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Scope and outline

of the thesis

Vision is probably our most important sense. It allows us to
interact in a dynamic environment where we are surrounded by
moving objects. Indeed, many aspects of our behavior are driven by
visual information. One of the main functions of our brain is to
accurately move the eyes in order to have a clear vision. That is why
the brain has to transform visual information into accurate motor
commands for the eyes. To sum up, the brain has a crucial role in
deciding whether the eyes should move and in controlling the
movement of our eyes. Any eye movement is therefore the
consequence of neuronal activity somewhere in the brain, which is
then transformed into motor commands to generate an eye

movement.

Importantly, this visuomotor transformation process, with the
goal of getting a clear and stabilized vision is not ftrivial. Indeed,
objects in the external world are sometimes moving faster than the
oculomotor system can react, due to some inherent delays.
Therefore, the brain uses different strategies to compensate for those
delays. One strategy is prediction. For instance, if you expect an
object to quickly move to your right at a specific time, you will
probably anticipate its movement by initiating a predictive eye
movement in the expected direction. The predictive mechanisms are
also crucial when the visual inputs are absent. This is the case when
tracking a visual object that transiently disappears (e.g. a bird flying in
the sky and briefly disappearing behind a big tree), or when you are in
darkness.
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This thesis focuses on the pursuit eye movements, which are
required to track a moving object, i.e. to stabilize the retinal image of
the moving object. In particular, predictive eye movements will be
analyzed in order to better understand their mechanisms and the way
they interact with visual information.

In this thesis, two different approaches are used to achieve
this purpose. First, a theoretical approach consists in modeling the
pursuit system, by simulating experimental data and by making
hypotheses on the oculomotor behavior. This approach is then
supplemented and combined with experimental studies. This thesis
will show that both theoretical and experimental approaches are
complementary and that each of them gives valuable information to
the other.

Chapter 1

This first chapter contains a general review of the literature on
the pursuit and saccadic eye movements. Then, predictive eye
movements are also emphasized as well as the theoretical pursuit
models. Finally, a short summary of the principal neural substrates is
given.

Chapter II

This chapter is devoted to the modeling of the smooth pursuit
system. The novelty of this model resides in several points. First, we
consider stochastic retinal inputs which are then estimated by a
Kalman filter. Second, a dynamic internal representation of the target
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provides an extra-retinal signal to the pursuit system. Third, these
retinal and extra-retinal inputs are weighted according to their
uncertainty, according to Bayesian principles. Fourth, this model is
the first one capable of simulating specific experimental results linked
to predictive eye movements.

Chapter III

This chapter focuses on the smooth pursuit response to
biological motion, a very particular stimulus. Being able to identify
people and to perceive what they are doing are essential visual
abilities. Therefore, biological motion perception is probably
processed differently by the visual system than other kinds of motion.
Here, we show that biological motion also influences the motor
response by facilitating the smooth pursuit response.

Chapter IV

The acknowledged fact that biological motion influences the
smooth pursuit system raises the question of how this specific
influence is achieved by the brain. We use a theoretical model to
make predictions of the possible influence of biological motion on
smooth pursuit eye movements during and after the transient
blanking of the stimulus. Experimental data show that biological
motion influences the visuomotor processing.
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Chapter V

In this chapter, we analyze the involvement of the frontal lobes
of the brain on the oculomotor response. We record the eye
movements of patients with a mild frontal degeneration and compare
their oculomotor behavior to control subjects and Alzheimer’s Disease
patients, which is another form of dementia. We show that the frontal
patients are impaired in predictive timing, which is not the case for
Alzheimer’s Disease patients. This difference is so important that it
could lead to a new biomarker to distinguish those two pathologies in
the early stages of the disease.

Chapter VI

This last chapter discusses some implications of the results
presented in the previous chapters and proposes some new
theoretical and experimental perspectives.
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Chapter 1

Introduction

Visually-guided eye movements

Vision is one of the most important senses for humans. In
everyday life, having a clear vision is crucial to gather the required
information to evolve in our environment. This information can then
be processed and interpreted by the brain in order to generate an
appropriate motor action, e.g., grasping an object, stopping at a red
traffic light, hitting a tennis ball, smiling to a familiar face, etc.

Although we have the feeling that we can process the whole
visual field in one single look, it is actually not the case. Basically,
when the image of the visual scene is projected onto the retina, only a
small part is perceived with high visual acuity. Indeed, primates have
a high concentration of photoreceptors in the center of the retina,
called the fovea, where the visual acuity is maximum. As the
eccentricity angle increases, visual acuity rapidly decreases (Anstis,
1974).

For this reason, having accurate eye movements is crucial for
humans to place and stabilize the image of the target close to the
fovea in order to view the moving target optimally. This visual tracking
is achieved by three types of orienting eye movements: saccades,
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smooth pursuit and vergence. Two types of gaze stabilizing eye
movements are added to these three gaze-shifting mechanisms: the
vestibulo-ocular reflex (VOR) and the optokinetic reflex (OKN).
Hereafter, we will describe these eye movements with emphasis on
two important eye movements, i.e. saccades and smooth pursuit.

Saccades

The goal of the saccades is to bring the image of an object of
interest onto the fovea. Therefore, saccadic eye movements are very
fast jumps from one eye position to another (Fig. 1.1). Saccades can
reach velocities larger than 500 deg/s (since the eyes are rotating,
degrees of visual angles are used to measure eye movements) and
can be made towards different types of target, e.g. towards auditory
or tactile stimuli (Jay and Sparks, 1984; Groh and Sparks, 1996).
Saccadic eye movements have very stereotyped durations and
velocity trajectories that vary systematically with saccade amplitude.
The amplitude is linearly proportional to the saccade duration (for
saccades larger than 5 deg) while the maximum velocity depends on
saccade amplitude in a non-linear saturating way. These relationships
have been called the “main sequence” of saccades (Bahill et al.,
1975). Because of their short durations (30-80 ms), saccades are
performed in open-loop, i.e. they cannot be controlled by visual
feedback since the visual delay is around 100 ms. For that reason, it
was long assumed that saccades were ballistic, i.e. their trajectory is
programmed prior to the movement. However, it is not the case, since
saccades can be modified in mid-flight by factors presented before
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the eye starts to move (Viviani et al.,, 1977; Van Gisbergen et al.,
1987; Smit and Van Gisbergen, 1990; Schreiber et al., 2006).

The main input used by the saccadic system to program a
saccade is the distance between the target and the current eye
position, i.e. the position error. The saccadic system usually
undershoots the target position by about 10% (Becker, 1991). This is
illustrated in Fig. 1.1, where the first saccade undershoots the target.
A second catch-up saccade is then triggered to realign the target on
the fovea. Saccades to moving targets are also accurate. Therefore,
the saccadic system also uses the target velocity as input (or more
precisely the retinal slip, i.e. the velocity difference between the target
and the eye) (Keller and Johnsen, 1990; Gellman and Carl, 1991; de
Brouwer et al., 2001; Eggert et al., 2005; Orban de Xivry and Lefévre,
2007). However, these two saccadic system inputs (position error and
retinal slip) are not synchronized. Indeed, the first part of a short-
latency saccade is only influenced by the position error while the
second part of this saccade is also affected by the retinal slip. This
asynchrony between position and motion signals can yield some
curved saccades with two peaks in their velocity profile (instead of
one usually). These saccades are referred to as “double-peaked
saccades” (Schreiber et al., 2006).
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Figure 1.1: Typical example of a saccadic eye movement (red traces).
The upper panel represents position vs. time while the lower panel
represents velocity vs. time. Target is shown in blue traces.

Saccadic latency, i.e. the time between target onset and the
initiation of the eye movement, can range from 80 to 300 ms with a
mean of 200 ms (Westheimer, 1954; Robinson, 1965). This saccadic
reaction time toward a visual stimulus can be reduced to less than
100 ms in some conditions (Paré and Munoz, 1996; Findlay, 1998;
Schiller et al., 2004). For instance, if the fixation point is extinguished
200 ms before the target appears (we say there is a “gap” period with
no visible stimulus), the probability to observe a short-latency
saccade is high (Fischer and Boch, 1983; Fischer and Ramsperger,
1984). Carpenter and Williams (1995) proposed a model to explain
the general saccade latency distribution. The main idea is that the
decision to trigger a saccadic eye movement is taken when a decision
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signal reaches a threshold level. The constant rate of rise of this
decision signal is randomized between frials, following a Gaussian
distribution. This linear “rise to threshold” model is called the LATER

model (Carpenter and Williams, 1995).

To sum up, saccades bring the image of an object of interest
onto the fovea and are most of the time followed by visual fixation. In
many situations, however, objects move relative to the viewer and
this is where smooth-pursuit eye movements come into play.

Pursuit

Smooth pursuit eye movements stabilize the image of the
moving target on the fovea, thereby supporting high-acuity analysis of
the tracking target. The high visual acuity of a moving target is the
consequence of minimal retinal image motion on the fovea. It has
been shown that vision is degraded if the retinal slip (i.e. the velocity
error) exceeds a speed of 3-4 deg/s (Westheimer and McKee, 1975;
Barnes and Smith, 1981; Demer et al., 1994).

Pursuit eye movements are slower movements than saccadic
eye movements. Meyer et al. (1985) measured the maximum pursuit
velocity in human subjects. Pursuit gain (i.e. the ratio between eye
velocity and pursuit velocity) was usually larger than 0.9 when
tracking stimuli moved at a constant velocity up to 100 deg/s, but
declined for larger velocities. Despite the fact that pursuit is a
voluntary response, it is impossible to initiate a pursuit eye movement
without a visual moving target (Rashbass, 1961) or the expectation of
a moving target (Kowler and Steinman, 1979a). Indeed, most



-24 - Chapter |

subjects initiate saccadic eye movements when trying to elicit a
pursuit eye movement of a target whose image is stationary on the
retina (Morris and Lisberger, 1987). Figure 1.2 illustrates an example
of smooth pursuit eye movement response to a moving target. After a
position step to the left, the target moves at constant velocity to the
right. This paradigm (Rashbass, 1961) is often used to obtain a
pursuit initiation without any saccades. The smooth pursuit latency is
usually between 100 and 150 ms but can be reduced in particular
conditions, e.g. after a gap period (Knox, 1996, 1998; Krauzlis and
Miles, 1996a) or when a distractor moves in the same direction
(Ferrera and Lisberger, 1995). Pursuit acceleration depends on the
retinal slip, but saturates for large retinal slips (Lisberger et al., 1981;
Lisberger and Westbrook, 1985; Tychsen and Lisberger, 1986; Carl
and Gellman, 1987; Barnes, 1993).

The first part of the smooth pursuit response is considered as
“open-loop”, since the pursuit is not driven by the compensatory eye
movements. After around 100 ms, pursuit velocity can be adjusted
online to compensate for the retinal slip. This is achieved by adding
an extra-retinal feedback of the ongoing eye velocity (i.e. the
efference copy) to retinal slip (i.e. evaluated ~80 ms earlier).
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Figure 1.2: Typical example of smooth pursuit eye movement (red
traces). The upper panel represents position vs. time while the lower
panel represents velocity vs. time. Target is shown in blue traces.

Pursuit velocity reaches the target velocity between 200 and
400 ms after target onset, depending on the initial retinal slip. Eye
velocity usually overshoots target velocity (typically by 5% to 20% of
the target velocity, (Robinson, 1965; Mrotek et al., 2006)) and then
often shows a ftransient oscillating response attributed to
uncompensated delays in the feedback loop.

While saccades can be guided by a large variety of signals
(visual, auditory, etc.), smooth pursuit is primarily driven by visual
motion (Rashbass, 1961). However, position input is also taken into
account by the pursuit system, since a briefly flashed target during
ongoing pursuit induces smooth pursuit eye movements in its
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direction (Blohm et al., 2005). This view is supported by a recent
study showing tuned changes of the post-saccadic pursuit velocity
driven uniquely by a position error (Schitz and Souto, 2011).

Vergence and gaze stabilizing

eye movements

Vergence is considered to be the third type of orienting eye
movement, and is needed for binocular vision. It results from the
simultaneous movement of both eyes in opposite directions, to get or
to maintain single binocular vision. Therefore, if the tracking target
moves in depth (away or toward the eyes), it certifies that the system
keeps both eyes aligned with this target.

In addition to these orienting eye movements, there are also
two types of stabilizing eye movements. The vestibulo-ocular reflex
(VOR) is a reflex eye movement that stabilizes the image of the visual
scene on the retina during head movement. It receives information
about the head rotation from the semicircular canals and generates
an eye movement in the direction opposite to the head movement.
The VOR is important to ensure perception of a stable world during
locomotion. The optokinetic reflex (OKN) is an eye movement that
counteracts large-field visual motion. It compensates the speed and
direction of the visual world compared to the retina.
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Saccade—pursuit interactions

Because there are important time delays in visual motion
processing, the oculomotor system develops mechanisms to avoid
large position errors and then keep a good visual acuity, as detailed
in the previous subsections. However the pursuit system acceleration
and velocity are limited. For instance, a pursuit eye movement alone
cannot follow an abrupt change of the tracking target position and
velocity (Fig. 1.3). In this situation, a catch-up saccade will be
triggered to realign the gaze and the target, “helping” the smooth
pursuit system. However, these catch-up saccades should be
minimized because vision is degraded during saccade execution
(Bridgeman et al., 1975; McConkie and Zola, 1979). Triggering a
saccade is therefore the result of a trade-off situation: the benefit (the
target is on the fovea, leading to a pursuit with high acuity) should be
larger than the cost to make a saccade (decreased vision during
saccade).

