < 1). No
changes in RG (b, coefficient) were found linked with
stimulation of TPJ, F < 1, and no further main effects or
interactions reached the significance level. Finally, there
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was no evidence that order of stimulated areas had any
significant main effect in all conducted analyses.

Figure 3 depicts, in polar plots, the mean M-displace-
ments as a function of target motion direction for the base-
line (left column, circular markers), cTBS (middle column,
triangular markers) and recovery (right column, squared
markers) conditions for the cortical areas hMT/V5+ (upper
row) and TPJ (lower row). The black lines depict the best
fit Fourier function. Inset plots depict mean ¢ (RM) and b,
(RG) parameters for each condition. In accordance with sta-
tistical analysis, and besides a visible increase of the mag-
nitude of RM with each successive block, it seems to also
increase beyond that linear trend when the activity in TPJ is
disrupted (see panel E). As for RG, it seems to be slightly
increased for the condition where cortical activity in hMT/
V54 was disrupted (see panel B).

To identify participants responsive to cTBS and who thus
contributed more to the found effects, individual ¢ and b,
parameters were transformed to normalized Z values for the
baseline-cTBS-recovery sequences of hMT/V5+ and TPJ.
The resulting values were then subjected to a combination of
hierarchical cluster analyses (furthest neighbour clustering
algorithm based upon a Squared Euclidean Distance metric)
and visual inspection of individual patterns. On what refers
to hMT/V5+, 14 out of 22 participants showed an increased
RG (b,) following the cTBS protocol. The remaining 8 par-
ticipants showed either a trend where RG (b,) decreased in
the ¢cTBS block (3 participants), a continuous decrease of
RG (b;) with each successive block (2 participants), or a
continuous increase of RG (b;) with each successive block
(3 participants). This pattern of frequencies deviated sig-
nificantly from chance, ;(2(3) =18, p<0.001. Similarly, for
TPJ, 14 participants displayed increased values of RM (c)
during the cTBS block. From the remaining 8 participants, 4
participants showed a decreased RM (c) following the cTBS
protocol, 3 participants had measured RM (c) decreasing
with each successive block, and for one participant RM (¢)
increased with each successive block. The frequency of
increased RM (c) following disruption of the activity of TPJ
significantly deviated from chance, )(2(3) =18.36, p<0.001.
Overall, 17 participants showed either one of those trends,
11 of whom showed both. Figure 4 depicts the individual
Z normalized values of constants ¢ (panels A and B) and
coefficients b, (panels C and D) as a function of the base-
line-cTBS-recovery sequences associated with stimulation
of cortical areas hMT/V5+ (panels A and C) and TPJ (panels
B and D). Full lines in plots B and C identify those partici-
pants who showed, respectively, a tendency for higher RM
following TPJ stimulation and higher RG after stimulation
of h(MT/V5+.

Although statistical analysis supports an effect of disrupt-
ing cortical areas hMT/V5+ and TPJ on the magnitudes of
RG and RM, respectively and as revealed by significant
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Fig.4 Individual Z normalized values of RM (constants c; a, b) and
RG (b, coefficients; ¢, d) as a function of block (baseline, cTBS and
recovery) for cortical areas hMT/V5+ (a, ¢) and TPJ (b, d). Full lines
in b and c identify those participants who showed some responsive-
ness to cTBS in accordance with the main statistical outcomes

quadratic contrasts, it is also the case that the successive
repetition of the task leads to lawful variations of the spatial
displacement phenomena. The latter is particularly evident
for RM in the first performed blocks, which was found to
steadily increase in magnitude with each repetition of the
task.

Aiming to isolate variations in both phenomena linked
specifically to the cTBS procedure, the relative displace-
ment change was computed for each participant as follows:
b, and c estimates were averaged across the baseline and
recovery blocks (thus obtaining the best estimate for each
parameter had no stimulation been applied) and the obtained
values subtracted from the b; and c estimates found in the
c¢TBS blocks. Figure 5 depicts the mean relative displace-
ment change found for the cTBS blocks for RM (¢ param-
eter—dark grey bars) and RG (b, coefficient—light grey
bars). Overall, and in accordance with the previous analyses,
RG seems to be increased when activity in hMT/V5+ was
disrupted. Conversely, RM, measured during the effects of
cTBS applied to TPJ, was found to be increased, albeit only
slightly.