A good collaboration between the pursuit and saccadic
systems is then required to deal with the sensory and motor delays
(Orban de Xivry and Lefévre, 2007). This is accomplished by sharing
the visual inputs (retinal slip and position error) and some information
about the “trigger decision” (i.e. the decision to trigger a saccade or
not).
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Figure 1.3: Typical example of a catch-up saccade triggered during
ongoing pursuit (red traces). The upper panel shows position vs. time
while the lower panel shows velocity vs. time. Target moved abruptly
(position and velocity step) and is represented in blue traces.

In some conditions, the tracking target can move in a
predictable way. For instance, it is the case for repetitive or periodic
stimuli. In this situation, the oculomotor system has developed some
predictive mechanisms in order to anticipate target movement. These
predictive eye movements will be detailed in the following sections.

Other types of stimuli

In our everyday life, we have to face more complex objects
than those often studied in a lab. For instance, objects usually have
complex contours and the motion of their edges must be
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distinguished from the background (which can also be moving), and
selectively integrated to retrieve the correct object motion. The
transition from processing local motion cues (provided by the edges
in this example) to global motion might influence pursuit eye
movements. For instance, tilted lines (or “type Il diamonds”, see
Masson and Stone, 2002) evoke a pursuit eye movement that is
initially biased toward the direction orthogonal to the line orientation
and that is only later corrected towards the object’s global motion
(Pack and Born, 2001; Masson and Stone, 2002; Wallace et al.,
2005; Born et al., 2006; Montagnini et al., 2006, 2007). These studies
illustrate that perception and pursuit integrate local motion information
similarly. The transformation of 1D local motion to 2D or 3D object
motion involves different stages of motion processing (Masson,
2004). The use of “barber pole stimuli” or “uni-kinetic plaids” has
shown that the early component of the eye velocity is driven by 1D
local motion signals whereas later stages are driven by 2D motion
information, suggesting a parallel processing of 1D and 2D visual
motion signals (Masson et al., 2000; Masson and Castet, 2002). It is
therefore obvious that higher-level visual and perceptual mechanisms
play a crucial role in the control of pursuit eye movements (see Hafed
and Krauzlis (2010); Masson et al. (2010) for reviews).

Another example of complex motion is biological motion.
Biological motion stimuli have often be studied in a lab, by using
point-light animation techniques created by a computer (Cutting,
1978) or by motion-capture technology (Vanrie and Verfaillie, 2004).
In this case, the stimulus information is reduced to the motion of a
small number of points. However, these biological motion stimuli still
provide abundant information about the human shape and the type of
the actions performed (for a review see Verfaillie (2000); Blake and
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Shiffrar (2007)). Therefore, the visual system could process biological
motion stimuli differently than other types of stimuli (Grezes et al.,
2001; Grossman and Blake, 2002; Peuskens et al., 2005; Billino et
al., 2009). However, there was yet no evidence that perception of
biological motion could influence the motor action. Chapter Il focuses
on the eye movements elicited in response to biological and non-
biological stimuli. Results show for the first time that motor action can
be facilitated by biological motion, and thus that the biological motion
perception network is also an essential input to the pursuit system.

Predictive eye movements

In many situations, the brain can use some cues to predict the
future movement of the object of interest, or at least the timing of its
motion onset. For instance, a good tennis player uses the opponent’s
body part kinematics to predict the future direction of the ball after it
has been hit by his opponent (Singer et al., 1996; Shim et al., 2005;
Huys et al., 2008; Mark Williams et al., 2009; Yarrow et al., 2009). By
anticipating the tennis ball motion, position error and retinal slip are
smaller when the player gets the visual feedback (i.e., ~100 ms after
the ball has been hit by his opponent), leading to a better vision and
better conditions for the future tracking.

In everyday life, the oculomotor system often uses prediction
to anticipate the future target trajectory during pursuit eye
movements. An internal representation of the future target trajectory
can be computed by using past history, periodicity in its movement or
by the physical laws, e.g. target acceleration induced by gravity
(Angelaki et al., 2004; Indovina et al., 2005).
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Anticipatory eye movements illustrate the internal storage of
velocity information by the brain. For instance, at the first presentation
of a moving target, the eyes initially lag behind this target. The
repeated presentation of the identical motion target (e.g. constant
velocity ramps) leads to an increase of pursuit velocity well before
(usually 100 to 200 ms) target motion onset (Kowler and Steinman,
1979a, 1979b; Barnes and Asselman, 1991; Kao and Morrow, 1994;
Barnes et al., 1997). Predictive smooth pursuit velocity is influenced
by the target velocity of the preceding trial. This is often called the
“history effect”, and has been first shown for small (<0.5 deg/s)
anticipatory pursuit velocities (Kowler, 1989) and later with larger
predictive eye movements (Jarrett and Barnes, 2002; Poliakoff et al.,
2005). This history effect influences the latency of the anticipatory
response as well (Heinen et al., 2005; Badler and Heinen, 2006).
More generally, the anticipatory response is influenced by the
expected velocity after the change of target motion (Boman and
Hotson, 1992; Barnes and Schmid, 2002). Anticipatory pursuit
velocity can also be influenced by a cue that scales the value of the
predictive eye movement to the expected stimulus velocity (Poliakoff
et al., 2004, 2005). Directional cues can also elicit anticipation in the
correct direction (Jarrett and Barnes, 2002). Even if these studies
used different types of cue (i.e. audio, visual - e.g. using the gap
paradigm, when a time delay is present between fixation point
disappearance and target appearance and motion - or even
sometimes tactile), the type of cue does not seem to affect the results
(Barnes and Donelan, 1999). In all studies, these cues are very
important to predict the timing of target motion. However in reality cue
time itself may be variable. Therefore, the timing of anticipatory
pursuit can also vary in its distribution (de Hemptinne et al., 2007).
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When there were two possible cues (early or late) occurring at
random, monkeys initiated both early and late anticipatory pursuit
movements (de Hemptinne et al., 2006). An example of anticipatory
eye movement elicited by a 300 ms gap paradigm is illustrated in Fig.
I.4. Two typical trials are represented, one with a catch-up saccade
triggered when visual feedback was available to correct for the
position error (red traces) and one with a very large anticipatory
pursuit eye movement, sufficient to catch the target without any
saccade (green traces).

Similarly, anticipatory eye movements can also be observed
before the (predictable) termination of target motion and be
influenced by the previous target motion (Boman and Hotson, 1988;
Wells and Barnes, 1999; de Hemptinne et al., 2010).

After the collision of a ball by a launcher target, inducing the
movement of the ball, predictive eye movements were observed in
the causal direction (i.e. the same direction than the launcher target)
(Badler et al., 2010). Interestingly, the ball could move either in the
direction predicted by the collision or in its orthogonal direction. This
causality perception could be seen as a cue signal, cueing the future
direction of the ball in the causal direction.
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Figure 1.4: Typical anticipatory eye movements (gap paradigm). In
some trials, anticipatory pursuit is sufficient to anticipate the abrupt
motion of the target (blue traces) and no saccade is triggered (green
traces). However, most trials show a small visually-guided catch-up
saccade triggered to realign the gaze and the target (red traces). The
upper panel shows position vs. time while the lower panel shows
velocity vs. time. Gap period (no visible target) is represented by the
grey area.

Pursuit eye movements also use predictive mechanisms in
response to periodic stimuli, like a sinusoidally moving target. Indeed,
it has been shown that pursuit eye movements in response to a
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sinusoidal stimulus compensate almost fully for the time delays in
visual processing after one or two cycles (Dallos and Jones, 1963;
Bahill and McDonald, 1983a; Barnes and Asselman, 1991; Barnes et
al., 2000). By contrast, the eye would always lag behind the target
without any predictive mechanisms. When tracking a sinusoidal
stimulus at high frequencies (>0.5 Hz), the eye velocity gain is
decreased and the eye lags behind the target, causing a phase shift
(Barnes et al., 1987; Barnes and Ruddock, 1989). Moreover, because
of the pursuit velocity saturation, the decrease of the pursuit gain with
frequency is even larger when the amplitude of target displacement
increases (Wyatt and Pola, 1983; Barnes, 1993). However, the
saccadic system compensates for most of the decrease in pursuit
velocity up to frequencies of 1 Hz.

Prediction mechanisms are also highlighted when the tracked
target (moving at constant velocity) transiently disappears (Mitrani
and Dimitrov, 1978). During the blanking period, the oculomotor
system has to handle without any sensory (i.e. retinal) information.
After target disappearance, the pursuit eye movement velocity
decreases exponentially for about 300 ms (Becker and Fuchs, 1985).
If the target is expected to reappear, pursuit velocity is stabilized at a
residual velocity, which is usually between 40 and 60% of the target
velocity. Subjects are able to maintain smooth pursuit up to 4 s after
the disappearance of the target. In contrast, when the target is not
expected to reappear, eye velocity is not maintained but falls
exponentially towards zero. The decrease in pursuit velocity during
blanking can vary from trial to trial for a single subject.

If the timing of target reappearance is known by the subject
(e.g. when the same target movement is repeated, what is often
called “blocked trials”), pursuit velocity can increase before the end of
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the blanking (Bennett and Barnes, 2003). This predictive eye
acceleration is also called the “predictive recovery”. Pursuit velocity at
reappearance can be scaled to the expected target velocity (Bennett
and Barnes, 2004; Orban de Xivry et al., 2006). Figure 1.5 shows
different predictive eye movements of a human subject when tracking
a target that transiently disappears. During the first presentation of
the target (black traces), the subject had no prediction about the
timing of the target reappearance (i.e., there is no predictive
recovery). After some consecutive presentations of the same stimulus
(red, blue and green traces respectively represent the oculomotor
response for the 7", 8" and 9™ trials), the subject was able to
anticipate the target reappearance, and exhibited a predictive
recovery. This is shown for these three traces by a global predictive
pursuit acceleration between 200 ms before target reappearance and
80 ms after this reappearance (i.e., before any influence of the visual
feedback). In contrast, the black trace shows no predictive
acceleration but a visually-guided increase of pursuit velocity about
100 ms after target reappearance. As for the residual pursuit velocity
during blanking, the predictive reacceleration is variable from trial to
trial.

During the blanking period, the position error accumulates
since pursuit eye velocity decreases. However, the saccadic system
compensates for the variability of this decrease on a trial by trial
basis, i.e. the larger the pursuit velocity decrease, the larger the
saccadic amplitude (Orban de Xivry et al., 2006, 2008). To correct for
this eye velocity decrease during blanking, saccades have been
shown to place the eye ahead of the target (Bennett and Barnes,
2003, 2006a). This is also illustrated in Fig. I.5. In contrast to visually-
guided saccades, the triggering of the predictive saccades (i.e. the
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timing of their execution) does not seem to be influenced by the
performance of the smooth pursuit response during target blanking
(Orban de Xivry et al.,, 2009). Monkeys are also able to trigger
saccades to the expected position of the invisible target (Barborica
and Ferrera, 2004) and can also approximately predict target position
of the invisible target (Filion et al., 1996). All these evidences show
that even when the target is blanked, the oculomotor system has
access to accurate information about the invisible target movement.
Moreover, this internal representation of the target movement is
dynamic. Indeed, subjects are able to track an invisible target moving
along a circular path, which shows that subjects have a dynamic
internal representation of the target motion evolving with time (Orban
de Xivry et al., 2008).
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Figure 1.5: Typical predictive eye movements during blanking of the
pursuit target. Oculomotor response for the first presentation of the
target is shown in black (subject had no prediction about target
reappearance). Red, blue and green traces respectively represent the
eye movement response for the 7", 8" and 9™ consecutive
presentation of the same target (and same blanking period). Target is
shown in purple traces. The upper panel shows position vs. time
while the lower panel shows velocity vs. time. Blanking period (no
visible target) is represented by the grey area. Smooth pursuit eye
movements are represented in continuous traces (for the velocity
panel, pursuit velocity during saccades was linearly interpolated) and
the thin traces represent saccadic eye movements.
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Models

Modeling eye movement has significant implications for
understanding the oculomotor system and investigating the neural
basis for eye movements. Typically, models describe the oculomotor
system by a relationship between the inputs (retinal and extra-retinal)
and the outputs (the production of the motor command sent to the
eye muscles). The development of those quantitative models has
historically highlighted unresolved issues and identified data that
provide important evidences on the organization of the neural system.
Obviously, the oculomotor system is extremely complex and not
perfectly understood yet. Therefore, some simple and sometimes
more global (and complex) models must be developed and validated
with experiments in order to explain the oculomotor behavior. Here,
we focus on the pursuit system and rapidly review the history of
pursuit models. Chapter Il illustrates the benefit of using a simple
model to make theoretical predictions and then facilitates the
interpretation of new experimental results

Basically, there were two classes of pursuit models for
visually-guided eye movements: “internal feedback” models and
‘image motion” models. These were followed by the appearance of
pursuit models explaining some predictive mechanisms of the pursuit
system. A chapter of this thesis is devoted to a new pursuit model,
integrating both retinal and extra-retinal inputs to the pursuit system
on a weighted and natural manner (Chapter Il).

The first pursuit models try to replicate the dynamics of the
visually guided pursuit eye movements generated in response to a
step-ramp target motion (Young et al., 1968; Robinson et al., 1986).
This class of models is referred to as internal feedback models since
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the internal feedback loop determines the dynamics of the sustained
eye velocity (Fig. 1.6). These models principally focused on the initial
pursuit acceleration and on the oscillations in eye velocity during
sustained pursuit. The latter model of Robinson et al. (1986)
attempted to fit data from human subjects. They used two distinct
mechanisms to control the initiation and the maintenance phases of
pursuit. Visual inputs determined the trajectory of eye velocity at the
initiation of pursuit while an internal feedback loop was used to
explain the frequency of oscillations during prolonged pursuit of target
motion (Fig. 1.6). Different time delays are located before, after and
within the positive feedback loop and explain the frequency of those
oscillations and the dynamics of pursuit.
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Figure 1.6: Schematic diagram of an “internal feedback” model.
Retinal slip (RS) is computed as the difference between target

velocity and eye velocity. RS is then added to an efference copy of
eye velocity (E') (output of the internal feedback loop) to give an
estimation of the target velocity (T'). This signal is then processed
(an estimation of eye acceleration (E') is computed), integrated and
sent to the eye plant. 7,, 7, and r, are internal delays. Adapted from

Robinson et al. (1986).
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The second class of models achieves similar objectives by
using visual input signals that are associated to motion onset
transient, image acceleration as well as image velocity (Lisberger et
al.,, 1987; Krauzlis and Lisberger, 1989, 1994; Churchland and
Lisberger, 2001a). While the internal feedback models implement the
pursuit processing mainly with saturating functions on pursuit
acceleration and velocity, for the second class of models, the

acceleration signal (E') is provided by three feed-forward pathways

(Fig. 1.7). This last class is usually referred to as “image motion”
models since the dynamics of the eye velocity is determined directly
by the processing of visual inputs. Each of the three pathways is
made of a non-linear saturating function (except for the velocity
motion which has a linear function) which transforms the amplitude of
the input signal, a second-order filter that adjusts the time course of
the input signal and a gain factor to weight the signal according to its
relative importance (Fig. |.7). Motion transient pathway is switched on
only for 20 ms following the detection of a velocity step, to give a brief
pulse of image velocity. The image velocity pathway outputs an
acceleration signal proportional to the retinal slip (but this pathway is
inhibited for the 20 ms following the detection of a velocity step).
Finally, the image acceleration pathway provides an acceleration
signal proportional to the derivative of the retinal slip. In a first version
of the model (Krauzlis and Lisberger, 1994), these three outputs were
added and integrated by a perfect integrator (Fig. 1.7).
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Figure 1.7: Schematic diagram of an “image motion” model. Retinal
slip (RS) is computed as the difference between target velocity and

eye velocity. RS is then sent to three parallel pathways of visual
processing to give acceleration signals (E'). These signals are then

added and integrated. Adapted from Krauzlis and Lisberger (1994).

However, this model was not able to simulate some pursuit
mechanisms as pursuit offset for instance. Later, Krauzlis and Miles
suggested that the onset and offset of pursuit can be mediated by a
single mechanism (Krauzlis and Miles, 1996b). Therefore, in a new
model presented in Fig 1.8, the perfect integrator was substituted by a
"leaky” integrator. This leaky integrator (Fig 1.8) consisted of a filter

H, with a single time constant (leading to an exponential decay) and

a gain G,. The outputs from the parallel pathways are then summed

with a copy of the eye velocity coming from the positive efferent
feedback loop. Then the resulting signal is modulated by a second
input signal (labeled “Gain”) in a multiplicative junction that affects
similarly the signal coming from the visual inputs and the signal
coming from the positive efferent feedback (Fig 1.8). This model can
simulate pursuit onset, steady-state pursuit and pursuit offset (with or
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without overshoot depending on the parameters). We will see later
than this model can also simulate some predictive mechanisms.
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Figure 1.8: Schematic diagram of an “image motion” model with a
positive efferent feedback. The visual inputs are processed similarly
by the three parallel pathways, but their outputs are here sent to a

(leaky) integrator H,. This integrator is modulated by a positive

efferent feedback loop through gain element G, and another

multiplicative gain element. Adapted from Krauzlis and Miles (1996b).

Image motion and internal feedback models can correctly
simulate experimental data observed during pursuit initiation and
pursuit maintenance when tracking a target moving at constant
velocity. Nevertheless, these models are not able to explain other
characteristics of the pursuit system such as the influence of
perception, the predictive mechanisms, the sensory processing. For
instance, sensory processing allow us to extract the direction and
velocity of a moving target, and then to anticipate its future trajectory
(e.g. humans are able to follow a target moving sinusoidally with zero
phase lag between eye and target).
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Different models have integrated predictive mechanisms in
order to simulate sinusoidal pursuit. For that purpose, prediction of
the future target motion is needed. For instance, two studies
proposed a simple pursuit model, similar to the one presented in Fig
1.6, but inserted a “predictor” before pursuit processing (Deno et al.,
1995; Shibata et al., 2005). As the name suggests it, the predictor
predicts the upcoming target velocity, based on its current velocity. By
doing this, the eye starts moving before the target, and therefore
overcomes the sensorimotor delays. Basically, these two studies (as
others) extrapolate the velocity of the moving target into the future,
based on the current target motion (Bahill and McDonald, 1983b;
Deno et al., 1995; Kettner et al.,, 1997) and on a component of the
current target acceleration (Soechting et al., 2010). However, these
models are not able to simulate the response to transient blanking of
the target. Barnes and Asselman (1991) proposed to combine the
“predictor” with a short term memory that holds velocity. In their
model, they assume that two independent processes are involved for
predictive mechanisms: the short term storage of premotor drive
information and the estimation of periodicity (or timing). In this model,
the drive for eye velocity can be influenced by both retinal and extra-
retinal inputs.

Barnes et al. presented different versions of this model
(Barnes and Asselman, 1991; Barnes and Wells, 1999; Bennett and
Barnes, 2003, 2004, 2006b; Barnes and Collins, 2008a) to simulate
the predictive pursuit eye movements in response to sinusoidally
moving object or to a transient blanking of the target. To get a general
idea of the model, a schematic representation is shown in Fig. 1.9. An
extra-retinal input coming either from a direct efference copy loop
(shown in red) or an indirect predictive loop (shown in blue) is added
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to an eye velocity command computed with the visual inputs. The
direct loop represents the ongoing efference copy, which perpetuates
the eye motion when there is only a weak expectation regarding the
upcoming stimulus characteristics. The indirect loop acts as a short-
term memory (MEM), represented as a local feedback loop. It
contains an integrator that cumulatively adds the error within the local
feedback loop until the error is zero.

The decision to switch between the direct and the indirect loop
depends on the strength of the subject’s expectation regarding to the
timing and motion characteristics of the upcoming target. For
instance, at the first occurence of a new stimulus of unknown
characteristics, subject generates a reactive response, while the
short-term memory loop is charging. Then, after several presentations
of the same target movement, subject initiates a predictive response
prior to target onset, driven by the output of the short-term memory.

In the case of target blanking, the £ gain (initially equal to 1
and presented in Fig. 1.9) is decreased to a positive value comprised
between 0 and 1 if the target is expected to reappear, or to zero if
there is no expectation regarding the target reappearance. This S
gain can be reinstated to its initial value before target reappearance,
leading to a predictive recovery, since a static value of the target
motion is held in the memory. The «(¢) gain is actually time-
dependent, representing the multiple levels of motion information that
may be stored in the memory (e.g., when following a target that
accelerates (see Bennett and Barnes, 2006b)). However, this short-
term memory approach is not dynamic (even with the use of the
artificial (¢) gain, which should be adapted manually based on the

context). In other words, this model is not able to simulate predictive
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pursuit of a blanked target when the initial eye velocity is zero. In the
same way, a change in target motion during blanking (e.g., a target
moving along a circular path in 2D; Orban de Xivry et al., 2008) would
not be easy to simulate and it would require a constant adaptation of

the a(t) gain.
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Figure 1.9: Schematic diagram of a pursuit model with a memory loop
(MEM). Retinal inputs provide an eye velocity motor command which
is added either with the output of the direct efference copy (reflexive)
loop or with the output of the indirect predictive (cognitive) loop.
Adapted from Bennett and Barnes (2006b).

Finally, different studies used a model similar to the one
presented in Fig. 1.8 (adapted from Krauzlis and Lisberger, 1994;
Krauzlis and Miles, 1996b) to simulate the pursuit response during a
target blanking (Churchland et al.,, 2003; Madelain and Krauzlis,
2003). Indeed, while the initial purpose of the “Gain” located in the
leaky integrator (Fig. 1.8) was to simulate pursuit offset (by an abrupt
decrease to zero), it can also reproduce the decay of pursuit velocity
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during target blanking. For instance, Madelain and Krauzlis (2003)
temporarily decreased its value after target disappearance, leading to
the well-known exponential decay of pursuit velocity and a residual
pursuit velocity. However, this model is not able to reproduce
anticipatory pursuit or the predictive recovery observed before target
reappearance. Indeed, since the visual processing is no longer

producing any acceleration signal (E'), any decrease of the stored

velocity in the leaky integrator can not be reinstated (unless the Gain
is increased to a value higher than 1, leading to unstable simulations).

Chapter Il presents a new pursuit model, based on some
hypotheses presented above. However, this new pursuit model also
brings some new hypotheses about the functioning of the pursuit
system. The presented model deals with a general noise
representation, as the brain does, thanks to Kalman filtering. Even if
this technique has often been proposed to deal with noise and
uncertainty in multisensory integration in other fields of neurosciences
(e.g. for proprioception and vision signals in reaching arm
movements), it has never been used in any oculomotor model to
explain the interaction between retinal and extra-retinal inputs. This
new way to explain the pursuit system therefore estimates the
sensory (retinal) and internal (extra-retinal) signals based on previous
estimations and current measure on the retina. Moreover, the
evaluation of the uncertainty of the estimations, also given by the
Kalman filter, allows us to combine these two signals in an optimal
way. In order to have some optimal estimation, the noises present in
the system have to be Gaussian and non-correlated. The weighting of
these two signals, depending on their reliability, is also a new way to
consider the combination between the retinal and extra-retinal
signals. The key is therefore to have the larger confidence in the
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signal. Last but not least, the extra-retinal signal used in this new
model is based on a dynamic internal representation of the target,
which can explain different oculomotor behaviors. This model is the
first one able to simulate both anticipatory pursuit, pursuit during
target blanking and pursuit in response to a sinusoidal moving target.
To date, different model organizations were needed to simulate those
three examples of predictive pursuit eye movements.

Neurophysiological substrate

This section will briefly describes the anatomical structures
involved in saccadic eye movements before focusing on the
neurophysiology of visually-guided and predictive pursuit eye
movements. Giving a full description of all the brain areas involved in
the generation and execution of eye movements is not the objective.
The purpose is rather to present a general description of the most
important areas.

Saccadic eye movements

Visual information is initially projected from the retina to the
primary visual cortex (V1). In V1, the position of a visual stimulus is
coded in retinal coordinates (Leigh and Zee, 2006). This means that
different parts of this cortical map correspond to different positions on
the retina. The goal of the saccadic system is then to transform this
retinotopic representation of the target location into a motor command
that will be sent to the extra-ocular muscles. The difficulty is that the
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motor command is encoded by the motoneurons in terms of
discharge frequency and duration. Therefore, this sensorimotor
transformation must transform the stimulus, which is “place-coded”,
into the saccadic command which is “temporally-coded”. This
sensorimotor transformation involves a large number of brain areas.

Neurons from area V1 project to the parietal cortex, which
contains the lateral intraparietal area (LIP) which is involved in
visuospatial integration and in reflexive saccade triggering (Andersen
et al.,, 1990; Pierrot-Deseilligny et al., 1991; Gaymard et al., 1998)
and to the frontal eye fields (FEF). FEF are involved in visuomotor
planning and target selection (Schall, 2001) and are connected with
the supplementary eye fields (SEF). Patients with a lesion affecting
the left SEF had problems with the chronology of memory-guided
saccade sequences, suggesting that SEF selects saccade plans from
spatial working memory (Gaymard et al.,, 1990, 1993; Petit et al.,
1996; Heide et al., 2001).

Frontal and parietal cortical areas both project to the superior
colliculus (SC), which is probably one of the most important areas for
saccade programming (Scudder et al., 2002; Sparks, 2002; Leigh and
Zee, 2006). SC consists of seven layers, the superficial layers
responding more to visual stimuli (and encodes the position error of
the stimuli on a retinotopic map of the visual field) whereas the
deeper layers are more related to motor events. The motor command
from the SC is then sent to the Pontine Nuclei and to the Cerebellum.
Cerebellum has an important role for saccade accuracy, dynamics
and trajectory in both online and long-term characteristics. Finally, the
brainstem circuit forms the final output commands and sends them to
the extra-ocular muscles (Keller and Missal, 2003). A simplified view
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of the saccadic system (adapted from Krauzlis, 2004) is represented
in Fig. I.10A.