The relative changes in pixels for both RM and RG were
subjected to a mixed MANOVA with cortical area (hMT/
V5+ and TPJ) as a repeated-measures factor and order of
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Fig.5 Relative change in the magnitudes of RM (dark grey bars) and
RG (light grey bars) contingent with cTBS, applied either to hMT/
V5+ (left bars) or TPJ (right bars), in comparison with the average of
the baseline and recovery blocks. Error bars depict the standard errors
for the means. Notice that positive and negative values indicate,
respectively, an increase in the magnitude of RM and RG contingent
with the cTBS block

c¢TBS as a between-subjects factor. A multivariate within-
subjects effect was found for cortical area, F(2, 19)=5.17,
p=0.016, partial #°=0.35, which did not interact with order
of ¢TBS, F< 1. Univariate tests revealed that disrupting
the cortical activity of hMT/V5+ significantly increased
mean relative change in RG in comparison with disruption
of activity in TPJ, as revealed with a main effect of cor-
tical area, F(1, 20)=6.44, p=0.02, partial 4°=0.24,. This
effect was unchanged as a function of order of cTBS, F(1,
20)=1.43, p=0.25. However, mean relative change in RM
was not found to be significantly modulated by cortical area,
F(1,20)=1.575, p=0.224, nor by an interaction between
cortical area and order of ¢TBS, F' < 1. No other effects were
found to be statistically significant.

Response times

Overall, a single constant in the Fourier series explained
above 99% of the variance in response times for all condi-
tions—that is, no evidence was found that response times
were modulated by target motion direction and, thus, they
were averaged individually across all trials within each
block. Figure 6 depicts mean response times for each exper-
imental block. Responses were found to be slower for the
very first blocks, decreasing with each iteration of the task.
Importantly, there was no evidence that response times devi-
ated from this trend for the cTBS blocks. Two mixed ANO-
VAs, performed on individual response times separately for
each target cortical area (hMT/V5+ and TPJ), with condi-
tion (baseline, cTBS and recovery) as the repeated-measures
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Fig.6 Mean individual response times as a function of experimental
block for both order groups (hMT/V5+ first—square markers; TPJ
first—diamond markers). Data labels identify, for the cTBS blocks,
which cortical area was stimulated. Error bars depict the standard
errors of the subgroup means

factor and order of stimulated cortical area as the between-
subjects factor, corroborated visual inspection. For hMT/
V5+, a significant effect of condition was found, F(2,
40)=3.725, p=0.033, partial ’=0.157 (with a significant
linear contrast, F(1, 20)=5.16, p=0.034, partial 112= 0.205)
which, moreover, significantly interacted with order of corti-
cal stimulation, F(2, 40)=4.4, p=0.019, partial n2= 0.18.
For TPJ, neither condition, F(2, 40)=2.57, p=0.089, nor
an interaction between condition and order of stimulation,
F(2,40)=2.41, p=0.103, reached the statistical significance
criterion. Taken together, these outcomes reflect a decrease
in response times during the first three blocks, being, overall,
more pronounced for those participants for whom hMT/V5+
was targeted first.

Eye movements

As expected, and due to the nature of the task, participants
routinely engaged smooth pursuit eye movements to track
the target throughout its trajectory. In several trials, however,
participants either did not track the target at all or tracked
it for only short periods (for instance, keeping the gaze at
the centre of the screen and tracking the target only once
it reached the vicinity, being smoothly tracked afterwards
until vanishing). Overall, targets moving horizontally (either
leftwards or rightwards), were smoothly tracked while vis-
ible and throughout most of its trajectory in about 80% of
the trials. In contrast, for targets moving vertically (either
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Fig.7 Mean gaze positions, along the target motion axis and rela-
tive to the target actual vanishing location onscreen, as a function of
motion direction (radial axes) and time elapsed after target offset (line
parameter). The left, middle and right panel columns correspond to
the baseline, cTBS and recovery conditions, respectively. Top row
panels refer to the hMT/V5+ and the bottom row to the TPJ sub-

downwards or upwards), the percentage of smooth pursuit
trials decreased to about 60-70% (intermediate percentages
applied to targets moving diagonally). Smooth pursuit gain
was very close to 1 for horizontally moving targets, but only
about 0.6 for vertically moving targets (with intermediate
values for targets moving diagonally), in line with previous
reports (e.g., Collewijn and Tamminga 1984; Rottach et al.
1996).

Mixed ANOVAs, performed separately for each target
cortical site with condition (baseline, cTBS and recovery) as
the within-subjects factor and order of stimulated area as the
between-subjects factor, revealed that cTBS affected neither
the mean percentage of smoothly tracked targets (F' < 1 when
c¢TBS was applied to hMT/V5+; F(2, 40)=1.06, p=0.35,
for cTBS applied to TPJ), nor their mean gains (¥ <1 for
both cortical areas).