Smooth pursuit eye movements

Smooth pursuit eye movements also involve a large number of
cortical areas. Again, the objective here is not to be complete, but to
give a rough overview of the most important areas implicated in
smooth pursuit generation (see Krauzlis (2004); Thier and llg (2005)
for reviews). This includes the middle temporal (MT) and medial
superior temporal (MST) areas and subregions of the LIP, FEF, SEF
and the cerebellum (Fig. 1.10B). Therefore, many of the same cortical
areas are concerned by the control of both pursuit and saccadic eye
movements. However, each cortical area contains separate
subregions for the two different types of movements (Tian and Lynch,
1996a, 1996b; Heinen and Liu, 1997; Krauzlis and Miles, 1998), even
if these subregions are probably interconnected (Krauzlis, 2004,
2005; Orban de Xivry et al., 2007). The schematic representation of
the functional organizations of the pursuit and saccadic system
illustrates the similarities between these two systems (Fig. 1.10).
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Figure 1.10: Schematic representation of the central nervous system
areas implicated in saccadic (A) and pursuit eye movements (B).
Diagram depicts a lateral view of the monkey brain. Shaded regions
indicate specific areas within the cerebral cortex, cerebellum, and
brain stem, and arrows indicate the anatomical connections between
these areas. FEF: frontal eye field. SEF: supplementary eye field.
LIP: lateral intraparietal cortex. MT: middle temporal area. MST:
medial superior temporal area. SC: superior colliculus. PON:
precerebellar pontine nuclei. PMN: brain stem premotor nuclei. VPF :
ventral paraflocculus (cerebellum). Verm: vermis (cerebellum).
Adapted from Krauzlis (2004).
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For the brain, the first step to generate an eye movement is
the processing of the retinal inputs. The heart of visual motion
processing is located in the middle temporal area (MT) and medial
superior temporal area (MST) (see llg (2008) for a review). However,
MST neurons differ from MT neurons by taking into account the
ongoing eye and head movements (Komatsu and Wurtz, 1988; Thier
and Erickson, 1992; llg et al., 2004). This means that MST has
access to an efference copy of the eye and head movement
commands to estimate the target motion during smooth pursuit (as
opposed to retinal slip in MT). Many studies have shown the crucial
role of area MT on the visual processing (see Born and Bradley
(2005) for a review). For instance, lesion in area MT or MST impaired
motion perception (Newsome and Paré, 1988; Rudolph and
Pasternak, 1999). However, motion perception of a large moving
pattern seems to be improved after the temporary and virtual
disruption of area MT by transcranial magnetic stimulation (TMS)
(Tadin et al., 2011). Similarly, motion perception of second order
stimuli has been reported in the absence of any MT response (lig and
Churan, 2004). This can be explained by the fact that MT neurons
represent local (and not global) motion signals (Majaj et al., 2007).
Chemical lesions in area MT shows its importance for guiding pursuit
(Newsome et al., 1985; Dursteler and Wurtz, 1988). Similarly,
stimulation of MT alters smooth pursuit: an increase of pursuit velocity
was observed toward the side of the brain being stimulated and a
decrease in the opposite direction (Komatsu and Wurtz, 1989).
Indeed, MT neurons were found to encode both target velocity and
acceleration (Lisberger and Movshon, 1999; Churchland and
Lisberger, 2001b; Priebe et al., 2003; Priebe and Lisberger, 2004;
Price et al., 2005).
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MT and MST areas are directly interconnected with the frontal
eye fields (FEF), which also receive inputs from the parietal cortex.
FEF is probably the main cortical area involved in the control of
pursuit gain (Tanaka and Lisberger, 2001). First, FEF contains
neurons that display direction selective pursuit response during
pursuit eye movements (MacAvoy et al., 1991; Tanaka and Lisberger,
2002). Also, the analysis of the dynamic variations of both neural and
pursuit responses in FEF showed that a few FEF neurons are
sufficient to drive pursuit eye movements at any time (Schoppik et al.,
2008). Moreover, lesion or inactivation of the FEF has dramatic
effects on pursuit (Keating, 1991; Shi et al., 1998).

MST also sends projections to SEF, which is interconnected
with FEF. In monkeys, SEF neurons were shown to be active during
pursuit and even after target disappearance (Heinen, 1995).
Moreover, stimulation of SEF can increase the pursuit velocity when
applied during pursuit initiation, but it has little effect when stimulated
during the fixation period (Tian and Lynch, 1995; Missal and Heinen,
2001). In the latter study, saccades latency was increased during
stimulation, even if their accuracy was not affected.

LIP, which is interconnected with FEF and SEF, is also
involved in the control of both pursuit and saccades. Many LIP
neurons show direction specific activity during pursuit (Bremmer et
al., 1997), and the activity is sustained after target disappearance
(Sakata et al., 1983). Since pursuit activity of LIP neurons seem to be
influenced by the eye position and other extra-retinal signals, LIP
area may be involved in the representation of space in a nonretinopic
reference frame (Schlack et al., 2003). More generally, the posterior
parietal cortex (PPC) is a region where a large variety of signals
converge, coding visual stimuli and spatial goals in diverse
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coordinates, from retinotopic to non-retinotopic reference frames
(depending on the specific area of the PPC).

All the previously cited cortical areas project to the pontine
nuclei. Then oculomotor signals generated by the pontine nuclei are
sent to the cerebellum. Two different parts of the cerebellum are
really essential for the control of pursuit: the ventral paraflocculus
(VPF; Rambold et al., 2002) and the cerebellar vermis (Krauzlis and
Miles, 1998; Robinson and Fuchs, 2001). Indeed, some Purkinje cells
from the vermis were found to be sensitive to eye velocity whereas
other Purkinje cells discharged proportionally with the retinal slip
(Kase et al.,, 1979; Suzuki et al., 1981). The presence of two
populations of Purkinje cells in the vermis is also important for the
cerebellum to control the pursuit velocity during head-unrestrained
eye movements (Suzuki and Keller, 1988a, 1988b). Finally, the
cerebellum directly projects towards the premotor neurons, which
control the eye muscles and cause the eye movement.

Predictive pursuit eye

movements

Many evidences highlight the importance of the frontal lobes
for the predictive mechanisms used by the oculomotor system. fMRI
studies showed some modification in activation during predictive
pursuit in three different regions of the frontal lobes: FEF, dorsolateral
prefrontal cortex (DLPFC) and supplementary motor area (SMA,;
including SEF). The activity in the FEF was either maintained or
increased during blanking of a moving target (Lencer et al., 2004;
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Nagel et al., 2007; Ding et al., 2009) and was correlated with the
difference in velocity between the eye and the target during target
blanking (Nagel et al., 2006). The DLPFC was less activated during a
smooth pursuit task with predictable than with unpredictable target
trajectories (Schmid et al., 2001) but it was more activated during a
blanking period than during visually-guided pursuit (Ding et al., 2009).
The correlation between the BOLD signal from this area and from the
FEF suggests that DLPFC could modulate FEF activity in function of
target visibility (Ding et al., 2009). Oculomotor tasks that require
predictive eye movements elicit a larger activation of the SMA
(Schmid et al., 2001; Lencer et al., 2004).

Stroke patient studies also demonstrated that anticipatory and
visually-guided smooth pursuit eye movements are impaired when
frontal areas are damaged (Morrow and Sharpe, 1995; Heide et al.,
1996; Lekwuwa and Barnes, 1996), especially when the target moves
towards the side of the lesion (see Sharpe (2008) for a review of the
effects of lesion in the human brain on the pursuit system). In
addition, the latency of the motor response to a predictable event is
often longer in these patients. For instance, increased phase lag
between target and eye velocities, attributed to impaired target
prediction, was found in patients with a lesion located in the prefrontal
cortex, particularly with a right-sided lesion (Lekwuwa and Barnes,
1996). Moreover, TMS over the SEF and the FEF differently impaired
predictive pursuit eye movements, suggesting that they have different
contribution to the predictive mechanisms of pursuit eye movement
(Gagnon et al., 2006; Drew and van Donkelaar, 2007).

Different studies in monkeys also highlight these predictive
mechanisms in the frontal lobes. For instance, stimulation of SEF
facilitates anticipatory pursuit, when the expectation of the target
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motion is high (Missal and Heinen, 2004). Finally, as extra-retinal
signals were also observed in FEF neurons activity, predictive pursuit
may be linked to an internal representation of invisible target motion
located in FEF (Fukushima et al., 2002; Barborica and Ferrera, 2003,
2004; Xiao et al., 2007; Ferrera and Barborica, 2010).

Other cortical areas may have a role for the predictive pursuit
eye movements, by dealing with extra-retinal signals. To test if the
discharge of MT and MST neurons were related to an extra-retinal
input related to the pursuit movement itself (and not only by the visual
stimulation of the target motion on the retina), Newsome et al. (1988)
used a target blanking paradigm. When the target transiently
disappeared, the MT responses disappeared as well. In contrast,
many neurons in MST showed a sustained activity during target
blanking (Newsome et al., 1988; Kawano et al., 1994; Ono and
Mustari, 2006). Similar results were found during pursuit of an
imaginary target (llg and Thier, 2003). Neurons in area MST were
also activated during anticipatory pursuit (llg, 2003). fMRI studies
have also shown that the MT/MST complex is active during blanking
of the target (Nagel et al., 2006), as well as LIP and the superior
parietal cortex (Lencer et al., 2004).

Extra-retinal signals have also been found in the cerebellum.
Some Purkinje neurons showed responses during sinusoidal or
circular pursuit (Leung et al., 2000), showing that internal models are
represented in the floccular complex of the monkey cerebellum (for
review, see Lisberger, 2009). For instance, the activity of Purkinje
cells recorded in cats was maintained during the transient blanking of
the target, reflecting an internal model of the target movement based
on previous movements (Cerminara et al.,, 2009). Angelaki et al.
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(2004) also showed that the cerebellum produces an internal
representation of the physical laws of the world.

In sum, different parts of the brain are involved in predictive
mechanisms needed for predictive pursuit eye movement. Indeed, the
frontal lobes (including FEF, SEF, DLPFC), LIP, MST and some parts
of the cerebellum contain extra-retinal signals and probably provide
input which describes target movement in an external frame of
reference.









Chapter 11
Kalman filtering accounts
for visually-guided and
predictive smooth pursuit

dynamics

Introduction

When you look at the ball your child is gently throwing to you,
your visual system is analyzing the ball’'s trajectory. This interpretation
of the ball motion will evoke an appropriate smooth pursuit eye
movement that will minimize retinal image motion and maintain a
good acuity. Smooth pursuit eye movements require visual motion
signals, which are often noisy signals (Osborne et al., 2005, 2007).
Therefore, the brain integrates stimulus information over time across
large populations of neurons (Georgopoulos et al., 1986; Treue et al.,
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2000) in order to improve the reliability of sensory signals (Snowden
and Braddick, 1991; Perrett et al., 1998; Gold and Shadlen, 2003).

Now, if the moving target instantly disappears, people are able
to estimate its movement (Barborica and Ferrera, 2003; llg and Thier,
2003). This prediction represents another important input to the
pursuit system. It allows humans or monkeys to track the ball in the
absence of retinal signals (Becker and Fuchs, 1985; Pola and Wyatt,
1997; Bennett and Barnes, 2003; Orban de Xivry et al., 2006). Those
predictive movements are also observed before the onset of a
predictably moving target (Dallos and Jones, 1963; Barnes and
Asselman, 1991).

Different models have analyzed the pursuit system. Some of
them focused on visually guided pursuit (Robinson et al., 1986;
Krauzlis and Lisberger, 1989, 1994; Krauzlis and Miles, 1996b) while
others accounted for predictive mechanisms (Barnes et al., 1995;
Bennett and Barnes, 2003; Madelain and Krauzlis, 2003; Barnes and
Collins, 2008a; Soechting et al., 2010). Unfortunately, none of them
did combine the visually-guided and predictive smooth pursuit
responses without using a switch mechanism. In addition, those
models were deterministic while the brain deals with noisy sensory
signals. Therefore, previous models did not account for pursuit
variability.

Kalman filtering has been often used in other neuroscience
fields which are dealing with multiple input signals, but not yet in the
oculomotor field. For instance, when the brain has access to two
different noisy sources of information, several papers proposed that
the brain combines these two signals, weighted by the confidence
about each source (Kording and Wolpert, 2004). In case of linear
systems, this can be achieved with Kalman filtering. In the oculomotor
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system, two main sources of information are available; retinal and
extra-retinal signals. The key property of a Kalman filter is the ability
to combine some internally generated estimation with some
estimation obtained from sensory feedback. Therefore, Kalman
filtering has been implemented in recurrent networks for computing
sensorimotor transformations (Haykin, 2001; Rao, 2004; Denéve et
al., 2007).

In this paper, a pursuit model uses Kalman filtering (Kalman,
1960; Kalman and Bucy, 1961) to estimate both retinal and extra-
retinal (internal) noisy inputs. Basically, the Kalman filter uses the
current observation (of the retinal slip, i.e. the velocity error, for
instance) to improve its estimation and compute the associated
variability. Therefore, the Kalman filtering approach makes the
hypothesis that the brain incorporates a measure of uncertainty about
these sensory (and predictive) predictions. This measure of
uncertainty of both sensory and predictive signals will be used to
combine those signals in a statistically optimal way (Ernst and Banks,
2002; Vaziri et al., 2006; Ronsse et al., 2009).

Until now, previous pursuit models with a predictive
component always used a static memory. This static memory made
some prediction at a fixed horizon (Soechting et al., 2010) or used
static images of velocity motion (Bennett and Barnes, 2003, 2006b;
Churchland et al., 2003; Madelain and Krauzlis, 2003). In contrast,
our model incorporates a dynamic internal representation of target
motion (Orban de Xivry et al., 2008) that is also based on Kalman
filtering in order to learn from previous experience. This model is
therefore able to reproduce different predictive mechanisms and to
learn about the past target motion in order to improve the estimation
of future target trajectory.
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Methods

Global Structure

The model aims at estimating the actual retinal slip through
two different mechanisms: Kalman filtering of noisy sensory inputs
and prediction of future retinal slip. In Kalman filtering, noisy sensory
inputs are combined with the previous estimate of retinal slip (RS) in
order to refine this estimation. Noisy sensory inputs are delayed by 80
ms. The predicted retinal slip is obtained from an efference copy of
eye velocity and an internal representation of target motion (if
available). Estimated and predicted values of the retinal slip are then
combined and processed similarly as in previous models.