In what refers to ocular overshoot, mean gaze position
in relation to the actual target offset is plotted in Fig. 7 for

design. The full lines depict the best fit Fourier models. Lower right
insets show, as a function of elapsed time, the mean individual ¢ con-
stants (filled circles and continuous line) and b, coefficients (white
circles and dashed lines). Error bars represent the standard errors of
the means

each motion direction, time after the target vanished (marker
shapes) and condition (Baseline, cTBS and Recovery; panel
columns) for each stimulated cortical area (top row: hMT/
V5+; bottom row: TPJ). It can be seen that the eyes kept
moving forward, in the direction of motion, after the target
offset for all motion directions. Moreover, gaze was consid-
erably more displaced in the direction of motion for targets
moving rightwards, as compared with leftward directions,
and downward, as compared with upward moving targets.
All these trends can best be accounted for by a combination
of a constant ¢, harmonic components a; and b; (lines in
polar plots depict the best fit Fourier functions). Together
these components accounted for above 90% of the vari-
ance in eye position for all blocks. Importantly, stimulation
of site hMT/V5+ seems both to decrease the amount by
which the eyes overshoot the target offset (see correspond-
ing lower right inset plots, ¢ parameter, filled circles) and to
increase the rate at which gaze drift downwards (inset plots,
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b, parameter, white circles). Conversely, stimulation of TPJ
leads to no apparent change in ocular overshoot.

Individual Fourier parameters were analysed through
mixed ANOVAs, performed separately for each target cor-
tical site and parameter, with condition (baseline, cTBS and
recovery) as the within-subjects factor and order of stimu-
lated area as the between-subjects factor.

When TPJ was stimulated, condition failed to reach the
statistical significance level for all dependent variables:
constant ¢, F(2, 42)=2.65, p=0.083; coefficient b,, F(2,
42)=2.08, p=0.14; coefficient a;, F < 1. For all blocks, and
as time after the target offset increased, gaze location was
further displaced forward in the direction of motion, F(4,
84)=179.4, p<0.001, partial 172=O.895, and rightwards,
F(4, 84)=3.99, p=0.005, partial 172 =0.16, as revealed by
significant main effects of elapsed time after target’s offset
for the constant ¢ and coefficient a,, respectively. In contrast,
the downward bias of gaze position (as indexed by the coef-
ficient b,) was found to be relatively stable with time after
target offset, F(4, 84)=1.86, p=0.124.

On the other hand, stimulation of site h(MT/V5+ sig-
nificantly reduced mean ocular overshoot—this trend
was detected both with a principal effect of condition on
mean c, F(2, 40)=4.78, p=0.014, partial r]2=0.19 (with
only a significant quadratic contrast, F(1, 21)=14.056,
p=0.001, partial #>=0.4), and with a significant interac-
tion between condition and elapsed time, F(8, 160)=2.495,
p=0.014, partial *=0.11. Downward gaze displacement
(b, coefficient) was found to increase with elapsed time, F(4,
80)=3.03, p=0.022, partial 172 =0.12, although mostly due
to a significant interaction with condition, F(8, 160)=3.074,
p=0.003, partial r]2 =0.13, in a pattern where stimulation of
hMT/V5+ led to a time-dependent downward drift of gaze
position. That is, a significant time-dependent downward
drift of gaze emerged solely for the cTBS block targeting
hMT/V5+. No evidence was found that the rightward gaze
displacement (a, coefficient) was significantly affected
by the ¢cTBS procedure, with condition resulting in a null
effect, F(2,40)=1.06, p=0.38. As was the case for the TPJ
conditions, the position of the eyes was found to be fur-
ther displaced in the direction of motion (c parameter), F(4,
80)=160.7, p <0.001, partial ;12 =0.889, and rightwards (a,
coefficient), F(4, 80)=14.18, p <0.001, partial 172 =0.42, as
a function of elapsed time.

Discussion and conclusion

We aimed to explore the role played by areas hMT/V5+
and TPJ on RM and RG. To the degree that hMT/V5+ has
been implicated in the processing of motion (Sunaert et al.
1999) and TPJ as a neural substrate for an internal model of
gravity for target interception (Bosco et al. 2015; Lacquaniti
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et al. 2013, 2014), it would be straightforward to expect that
disrupting the activity of hMT/V5+ should decrease prefer-
entially RM, whilst disruption of the activity of TPJ should
lead to a reduction of the magnitude of RG. Instead, disrupt-
ing the activity of hMT/V5+ seems to selectively increase
the magnitude of RG, while some evidence was found for
a larger RM when disrupting the activity of TPJ. Whereas
these outcomes cast doubts on whether h\MT/V5+ and TPJ
are solely responsible for RM and RG, respectively, and in
the sense of its functioning being a sine qua non condition
for the emergence of the perceptual displacements, they do
provide hints that those neural structures might take part in
the modulation of the phenomena.

It should be noticed that cTBS, when targeting hMT/
V54, was also found to reduce the amount by which the
observer’s eyes overshot the target offset, besides increasing
the tendency for gaze to drift downwards after its vanishing.
These findings provide evidence that cTBS was effective in
disrupting cortical activity. Although not much is known
about the neural processes involved in interrupting smooth
pursuit eye movements (see Missal and Heinin 2017), both
its onset and offset seem to be linked with processes of gain
adjustments taking place in the frontal eye fields (FEF;
Tanaka and Lisberger 2002a, b). Of relevance, the FEF
receives direct inputs from area MT (but not MST, which
projects instead to the supplementary eye field area; Missal
and Heinin 2017). This could account for our finding that
ocular overshoot decreased with stimulation of hMT/V5+,
by weakening the processing of retinal motion used in turn
for the control of eye movements. Less clear is why hMT/
V5+ disruption lead to a downward drift of gaze, although
this trend is in line with the found increase in RG, suggesting
not only that the two might be linked, but also strengthening
the reliability of the latter.

Conversely, we found some evidence that RM increased
slightly when the activity of TPJ was disrupted, although
this trend was superimposed on a considerable degree of
variability. Thus, and on the one hand, statistical analysis
revealed that RM increased with each successive repeti-
tion of the task, signalled by a significant linear contrast
when considering the sequence of baseline-cTBS-recovery
blocks. Furthermore, its magnitude was also found to sig-
nificantly increase, over and beyond that linear trend, when
cortical activity in TPJ was disrupted, as evidenced with a
significant quadratic contrast. To a great extent, the linear
increase in the magnitude of RM can be attributed to train-
ing and attentional fluctuations. In fact, it has been reported
that RM tends to increase with attentional load (Hayes and
Freyd 2002; but see also Kerzel 2004). It is likely that, due
to the repetitive design and monotonous nature of the task,
participants’ attention fluctuated widely during the experi-
mental session, which could, in turn, explain the differences
between baseline and recovery blocks. Congruently, mean
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response times were also found to steadily decrease during
the succession of experimental blocks, reflecting that the
spatial localization tasks were performed increasingly more
swiftly as the session progressed. However, when attempting
to isolate possible RM effects due to cTBS applied to TPJ,
by comparing its magnitude in the corresponding block with
its mean in the baseline and recovery blocks, a null effect
was found. While this latter outcome prevents us from unam-
biguously stating that the magnitude of RM is significantly
modulated by cortical activity in TPJ, it might also be the
case that an actual contribution of this cortical area to spa-
tial localization (hinted at by the previous analysis) is being
masked by extraneous attentional factors. Without eschew-
ing these considerations and underscoring that a putative
link between RM and cortical activity in TPJ is only partially
hinted at by the statistical evidence, in the remainder of the
discussion we offer a tentative account for the found pat-
terns, taken at their face value.

Overall, a spatial localization can be thought of as reflect-
ing an internal balance between expected kinematics (given
the target’s motion) and world-based knowledge of dynamic
variables (by internally generating an anticipation of gravi-
tational effects). The net effect of disrupting a cortical area
involved in the processing of seen kinematics, as can be
assumed to be the case of hMT/V5+, could be to compel a
heavier reliance upon anticipated dynamics, such as gravity,
leading to an increased RG. Conversely, disruption of the
functioning of the neural substrates for an internal model of
gravity, as could be argued to be the case of TPJ, could lead
to a stronger weighting of observed kinematics in fine-tuning
the spatial localization, resulting in an enlarged RM. Stated
differently, the found results are compatible with a reciprocal
functioning between perceived kinematics, involving hMT/
V5+ and expected dynamics, with a putative enrolment of
TPJ. Disrupting the functioning of one contributing cortical
area tips the balance within an extended network, prompting
the localization response to rely more heavily on unaffected
neural structures.