More specifically, the block diagram of the model is shown in
Fig. 1l.1. The model takes target velocity as its input and eye velocity
as its output. The model consists of three main parts: 1) Visual
processing processes the noisy retinal inputs and gives an estimation

of the sensory retinal slip (RS:w:s) and its associated uncertainty

(X,,,.); 2)The internal representation block computes a prediction of

sens

the estimated retinal slip (RSin ) and its uncertainty (. ) from past

int

sensory information (past values of RASW) and the current estimation
of the eye velocity (coming from efference copy); 3) The motion
pathway produces the motor command, using both sensory and
predicted retinal slips, weighted by their uncertainty.
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The processing of the motor command is a simplified version
of a previous model (Krauzlis and Lisberger, 1994). It is transmitted to
the premotor system, which includes a pathway with a gain element

1, and a second parallel pathway with a neural integrator. Its output

is finally sent to the eye plant to give the eye velocity signal.

Eye velocity W <
o Premotor
- Visual sens system

_; processing — Eye plant
Target r‘ RSsens |—> Motion H + _ s _
velocity pathway Tl s+ )(Tst1) Eye'

Internal E’ Y velocity

representation Internal
A RSint model eye plant

Figure II.1: Global structure of the model. Visual processing computes
the noisy target velocity and eye velocity (which is delayed by 80 ms)

in order to give an estimation of the sensory retinal slip (RS ) and

its uncertainty (X __ ). The internal representation block constructs a

sens

prediction of the estimated retinal slip (RSin) and its associated

uncertainty (X, ) from past sensory information (past values of

mnt

RAS.s-ens) and the current estimation of the eye velocity (coming from
efference copy). Motion pathway generates the motor command,
using both sensory and internal retinal slips. This command is sent to
the premotor system and then to the eye plant, and finally gives the
eye velocity signal.
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The eye plant function approximates the dynamics of the
eyeball, the extraocular muscles and the tissues that surround them.
Its transfer function is composed by a second order function, with
time constants 7, and 7, fixed to 170 ms and 13 ms (Robinson,

1976; Zee and Robinson, 1979; Robinson et al., 1986). There is no
noise added to the eye plant (no motor noise simulated).

Details of the visual

processing: Kalman filtering

Retinal slip is estimated from the slip of the image of the target
on the retina, i.e. by subtracting eye velocity from target velocity (Fig.
I1.2). However, these signals are represented in the brain by noisy
signals (Stein et al., 2005; Osborne et al., 2005, 2007; Osborne and
Lisberger, 2009; Gold and Watanabe, 2010). Moreover, there are
many non-linearities in the brain signals. For instance, the sensory
inputs coming from the retina are clearly not linear, since a measure
on the fovea is much more reliable than a measure on the retinal
periphery.

Therefore, we wanted to have a general noise configuration
that can explain a broad range of noise signals. Consequently,
additive and multiplicative noises were added to the basic retinal slip
signal.
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Then the noise observed in the signal will be mainly due to
additive noise for small values of RS, whereas multiplicative noise will
explain most of the noise for large values of RS:

RSnaisy = RSdet (1 + 5»1141[ )+ 5add Eq 1.1

with RS, the deterministic value of RS, oJ,,, ~ N(0,Sens ;)

det

and &

mult

~N(0,Sens ) - This noisy signal was then filtered by the

brain before being used by the pursuit system.

Eye
velocity

;+é_ . »| Kalman . 2
Target >| Noise filter RSsens
velocity

Figure I1.2: Visual Processing system. Eye velocity and target velocity
are compared to give the retinal slip. Some multiplicative and additive
noises are then added, before a Kalman filter estimates the sensory

retinal slip RS sens .

An estimation of the sensory retinal slip (RASsens) signal was
computed from this noisy signal using the Kalman filtering technique.
The assumption is made that the estimated RS at time k will be used
to predict RS at time k+1 and is modeled by a random walk.
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Therefore, the system dynamics is:

AN

RSsensk = RSS&”S/(A + ek Eq ”2

where RS.s, represents the last estimate of the retinal slip
and 6, is an additional process noise with 6, ~N(0,Q) representing

the state variability.

Because the system does not know how RS...s will evolve, it

considers that RS,..; evolves as a random walk. This prediction will
then be refined by the observed values of RS. The observation could
be written as:

RSkObS = RSsens,{,l + Vi RSsen.vk,l + Vi Eq 1.3

where y,and v, are the multiplicative and additive measure

noises with , ~N(0,D) and v, ~N(0,R).
In the Kalman filtering, the extrapolated value of RS is
updated with the observation from the last time step and yields an

estimation of the sensory retinal slip RS sens :

RSsensk = RSsensk,l + Kk (RSICO_b{S - RSsens,{,l J + 77t Eq ”4

with RS”” the noisy signal (called RS, . on Eq. Il.1) of RS

noisy

observed at time k on the brain (i.e. the signal measured on the
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retina, delayed by 80 ms), 7, is the internal noise of the estimation

(done by other neurons) with 77, ~ N(0,Q).

Following Kalman theory, and because the different noises are

Gaussian and not correlated, the optimal value for K, can be

computed as:

sensy sens,

-1
T
K, =% p) k+R+D(zsensk+Rssensk RS sens, JDT Eq. 1.5

Zsensk = Q+Qn + (1 _Kk)zsens,(,l q 1.6

with X the estimation error variance. This estimation will be

sens

used to assess the uncertainty associated with the estimation RS e .

Internal Representation

In some circumstances (e.g. blanking of the target), visual

information is not available and RASmS cannot be computed. In other
circumstances (e.g. sinusoidal target motion), the brain can predict
the future target motion and anticipate it in order to reduce the time
lag between eye and target motion (Dallos and Jones, 1963; Barnes
et al., 1987; Barnes and Ruddock, 1989; Barnes et al., 2000). Based
on experience, the brain could use internal representations and
prediction in many situations in order to predict the future target
trajectory (Barborica and Ferrera, 2003; llg and Thier, 2003).
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By combining this knowledge of future target motion with the
efference copy of the actual eye velocity, the retinal slip can be

predicted (“internal RS”: RSin ):

RS]mk - TV}i:;deP’kﬂso _églj'jjcop}’k Eq 1.7
where TV, represent the predicted target velocity 150

- Est

ms into the future (time step k+150 ms) and ¢, ., the estimated

value of current eye velocity (at time step k) as estimated by an
internal model of the eye plant (Skavenski and Robinson, 1973;
Robinson, 1981). The value of 150 ms will be discussed later and an
alternative will be suggested.

The accuracy of the TV, "¢ .., Prediction can be estimated

later by comparing it to the actual target trajectory. The difference
between the predicted and actual target trajectory will determine the

confidence in the internal signal RSix. Again, a Kalman filter was

used to assess the uncertainty linked to RS’ .

For the prediction of target velocity, the dynamics of the
system is represented by:

TV,, =TV, +B, u, +a, Eq. 11.8

Pred
Int Re pr

where TV is target velocity and u, = A(TV) represents

the known change in velocity from k to k+1, «, ~N(0,Q,,) the

process noise.
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The dynamics of TV has an additional term compared to the
dynamics for RS (see Eq. 11.2). The main difference between RS and
TV systems is that the brain knows how TV evolves over time

whereas this evolution is unknown for RS. The control signal u, (and

thus the whole internal representation of target motion) can be
obtained by several ways such as extrapolation based on previous

target motion yield the series of u, (Soechting et al., 2010), memory

of previous target motion or computation through the law of physics.

In this model, observation of the actual TV is delayed by 150
ms, so the observation equation is:

TV =TV, o + @, TV, 150 + By Eq. 1.9

The internal representation of TV is then refined thanks to the
observation:

TV =TV i+ By uy + Ky (TVk?rllygo —Ci TVklj—i_gt Eq. 1110

Kintk = zintk z:int,{ + Rmt

-1
T
. +M(Zimk +TV TV ]MT Eq. 1111
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The uncertainty X, will be given by:

Z:intk = Qim + Qe + (1_I<im,{,1 )Zint,Pl Eq ”12

with TV the predicted target velocity at time k for target
velocity at time k+150 computed by the Kalman filter, 8, ~ N(0,R,,)

the measure noise, ¢, ~ N(0,M,,) the multiplicative measure noise

and ¢, ~ N(0,Q,) the internal noise.

Given, this 150 ms prediction time horizon, the estimated TAVk
cannot be used to refine the internal representation of target motion
within a trial. However, it will be used when consecutive trials will be
simulated. As a result, the model can learn and improve its internal
estimation of target trajectory. In this case, the output of the Kalman
filter at trial j is used as the internal representation of target motion at
trial j+1, with some noise:

(T Veaso )Trial T (T Vkpred )Tria[ j (1 + 5Intw/, )+ é}mm Eq. 11.13
with &,, ~~N(0,Int,,) and &,, ~N(0,Int,,). Therefore,
this value (7V,,;5);. .. Will be used as the TVel = signal (Eq.

I1.7) for the next trial. In contrast, the accuracy of the prediction X

will be used in the motion pathway (see below).
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Motion Pathway

The inputs of the motion pathway are coming from two
different sources of information (Fig. 11.3): these are sensory (i.e.
retinal) and internal signals (i.e. extra-retinal). These two sources of
information are weighted in function of their estimated variability

(£, and X,

sens nt

(Ernst and Banks, 2002; Vaziri et al., 2006) is given by:

)- The optimal weighting of such stochastic variables

A 2 A Z A
RS = —"— RSsens+ ——— RS Eq. .14
Z:int + z:sens int + Z:sens q
A Ge <€
RS
sons | Optimal | + -

weighted Tirs [
N sum +
RSint T T

E E Gint
sens int

Figure 11.3: Motion pathway. Sensory and internal RS are weighted

according to their uncertainty and give the estimated RS (RASW).
This signal is processed by a part of a classical pursuit model
(velocity motion pathway from Krauzlis and Lisberger, 1994). The
output is then sent to a (leaky) integrator.
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The model needs an “a priori” for the uncertainty of the
sensory and internal signals. This a priori is based on previous
experiences. At movement onset, the visual feedback will be favored

if the internal representation is absent or inaccurate (X. is large).

int

This is implemented by increasing the value of Q. (the process

int
noise), which will increase the noise of the internal representation and
then favor the sensory information. Forcing the initial conditions given

to the sensory variance (e.g., after target disappearance X, =00 as

a result of the absence of retinal feedback) will also lead to an abrupt
change of weighting.

The weighted RAS signal is then sent to a pathway similar to
the « image velocity motion pathway » from Krauzlis and Lisberger
(1994). This velocity motion pathway (Fig. 11.3) contains a linear
function (G, ), a second-order filter (/) and a gain element (4, ).
The parameters used in these functions were close to those from the
original functions and were equal to:

G u)="Tu Eq. I1.15
35
H (s) = Eq. 1116
)= 08355135 a
4 =09 Eq. 1117

The output goes to a (leaky) integrator (called “positive
efferent copy feedback loop” in Krauzlis and Miles (1996b)) that is

characterized by two variables: G, . and 7. G,

int nt

determines the gain
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of pursuit system (gain ~ Gimz). It is set to \/a during visually-
guided smooth pursuit, to zero when the target stops moving or
disappears and is modulated around an intermediate value when the
target disappears but is expected to reappear (transient blanking).
represents the time constant of the integrator that is required to
maintain eye velocity when RS=0 (7 =100ms). The linear gain

1
element was setto G, =—.
T

In the present model, the memory used for prediction stores a
memory of target motion, which is dynamically updated by the
Kalman filter based on past information. This contrast with models
where short-term memories stores copies of eye motor commands
that are replayed to replace the retinal information for predictive
pursuit (Krauzlis and Miles, 1996b; Bennett and Barnes, 2003;
Madelain and Krauzlis, 2003). Therefore, the motion pathway is not
only active during visually guided pursuit but also in the absence of
retinal signals.

Simulation parameters

We used a fixed step size of 0.001 s to run all simulations.
The blocks and equations were numerically integrated using the 4™
order Runge-Kutta method from Simulink (Matlab).

We used the following values for noise parameters (Eq. 1.1
and 11.13): Sens,,, =20, Sens_, =1, Int,,, =1, Int_, =0.01. Unless

mult mult

otherwise specified, parameters of the visual processing (Eq. Il.2 to
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Eq. 1l.4) O, D, R and Q, were respectively equal to 1, 1, 20 and

0.1. For the internal representation (Eq. 11.8 to Eq. 11.10), parameters

B., O. R, M, and Q, were respectively equal to 0.5, 1, 20,

int

0.1 and 0.1. Initial conditions of noise variance were setto ~_ =1

sens

and X, =1. All these parameters did not change during a simulation.

For all trials where no predictions were available (Fig. 11.4, Fig.
I1.5, first half-cycle in Fig. 1.6, first pursuit trial in Fig. 11.8), the noise
added to the dynamics of the internal system (Eq. 11.8) was quite

important ( Q.

int

=1), because the lack of predictability of future target
trajectory.

For other trials where some prediction could be made on
future target trajectory (Fig. 1.6 for all half-cycles except the first one,
Fig. I.7, Fig. 1.8 for all pursuit trials except the first one, Fig. 11.9 and
Fig. 11.10), the noise added to the dynamics of the system (Eq. 11.8)
was less important (Q,  =0.1).

int

In Fig. 1l.4A, target motion was 20 deg/s after a fixation period.
In Fig. 11.4B, the target underwent a velocity step, ranging from -50
deg/s to 50 deg/s. For each velocity step, 30 simulations were
achieved, and we measured the mean acceleration of the pursuit
initiation (between 80 and 180 ms after pursuit onset). We compared
these simulation data with experimental data, where the acceleration
was measured similarly. These data were re-analyzed from the
dataset of de Brouwer, Missal, Barnes and Lefévre (2002).

In Fig. 11.5, 30 simulations were done for each velocity step of
the target (5, 10, 20 and 30 deg/s). For each target motion, the
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average of the 30 associated simulations was performed and shown
in red in Fig. II.5.

In Fig. 1.6, the target moved sinusoidally (maximum peak
velocity of £6.7deg/s).

In Fig. 1.7, pursuit gain for a half cycle was computed (for a
given interval centered around target peak velocity) as the peak eye
velocity divided by the peak target velocity. The phase was obtained
as the difference in time (expressed in angular degree) between
those two peaks. Data were obtained by averaging 30 different
simulations (same kind than in Fig. 11.6), over 3 half-cycles (from the
4" to the 6™ half-cycles).

To induce anticipatory pursuit (gap paradigm, Fig. 11.8), a 300 ms gap
period (transient blanking of the target) is used before target motion.

During this period, G, is set to 0.6 until visual feedback of the

int

moving target was available (80 ms after target motion). Then, G,
was set to 1. From the 2™ trial onwards, the internal representation of

target motion (7V "« in Eq. 11.7) is the output of the Kalman filter

Int Re pric,150

of the previous trial (7V «in Eq. 10) with an advance of 150 ms and
some added noise (Eq. 11.13).

In Fig. 1.9, G,, was set to 1 when the target was visible, and
then instantly decreased to 0.6 during target blanking. This sudden
change in G, , produced the typical exponential decay of eye velocity
(Becker and Fuchs, 1985; Bennett and Barnes, 2003; 2004; 2005).
To simulate predictive recovery of eye velocity, G. . was increased

nt

linearly from a time T that was randomly chosen between 50 and 250
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ms before target reappearance. The slope of this increase was equal
1-G.
w . By doing this, G,, was inferior to 1 when the target
reappeared. It was reinstated to 1 when visual feedback of the target
was available (i.e., 80 ms after target reappearance). When the target
was blanked, because there was no more visual input to the sensory

system, we set ¥ =o. Therefore, we have RS = RSin during this

sens

period of time. During blanking, the noise values for 7V (Eq. 11.13)
increased linearly as the estimation of the target became more
uncertain with time evolving. At time X (in s after target

disappearance), Int_, and Int,, were both multiplied by (1+.X).

mult
Target was moving at 20 deg/s for both panels. Varying the gain G,
illustrates the range of variability of the residual velocity during the
blanking (Fig. 11.12B). In this figure, we changed the value of G,,

during the blanking period for the different simulations, varying from
0.9t0 0.4.

For Fig. 11.10, after a fixation period, the target underwent a
velocity step of 10 deg/s and instantly a constant acceleration of 8
deg/s? for 2s.

In Fig. Il.11, parameters were the same than for Fig. Il.7.

When the target was blanked (80 ms after its disappearance), G;

mnt
was set to 0.6 until 80 ms after target reappearance (when sensory
information was available). Then, it was reinstated to its initial value of
1.

For Fig. 11.12, after a fixation period, the target underwent a
velocity step of 5 deg/s and instantly an acceleration of 300 deg/s? for
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100 ms. After those 100 ms, the target moved at constant velocity of
35 deg/s for 1 s. For the simulations in Fig. [I.12C, during the blanking

period G,, was set either to 0.7 (green simulations for the “occluded”

condition) or to 0.5 (red simulations for the “blinked” condition).

Results

Simulations on visually—guided
pursuit: comparison with human

data

The model performance in response of the sudden motion of a
visible target is illustrated on Fig. 1l.4A. After a fixation period (~500
ms), the target underwent a “step ramp” motion (20 deg/s). Different
simulations are shown in red traces, showing the variability of the
model output response.

The pursuit acceleration predicted by the model was analyzed
by simulating different target velocity steps. We compared the
simulated results with experimental results from human subjects (data
were re-analyzed from dataset used in de Brouwer et al, 2002). This
comparison is shown in Fig. [1.4B. We measured the acceleration as
the mean acceleration in the interval between 80 and 180 ms. Note
that this model did not contain a specific saturation function for pursuit
acceleration, as it was the case for some previous models (Bennett
and Barnes, 2003; 2006). The model prediction closely matched
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smooth pursuit acceleration in humans for “normal” values of retinal
slip (<50 deg/s).

A

Velocity
10 deg/s

— Target
— Pursuit simulation

B 150 I I I I I [ .
100 1 I I :
50 1 I .
-50 1 I I
I
-100 I I I I I » Experimental data

-1504 ° I

50 -40 30 20 10 0 10 20 30 40 50
Retinal Slip (deg/s)

Acceleration (deg/s?)

» Eye simulation

Figure Il.4: Simulations of visually-guided pursuit initiation. A)
Simulations of pursuit velocity (in red). Target velocity is represented
in blue. B)Relationship between sensory retinal slip and mean eye
acceleration in the interval between 80 and 180 ms after pursuit
onset. Black squares correspond to experimental data, red dots
correspond to simulation data. Standard deviation is shown with
vertical bars.
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The mean latency of the pursuit response is 120 ms +/- 14
ms. The value is similar to those measured in Tarnutzer et al. (2007),
Rasche and Gegenfurtner (2009). The standard deviation observed
when initiating pursuit at 20 deg/s is around 2 deg/s (10%). This value
is similar to those observed in previous studies (Osborne et al., 2005;
Rasche and Gegenfurtner, 2009).

Simulations on visually—guided
pursuit: comparison with

previous models

A comparison with velocity traces simulated from previous
models has shown little difference (Fig. 11.5). Simulations of pursuit
initiation to a target moving at a constant velocity generated with the
pursuit model made by Robinson, Gordon and Gordon (1986) were
very similar to those produced with the pursuit model of Krauzlis and
Lisberger (1994). Here, we can observe than the pursuit acceleration
and the overshoot at the end of the initiation phase are comparable.
However, the model did not reproduce the 4 Hz oscillations visible
during sustained pursuit.

It is worth noting that the current pursuit model does not
contain an “image acceleration motion pathway”, as it was the case in
previous models (Krauzlis and Lisberger, 1994; Krauzlis and Miles,
1996). This “image acceleration motion pathway” was previously used
to promote persistent oscillations of eye velocity during sustained
pursuit and to avoid large overshoot at the end of the initiation of
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pursuit. In the present model, the internal system will increase its
weight compared to the sensory system after pursuit initiation. It will
therefore help to avoid a large overshoot at the end of pursuit
initiation (since the predictive system works with an estimation of the
retinal slip with an advance of 150 ms, predictive pursuit velocity will

never overshoot target velocity) .

Target P
30degs /S T

— Robinson et al. 1986
---- Krauzlis and Lisberger 1994

---- Current model 2012

20degls e P

Eye velocity
20 deg/s

250 ms
Time

Figure 11.5: Comparison with previous models. Initiation of the pursuit
system in response of targets moving at 5, 10, 20 and 30 deg/s.
Target velocity is represented in blue, simulations coming from the
model of Robinson et al. (1986) are shown in continuous black traces,
simulations coming from the model of Krauzlis and Lisberger (1994)
are shown in dashed black traces and the simulations from our model

are shown in red.
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Simulations of smooth pursuit
in response to a sinusoidally

moving target

Tracking a sinusoidally moving target is often performed with
small phase lag (Dallos and Jones, 1963; Yasui and Young, 1984;
Barnes et al., 1987; Barnes and Ruddock, 1989; Barnes et al., 2000).
The Kalman model can achieve this by using the memory acquired
during half a cycle as the internal representation of target motion for
the next half-cycle (Fig. 11.6). Initially, the subject had no internal
representation of future target motion (1% half-cycle). During this

period, the model relies solely on sensory signal (RASM), with a
sensorimotor delay of 80 ms and lags behind the target (Fig. 11.6).
Then, target motion estimated during this period is used as the
internal representation of target motion for the second half-cycle. For
all ensuing half-cycles, the estimated target motion obtained during
one half-cycle is obtained during the next one. The use of this internal
representation decreases the phase lag to realistic levels (inferior to
10 deg for low frequencies (<0.4Hz), see Barnes (2008) for a review)
and the gain is close to one.
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Figure I1.6: Simulation of smooth pursuit velocity (in red) when
tracking a small target (in blue) moving with a sinusoidal velocity, with
peak displacement of + 6.7 deg/s and a frequency of 0.4 Hz.

After several such cycles, phase lags and pursuit gains reach
similar levels as obtained in human subjects. Figure 11.7 presents
experimental data from Barnes, Donnelly and Eason (1987). The
parameters measured are the gain and phase, for a sinusoidal
moving target (maximum velocity of 5 deg/s). We can observe the
similarity of the model prediction for the different frequencies of the
moving target.
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Figure 11.7: Gain and phase as a function of frequencies of the
sinusoidal waveform. Black dashed traces depict the gain and phase
recorded in normal subjects tracking a sinusoidal moving target.
Model predictions (see Simulation parameters) are represented by
the blue dots and can be compared to the experimental data.
Experimental data are adapted from Barnes, Donnelly and Eason
(1987).

Simulations of anticipatory
eye movements before target

motion onset

Building an internal representation of target motion from past
experience is advantageous for tracking sinusoidally moving target
but also for anticipating target motion onset. Indeed, it is well known
that when direction of target motion and the timing of its onset are
known, subjects are able to move their eyes before target onset
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(Kowler and Steinman, 1979a, 1979b). Similarly, after a few trials, the
model exhibits anticipation of target motion. Namely, the eyes start
moving before target motion onset. Figure 11.8A illustrates a pursuit
response with visually guided eye movements and Fig. 11.8B to Fig.
11.8D show anticipatory eye movements using the prediction of the
future target velocity (coming from the previous estimation of the
internal Kalman filter 150 ms in advance). The increase in anticipatory
eye movements is visible over the course of trials.

In addition, the update of the internal representation of target
motion after each trial will naturally lead to a type of "history effect"
(Kowler et al., 1984). This effect is observed when target motion
varies from trial-to-trial. Therefore, anticipatory eye velocity will be
stronger after two consecutive trials with fast target motion than after
one ftrial with low and one trial with fast target motion (Poliakoff et al.,
2005).
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Figure 11.8: Anticipatory pursuit eye movement based on the learning
of past target trajectories. Target velocity is shown in blue, the

estimation of target velocity given by the internal Kalman filter (TAV) is
shown in green, the internal representation of the target velocity is
shown in purple and the simulated pursuit eye movement in red. Grey
areas represent periods when target was blanked (gap periods).
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A) No prediction available: a visually-guided pursuit eye movement is
initiated (red trace) and an estimation of target velocity is computed
(green trace). B) The previous estimation of target motion is used as
the internal representation (purple trace), but the associated
uncertainty is quite important. Then, the anticipation is quite small.
However, the estimation of target velocity is improved for next trial
(green trace). C) The anticipatory eye movement is more important,
and the estimation is still refined. D) The anticipation begins earlier
and is more prominent, due to the larger reliability of the estimation of
the target velocity.

Simulations of smooth pursuit

during target blanking

Predictive smooth pursuit eye movements are similarly
highlighted when the moving target is blanked for several hundreds of
milliseconds. In this case, the model reproduces the smooth pursuit
eye movement observed during the blanking of a target moving at
constant velocity (Fig. 11.9A).

As in human subjects, simulated eye velocity decreases after
target blanking. Both 7 and G,, (presented in the motion pathway,

Fig. 11.3) determine the rate at which pursuit velocity decays towards
the residual velocity plateau (Becker and Fuchs, 1985). The time

constant is , so that its value will be around 200 ms for

int

7=100ms and G,, =0.5. This time constant is similar to the one



Chapter Il - 87 -

measured in previous studies (see e.g. Becker and Fuchs (1985) or
Orban de Xivry et al., (2008) for different time constant values).

Velocity
10 deg/s
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> - — Target

— Pursuit simulation

0 02 04 06 08 1 12 14 16
Time (s)

Figure 11.9: Smooth pursuit simulations with target blanking.
Simulated pursuit traces (red traces) when target disappeared behind
an invisible occluder (blanking period; grey area). Target velocity is
20 deg/s and is shown in blue. A) Two typical simulations are
highlighted (green and black traces) with respectively a large and no
predictive recovery. B) Simulations of smooth pursuit eye movements
with different levels of residual velocity.
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For the simulations, we kept 7 =100ms constant, G,, was set

to 0.6 during blanking periods (see Simulation parameters section). In
general, the smooth pursuit response is variable, even during the

blanking period despite the fact that the gain G, was kept constant

nt

for all trials. This variability is coming from the noisy RS .

Two different simulations are highlighted in black and in green
(Fig. II.9A). The black trace illustrates a trial where there is no
predictive recovery (or a very small one). On this trial, we can see
that the large acceleration occurring after target reappearance is due
to sensory signal (visually guided acceleration). However, on many
trials, we can observe a clear predictive acceleration before the target
reappeared, as we can see on the green trial.

If we now change the value of G, , we will obtain different

int »
values of residual velocity (Becker and Fuchs, 1985). This
phenomena is often observed in experimental data, even in
consecutive trials for a single subject (see Fig. 1.5 or Fig. 8 from
Orban de Xivry et al., (2006) where respectively 3 and 4 trials coming
from a single (different) subject are shown). Similarly, there is
variability in the beginning of pursuit reacceleration, even for a single
subject knowing the timing of target reappearance. In Fig. 11.9B, each

simulation has a different value of G, . Again, the timing of the onset

of the predictive recovery, that could be observed clearly in most
simulations, begins at different timing (see Simulation parameters).