This sort of reciprocal relationship could, in principle, be
functionally modelled as a Bayesian framework (see, e.g.,
Jorges and Lopez-Moliner 2017) or, neurophysiologically,
as an antagonistic mechanism implementing a push—pull
dynamic, analogous to some recent proposals. For example,
Sestieri et al. (2010, 2017) put forth a similar hypothesis
to account for the somewhat paradoxical observation that
the posterior parietal cortex, traditionally associated with
visuospatial and sensorimotor processes, is also involved in
memory retrieval functions, as evidenced with behavioural
and neuroimaging studies, even though lesions to this site
fail to result in observable amnesic symptomatology (Schoo
et al. 2011). As the parietal regions related to perceptual
and mnesic functions are anatomically segregated and seem
to enter into a dynamic competition (Sestieri et al. 2010),

it has been suggested that they show a push—pull relation-
ship, modulated by two possible, and not mutually exclusive,
mechanisms: mutual direct suppression or top-down influ-
ences from prefrontal regions (Sestieri et al. 2017). Simi-
lar competitive neural dynamics have been proposed at a
more widespread scale, modulating the interaction between
segregated dorsal networks, dedicated to goal-driven atten-
tional processes and including area hMT/V5+, and ventral
networks, responsible for stimulus-driven attention and
encompassing TPJ (Corbetta and Shulman 2002; Corbetta
et al. 2008). Without overemphasizing possible overlaps
between anatomical structures and information processing,
the reciprocal relation found in the present study, with RM
increasing with disruption of TPJ and RG with disruption
of hMT/V5+, is compatible with an analogous competitive
neural dynamic model.

If one favours this latter account, there are at least two
interrelated points of interest. On the one hand, since both
RM and RG are simultaneously observed in any single spa-
tial localization response, these phenomena can be instru-
mental in revealing the degree to which the push—pull mech-
anisms are due to mutual suppression processes between
dorsal and ventral networks or if a top-down modulation
is the case. At least in principle, this could be tested by
employing an online TMS protocol, targeting either hMT/
V5+ or TPJ, with or without previous offline stimulation of
pre-frontal areas, previously argued to be enrolled in RM-
like tasks (Amorim et al. 2000; Rao et al. 2004). Hypotheti-
cally, and to the degree that relevant pre-frontal areas can be
pinpointed beyond the currently available evidence, if top-
down processes do play a major role in the modulation of a
putative push—pull mechanism, it would be expected for the
pattern of results to significantly change if the functioning of
those areas is compromised. On the other hand, and if such
a top-down modulation is indeed the case, a long-standing
debate on the literature regarding spatial mislocalizations
can be satisfactorily settled. There is still disagreement as
to whether RM reflects high-level cognitive representations
of motion (Hubbard 2005) or it can be mainly accounted
for by low-level perceptual and oculomotor processes (Ker-
zel 2006; for a reply, see Hubbard 2006). Positing that top-
down processes are responsible not for the generation of
the localization errors per se, but rather for supervising and
modulating the balance between perceived kinematics and
anticipated dynamics in determining a spatial localization
response could potentially account for the diverging inter-
pretation of the available evidence.

At this point, it should be noticed that at the core of
this debate is the role played by smooth-pursuit eye move-
ments. While the necessary involvement of smooth pursuit
eye movements in the emergence of RM, at least when
gauged for continuous motion and with a spatial localiza-
tion response, is relatively well established (De Sa Teixeira
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2016; De Sa Teixeira et al. 2013; Kerzel 2000, 2003a, c;
Kerzel et al. 2001; Miisseler et al. 2002) the debate con-
cerns to what extent oculomotor features are sufficient to
explain the phenomenon (Hubbard 2005, 2006; Kerzel
et al. 2006). In this respect, the present results do not con-
vincingly support the view that RM fully co-varies with
eye movements. Although a significant positive correlation
was found between ocular overshoot and RM, disrupting
hMT/V5+, which reduced the former, failed to impact sig-
nificantly on the latter. Conversely, disrupting TPJ, which
led to an increase of RM, was not found to significantly
change oculomotor behaviour. A push—pull mechanism,
as discussed above, might also have a bear on the inter-
pretation of these findings, for a modulation of perceived
kinematics and expected dynamics in a spatial localization
response is not, in principle, incompatible with a primary
causal role of oculomotor behaviour in the former.

As a final remark, and irrespective of how our tentative
conclusions might fare in future research, our findings add to
previous studies which emphasize the functional independ-
ence of RM and RG, and highlight how they are differently
modulated by perceived kinematics and expected dynamics.
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