Given that the model possesses a dynamic internal
representation of target motion (Orban de Xivry et al., 2008), it is able
to reproduce the behavior during the blanking of an accelerating
target (Fig. 11.10; Bennett and Barnes, 2006; Bennett et al., 2007) or a
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sinusoidally moving target (Fig. 11.11; Whittaker and Eaholtz, 1982;
Kveraga et al.,, 2001; Fukushima et al., 2002). When the target is
accelerating during the blanking period, the residual eye velocity is
slightly increasing, as it is the case in human recordings (Fig. 11.10).

Note that in our simulations, the value of G.

nt

was constant during the

occlusion while other models with a static internal representation
increased the value of the gain to obtain the eye acceleration during
the blanking (Bennett and Barnes, 2006b).
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Figure 11.10: Anticipatory eye movement and tracking of an
accelerating target. Simulations (in red) are compared with
experimental data (black trace) with the same target conditions
(target velocity is shown in blue). The target was blanked for 800 ms
(grey area). Experimental data are adapted from Bennett and Barnes
(2006).
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However, this can not work anymore if the eye velocity is zero
when the target is blanked. In this case, a pursuit model with a static
memory will not be able to increase its pursuit velocity, since there is
no more retinal information and no velocity stored into the short-term
memory. A simple example is shown in Fig. Il.11 where the
sinusoidally moving target disappears a bit before the peak amplitude
of its movement (i.e., when eye velocity is zero).

— Target
2 o — Dynamic memory
5 53 — Static memory
) ©
> o
- / 0 deg/s
1

1s

Figure 11.11: Blanking of a sinusoidally moving target. After a normal
predictive pursuit of the sinusoidally moving target, the target is
blanked. The grey area represents the blanking period. However, the
dynamic representation of the future target motion is able to increase
the pursuit velocity and therefore to continue tracking the invisible
moving target. Target velocity is shown in blue. Simulated pursuit
response with the dynamic memory is shown in red. Simulation with a
static memory gives no eye velocity during blanking (green dashed
trace). The horizontal black line shows zero velocity.
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When the visual feedback of target disappearance is available
(80 ms after its disappearance), the eye velocity is then equal to zero.
After target blanking, the pursuit velocity increases with the dynamic
representation. During the blanking period, the mean pursuit gain is

not as large as before (due to a decrease of G, from 1 to 0.7 during

the blanking period), but the pursuit is clearly superior to zero and
synchronized with the target motion, meaning that the dynamic
representation of the target motion (i.e. based on past information of
the target motion) update correctly the retinal slip information. In
comparison, a static memory will predict zero eye velocity during the
blanking period (Fig. I11.11, green dashed trace). To the best of our
knowledge, this model is the first capable to simulate this kind of
situation.

We were also interested in reproducing the experiments of
Churchland et al. (2003), where target was extinguished about 100
ms after pursuit onset (during pursuit initiation). However, this
experiment was performed on monkeys and was never done on
humans. Therefore, we had to adjust target parameters. In particular,
the delay between target motion and its extinction. This delay was
less than 120 ms for monkeys (Fig. 1.12A and Fig. 11.12B). In our
simulations, target was blanked 230 ms after its motion onset (Fig.
[1.12C). Monkeys performed the task in two conditions; the moving
target could disappear behind a Vvisible occluder (“occluded”
condition) or behind an invisible occluder (“blinked” condition). In this
latter condition, the pursuit velocity decrease was more important,
since the monkeys were not 100% sure that the target was going to
reappear. In the occluded condition, monkeys knew that the target
was going to reappear shortly and were therefore motivated to
continue the tracking.
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To simulate these experimental data, we made the hypothesis
that the difference between “occluded” and “blinked” conditions can

be explained by a difference in the decrease of the G,

mi

. gain.

Therefore, we simulated the “occluded” condition by setting G, to

int

0.7, whereas G,, was set to 0.5 for the simulations in the “blinked”

condition.
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Figure 11.12: Blanking of the target during the initiation of the pursuit.
A) and B) Experimental data, recorded in two monkeys, adapted from
Churchland et al. (2003). Target velocity is shown in blue, pursuit
velocity for trials when the target was occluded (visible occluder on
the screen) is shown in green and pursuit velocity for trials when the
target was blanked (invisible occluder) is shown in red. The grey area
represents the blanking period. C) Simulations on the expected
behavior of a human subject tracking the same target (velocity shown
in blue). The two different conditions (occluded vs blinked) have been

simulated by a difference in the G,, parameter (G,, was equal to 0.7

for the “occluded” condition whereas it was equal to 0.5 for the
“plinked” condition).
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We can observe that the simulations are similar to the monkey
behavior. Since this experiment has not been conducted on human
subjects yet, these simulations are a prediction of the potential human
oculomotor behavior.

Parameters sensitivity

Changing the value of the noise present in the system is
obviously influencing the pursuit response. But changing the noise
can also be interpreted differently if one assumes that the brain is
aware of this change or not. If one increases the noise present in the

system (Sens,,, and Sens in Eqg. 11.1) and the estimated noise by

mult
the brain (D and R in Eq. I.3) in the same way, then the pursuit
response will become slower, with a lower acceleration (see Fig.
VI.2). However, if one now changes the system noise (Eq. Il.1)
without adjusting the estimated noise, the story is different. In this
case, the brain does not estimate correctly the noise present in the
system, leading to suboptimality (Beck et al., 2012).

Figure 11.13 illustrates how much a suboptimal estimation of
the noise can impact the pursuit response. If the noise is
overestimated, the variability of the response is decreased and the
pursuit response is slightly decreased as well (Fig. 11.13, green
traces). In contrast, the variability is dramatically amplified when the
brain underestimates the noise present in the system. Moreover, the
mean pursuit velocity is also affected by this suboptimal estimation.
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Figure 11.13: lllustration of suboptimal noise estimation. A) Simulation
responses to a 20 deg/s moving target, represented in blue. Black
trace shows the normal simulation. Green trace shows the pursuit
response when the system noise is overestimated by the brain (3
times noise overestimation). Red trace shows the pursuit response
when the brain underestimates the noise present in the system (3
times noise underestimation). Areas surrounding the traces represent
the standard deviation of the mean. B) Pursuit response evaluated
300 ms after target onset for the three simulations. The left green
(resp. right red) thick bars show 3 times noise overestimation (resp.
underestimation), whereas the center black thick bar represents the
normal simulation and the two other thin bars show 10% noise
deviation from the normal noise level, shown in black). Squares
represent the mean and the spreads show the standard deviation.
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Discussion

The model proposes a way to deal with noisy inputs. The
Kalman filtering estimates these retinal and extra-retinal inputs, and
also computes their associated uncertainty. Therefore, sensory and
internal inputs are weighted as a function of their uncertainty. This
combination of retinal and extra-retinal inputs allows the pursuit
system to improve itself with time evolving (or from previous
experience, like past trials), depending on the context (i.e., the
reliability of sensory and/or internal inputs). For instance, the dynamic
internal representation of the target motion becomes more accurate if
the target moves in the same direction as previously. This will lead to
an increase of confidence in the internal signal and therefore to a
predictive pursuit eye movement.

Pursuit initiation and sensory

noise

Previous studies (Osborne et al., 2005, 2007) have highlighted
the importance of the noise in the sensory signals, explaining most of
the variability in the initiation of pursuit eye movements. Moreover,
the nervous system lowers the impact of noise on the sensory
estimation (Gold and Shadlen, 2003). In the present model, the noise
on retinal inputs induces variability on pursuit latency and
acceleration during its initiation phase, with Kalman filtering
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representing the nervous system reducing the noise and enhancing
the sensory signals with time evolving.

However, a crucial question is to know whether or not the
brain has an accurate estimation of these sensory noises. In this
model, the hypothesis is made that the brain correctly estimates the
sensory noise. It also has an estimation of the system dynamics
noise, i.e. the uncertainty of the system (values of all these noises are
kept constant for the simulation). Yet, if the noise estimation is not
correctly computed by the nervous system, it can lead to a suboptimal
estimation of the signal (Beck et al.,, 2012). This suboptimal
estimation would therefore amplify the sensory noise present in the
system. As a consequence, pursuit variability would be due in a large
part to this suboptimal estimation.

When the target of interest is a more complex stimulus than
used in this paper, like random dot patterns or a biological motion
stimulus (BM), the associated noise level could be more important
and could differ from one stimulus to another. For instance, a smaller
noise level could be perceived when following a BM stimulus in
comparison with tracking a random control stimulus. This difference in
noise estimation in the nervous system could explain the larger
pursuit acceleration observed in Coppe et al. (2010) in response of
BM, compared to a random control stimulus.
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Kalman filtering to estimate

retinal and extra-retinal inputs

Kalman filtering is widely used in other contexts than smooth
pursuit. It is used in optimal motor control (Wolpert et al., 1995;
Todorov and Jordan, 2002; Kérding and Wolpert, 2006; Wu et al.,
2006; Denéve et al., 2007; Izawa and Shadmehr, 2008), for decision
making situations (Mrotek and Soechting, 2007) or even to train
neural networks (Kramer and Stubberud, 2006). Kalman filtering
might represent a natural way for the brain to treat noisy sensory
inputs, coming from a large population of neurons. For instance, as it
was shown for monkeys (de Hemptinne et al., 2007), a larger
uncertainty about the future target movement (or the timing of its
motion onset) is directly correlated to a smaller anticipatory pursuit
eye movement (less confidence put in the internal system).

Moreover, the manner how the retinal (sensory) and extra-
retinal (predictive) signals are implemented together in previous
models is not always so clear. However, experimental studies have
shown that the predictive signals are not simply turned-off during
randomization of the expected target parameters (Kowler and McKee,
1987; Kao and Morrow, 1994; Heinen et al.,, 2005). Indeed,
anticipatory pursuit velocity remains when target velocity or its motion
onset was randomized. Here, the weighting of the sensory and
internal retinal slip estimations according to their uncertainty is
continuous; it do not change abruptly as an “on-off” mechanism can
do. Moreover, we know that this weighting is optimal (Vaziri et al.,
2006), if the noise present in the system is correctly estimated by the
brain (Beck et al., 2012).
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Using a dynamic representation
of the expected target motion

In the present model, Kalman filtering was also used to
construct a dynamic memory from past information. The dynamic
nature of the memory can explain different situations, where some
information about the future target movement can be retrieved in
order to improve the internal representation of this future target
trajectory. This information can be extracted from several sources.

First, past history of target motion can be employed to predict
the future target motion. This is the case when tracking a sinusoidally
moving target or a similar periodic pattern (Dallos and Jones, 1963;
Barnes et al., 1987; Barnes and Ruddock, 1989), when anticipating
the timing of target motion (Barnes and Asselman, 1991; Wells and
Barnes, 1998; Barnes and Donelan, 1999; Barnes et al., 2000) or
when scaling the anticipatory eye velocity with the previous target
velocity (Barnes and Collins, 2008a).

Second, information about future target motion can be found
from current evidence, as symbolic precues help the subject about
target direction (Kowler, 1989; de Hemptinne et al., 2006), target
velocity (Jarrett and Barnes, 2001, 2002) or about the onset of target
motion (Wells and Barnes, 1998; Badler and Heinen, 2006).

Third, information can be extracted from physical laws of
motion. It has been shown that some neurons compute internal
models of these natural laws (Angelaki et al., 2004). Another example
of physical consequence occurring often in our everyday life is
causality of an event. For instance an object will move after being
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struck by another object. When viewing the situation, the expectation
of the future collision will elicit anticipatory pursuit eye movements in
the direction of the second object motion before the collision (Badler
et al., 2010).

The hypothesis made about the dynamic representation of the
target is also supported by target blanking experiments, in which
saccadic eye movements compensate for the decrease of pursuit
gain (Orban de Xivry et al., 2006). This means that an internal
representation of the expected target trajectory is available, and could
be compared with an internal representation of eye position to
compute the amplitude of the required saccade. In our model,
knowledge about this dynamic representation allowed us to simulate
pursuit responses when tracking an accelerative target motion or a
sinusoidally moving target, even when this target transiently
disappeared when pursuit velocity is equal to zero deg/s.

To the best of our knowledge, this model is also the first one
able to reproduce both anticipatory pursuit, pursuit during target
blanking and pursuit in response to a sinusoidal moving target. Until
now, different model mechanisms were used to simulate those three
examples of predictive pursuit eye movements. This model shows
therefore that these three types of predictive pursuit eye movements
may include similar mechanisms.

For the internal representation of the expected target motion,
we chose 150 ms as an arbitrary prediction time horizon. This 150 ms
time period allows the pursuit system to react in function of the
expected target motion. Yet, we do not believe in a discrete time
value at which a prediction is made. This prediction on the future
target velocity is probably done continuously from evidence or past
history. We could imagine having a more complex model where there
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will be many predictions of the future target motion for different time
horizons. An uncertainty could therefore be associated with each
prediction made on the future target motion. The combination of all
these predictions, weighted according to their uncertainty, could then
replace our discrete prediction made on this arbitrary 150 ms timing.
For instance, in the visible occluder example (Fig. 11.12, green traces),
the border of the occluder acts as a strong clue to estimate the timing
of target reappearance. Therefore, at target disappearance, the
uncertainty linked to the 200 ms time period estimation could be less
important than the 100ms time period estimation. This uncertainty
difference concerning different time horizons can also explain some
of the differences observed between a visible or invisible occluder.

Model limitations

The present model allows us to simulate several
neurophysiological data. However, some behavioral data are
currently hard to be simulated. For instance, the pursuit response of a
moving tilted bar is known to be initially biased in the orthogonal
direction to the line orientation (Masson and Stone, 2002; Masson,
2004). In order to have correct simulations of this bidimensional visual
motion integration process, the model should contain a
supplementary “perception box” in the early “visual process”. By
adding a “perception stage” in the computation of the RS signal, the
model would have some transient RS direction error (due to the initial
perception bias) and then would be able to correctly simulate the
pursuit eye movements often described with the aperture problem.
This would be an interesting way to combine both Bayesian models
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(e.g., Montagnini et al., 2007) and smooth pursuit models in a single
model.

Neural substrate of the model

Middle temporal area (MT) is thought to play a main role in the
perception of motion (direction and velocity) and the integration of
local motion signals. Moreover, MT neurons appear to filter noise
coming from motion processing (for a review, see Born and Bradley
(2005)). Sensory variability has been found in MT neurons (Law and
Gold, 2008). In the present model, sensory Kalman filtering can be
achieved by the large neuron population in MT. Indeed, Osborne et
al. (2004, 2007) found some similarity of information accumulation for
pursuit eye movements and MT neuron discharges. Osborne et al.,
2004 also indicate that some information could be extracted from the
first spikes of the MT neurons response.

The dynamics of neurons present in MT might therefore reflect
the iterative computation of the Kalman filter (Pack and Born, 2001;
Osborne et al., 2004). However, MT neurons did not seem to
discharge when blanking the target, whereas neurons from the medial
superior temporal area (MST) did continue to discharge (Newsome et
al., 1988). Later, llg and Thier (2003) showed that neurons in the
frontal eye field (FEF) and in MST were active during transient
disappearance of the tracking target. These neurons therefore
receive some extra-retinal input in addition to the common retinal
input of the image motion. Neurons from the supplementary eye field
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(SEF) also provide an extra-retinal drive to the pursuit system (Missal
and Heinen, 2004).

We could imagine having area MT involved in sensory motion
integration and neurons from areas MST/FEF/SEF involved in the
prediction of the future target motion. It also seems that there is a
neural mechanism present in the dorsal medial superior temporal
area (MSTd) managing a form of statistical inference. This
mechanism might predict behavioral cue weighting in an optimal way
(Fetsch et al., 2012). The weighting of sensory and predictive signals
could take place in MSTd area.
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Biological motion drives

perception and action

Abstract

Presenting a few dots moving coherently on a screen can
yield to the perception of human motion. This perception is based on
a specific network that is segregated from the traditional motion
perception network and that includes the superior temporal sulcus
(STS). In this study, we investigate whether this biological motion
perception network could influence the smooth pursuit response
evoked by a point-light walker. We found that smooth eye velocity
during pursuit initiation was larger in response to the point-light walker
than in response to one of its scrambled versions, to an inverted
walker or to a single dot stimulus. In addition, we assessed the
proximity to the point-light walker (i.e. the amount of information about
the direction contained in the scrambled stimulus and extracted from
local motion cue of biological motion) of each of our scrambled stimuli
in a motion direction discrimination task with manual responses and
found that the smooth pursuit response evoked by those stimuli
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moving across the screen was modulated by their proximity to the
walker. Therefore, we conclude that biological motion facilitates
smooth pursuit eye movements, hence influences both perception
and action.

This chapter has been published : “Orban de Xivry J-J, Coppe S,
Lefévre P, Missal M. Biological motion drives perception and action.
Journal of Vision 10: 6.1-11, 2010”

Introduction

Humans are able to perceive human motion and infer a
person’s intentions from it (Blake and Shiffrar, 2007). This ability is
often studied by showing human subjects a movie of the movement of
dots attached to the body joints of a human actor or an animal
performing a particular action, referred to as biological motion (e.g.,
walking, Johansson, 1973). Due to its particular importance,
biological motion is probably processed differently by the visual
system than other kinds of motion stimuli (Oram and Perrett, 1994;
Decety and Grezes, 1999; Giese and Poggio, 2003; Billino et al.,
2009). Indeed, several electrophysiological (Perrett et al., 1985;
Jellema et al.,, 2004) and imaging studies (Grossman et al., 2000,
2005; Grezes et al., 2001; Grossman and Blake, 2001, 2002;
Pelphrey et al., 2003; Saygin et al., 2004; Saygin, 2007) support the
hypothesis of one or several specific neural pathways for biological
motion perception. Indeed, biological motion perception is subserved
by a bottom-up and a top-down mechanism (Blake and Shiffrar, 2007;
Troje, 2008). Some authors believe that biological motion perception
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is determined by local motion cues and probably originates in early
areas of the visual pathway (Johansson, 1973; Mather et al., 1992;
Troje and Westhoff, 2006). In contrast, others consider that biological
motion perception is mostly based on configural processing, hence on
structure-from-motion mechanisms (Bertenthal and Pinto, 1994;
Thornton et al., 1998; Neri et al., 1998; Beintema and Lappe, 2002).

In several instances, perception and smooth pursuit eye
movements have been shown to share motion integration
mechanisms (Krauzlis and Stone, 1999). For example, perception of
motion direction and steady-state pursuit eye movements (>300 ms
after stimulus onset) exhibited similar directional thresholds (Beutter
and Stone, 1998; Stone et al., 2000; Stone and Krauzlis, 2003). In the
same vein, pursuit and perception variability are similar during
steady-state pursuit (Rasche and Gegenfurtner, 2009). During the
open-loop phase of the pursuit response (<300 ms with respect to
stimulus onset), pursuit exhibits a directional bias that is similar to
perception (Masson and Stone, 2002; Masson, 2004), but with much
less sensitivity to speed (Rasche and Gegenfurtner, 2009). In sum,
the link between pursuit and perception evolves over time. During
initiation, pursuit is very sensitive to low-level motion cues whereas it
becomes more sensitive to higher-level motion later, i.e. after the first
catch-up saccade (Wilmer and Nakayama, 2007). Speed and
direction of motion are essentially processed in the middle temporal
area (MT; Born & Bradley, 2005), which is one of the main inputs to
the smooth pursuit system (Orban de Xivry and Lefévre, 2007; llg and
Thier, 2008; Lencer and Trillenberg, 2008).

The above-mentioned studies focused on the link between
motion perception and smooth pursuit. In this study, we investigated
whether biological motion perception that is not processed by the
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conventional motion processing network (Vaina et al., 1990; McLeod
et al., 1996), influenced smooth pursuit eye movements. To do so, we
proceeded in three different steps. First, we compared smooth pursuit
eye movements elicited by a point-light walker and by some control
stimuli. We hypothesized that the biological motion stimulus might
either decrease smooth pursuit latency or increase eye velocity. Both
scrambled or inverted point-light walkers were used as control stimuli
as they disrupt different aspects of biological motion perception (i.e.,
local motion is preserved in the scrambled stimuli but not in inverted
walkers whereas inversion preserves configural features such as
opponent movements of the feet) and their vision activates
differentially the STS region (Grossman and Blake, 2001).

Second, we assessed the sensitivity of the smooth pursuit
system to the proximity of the stimuli to the walker. In this respect, we
correlated results from the behavioral experiment and from a
psychophysics experiment. In the latter, the proximity to the walker
was defined as the amount of information about the direction
contained in the scrambled stimulus and extracted from local motion
cue of biological motion. This proximity was assessed by determining
how accurately subjects could indicate the walking direction of the
different scrambled walkers. The strong correlation between the
output measures of the behavioral and psychophysics experiments
suggests that attentional factors cannot explain the difference in
behaviors elicited by the different stimuli.

Finally, given that smooth pursuit eye movements were faster
for the biological motion stimuli, compared to the control stimuli, we
investigated whether the point-light walker facilitated or the control
stimuli deteriorated smooth pursuit eye movements. In this respect,
we compared smooth pursuit eye movements elicited either by those
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stimuli or by a single dot moving at a comparable speed. We found
that biological motion perception facilitated smooth pursuit eye
movements. Therefore, we concluded that, similarly to motion
perception, biological motion perception influences smooth pursuit
eye movements. This suggests that the biological motion network
functions as an input to the smooth pursuit system and demonstrates
that biological motion can affect both perception and action.

Materials and methods

Thirteen human subjects (9 males) participated in the
experiments after informed consent. They were between 20 and 42
years old. Six of them had never participated in oculomotor
experiments. All procedures were approved by the Université
catholique de Louvain Ethics Committee and were in agreement with
the Declaration of Helsinki.

Stimuli

Our experiments involved a biological motion stimulus (point-
light walker) and some control stimuli. Movies of those stimuli are
available in the supplementary material. The motion of the 11 dots of
the point-light walker was computed using Cutting’s algorithm (Fig.
[11.1; Cutting, 1978).

Therefore, the trajectory of each point can be described as a
pair of functions:
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(2 (1), 92 (8))  where Y™ (1) = y*(t)+ 5, Eq. 1

local
i

Here, y represents the local vertical motion of the point

around its mean vertical position (y,). The scrambled walker was

obtained by shuffling the mean vertical position (y;)of the dots

(except the hip dot) to disrupt the global form, while keeping the same
local
).

local motion (y; Therefore, the trajectories of the dots for the

scrambled walker were defined as follows:
xl.SCR(t) = xl.BM (t) foralli Eq. 1.2
(5 (1), 95K (1)) where yS*(6)=y™(¢) if i=hip Eq. I3
yR@O) =y O+ v, if i+ hip Eq. Ill.4
The association between ‘k” and ‘i’ was determined by random
permutation of % and differed for each scrambled stimulus. The

inverted stimulus was obtained by flipping the original point-light
walker upside-down:

M (&)y=x""(t) foralli Eq. 1lI.5

vy ==y (@) foralli Eq. 1.6
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Whatever the stimulus type, the hip dot (highlighted in green)
followed an identical trajectory and subjects were asked to track this
particular dot. The different stimulus speeds were obtained by varying
the step size of the walker.

x™(t) Biological motion stimulus
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Figure 1ll.1: Representative pictures of the biological and scrambled
walkers used in this study. On the left, we describe the algorithm
used to produce scrambled stimuli and provide the correspondence
table between the two stimuli as explained in Materials and methods.
On the right, the upper panels represent five pictures of the biological
motion stimulus, whereas the lower panels depict five pictures of an
example of a scrambled stimulus (picture interval: 150 ms). The hip
point that the subjects were asked to pursue is represented in green.
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Procedure

We conducted one psychophysics and two behavioral
experiments. In the psychophysics experiment, ten subjects were
required to indicate the heading direction (i.e. the direction of walking)
of an animated, but stationary (as if on a treadmill), point-light
stimulus presented on the screen (7.2 degrees in height). For each
trial, the stimulus was chosen randomly among a set of 14 scrambled
stimuli plus the point-light walker, and the heading direction of the
associated walker was randomized. Because each scrambled
stimulus was obtained from a biological motion stimulus (see above),
we considered the heading direction of the scrambled stimulus as the
heading direction of its original point-light walker stimulus. The
animation of the dots around the hip dot was similar to when the
walker was moving at a speed of 10 deg/s (see behavioral
experiments below) but the hip dot remained stationary.

In the first behavioral experiment, after a period of fixation,
eight subjects from the psychophysics experiment were asked to
pursue the hip dot of either a moving point-light walker or one of its
scrambled versions. The stimulus moved either to the left or to the
right at a velocity of 5, 10 or 15 deg/s for 800 ms (measured as the
average velocity of the hip dot, see below). The type of stimulus, its
direction, and its velocity were selected at random for each trial. The
facing direction of the stimulus was always congruent with its
direction of motion. For each block, the scrambled walker stimulus
was chosen randomly from a set of possible stimuli consisting of nine
stimuli selected from the psychophysics experiment (see Results).

The second behavioral experiment was very similar to the first,
except that the scrambled control stimuli were replaced by an upside-
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down point-light walker. Ten subjects participated in this experiment,
five of whom had already performed the first experiment. During the
same session, seven out of the ten subjects performed a few more
trials during which the hip dot only was presented (DOT stimulus). For
those ftrials, the motion of the hip dot corresponded to a stimulus
moving at 15 deg/s. On average, we obtained 360 valid trials per
subject for the point-light walker stimulus, 300 for the scrambled
stimuli, 65 for the inverted stimulus and 63 for the DOT stimulus.

Data collection and analysis

Subjects sat in a dark room in front of a large screen that
spanned 50 deg of their visual field and was 1.5 m away. Their head
was restrained by a chin-rest. Stimuli were projected onto the screen
with a cine8 Barco projector (Refresh rate: 100 Hz; Barco NV,
Belgium) that was controlled by a VSG graphic card, in real time
(Cambridge Research System Ltd, UK). Eye movements were
recorded at 200 Hz using a Chronos Eye Tracker (Skalar Medical BV,
The Netherlands) and with an Eyelink 1000 (SR Research Ltd.,
Ottawa, Ontario, Canada) at 1000 Hz for three subjects. Eye
movements were low-pass filtered at 45 Hz using a zero-phase digital
filter (auto-regressive forward-backward filter), and velocity and
acceleration signals were derived from position signals using a
central difference algorithm with a 10 ms interval. Saccades, which
were detected using a 500 deg/s? threshold on the vectorial
acceleration, were removed from the smooth eye velocity trace (see
details in de Brouwer et al., 2002). Since the vertical component of
eye velocity remained below 3 deg/s, the rest of the analyses focused
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on the horizontal component of eye velocity or saccade amplitudes.
Pursuit onset was determined by fitting a piece-wise linear function on
the eye velocity trace measured during an interval of 250 ms starting
at stimulus onset:

ift<T

A
f(t)={ BU-T) ift>T Eq. IIl.7

where t was the time (s), T is the time of pursuit onset (s), A
the level of eye velocity before pursuit onset (deg/s) and B the mean
acceleration during pursuit initiation (deg/s?). The constants A, B and
T were the free parameters of the function. The average values of A
and B were 0.03 deg/s and 65 deg/s?. Trials were visually inspected,
and trials with blink, saccades before pursuit onset, etc. were
discarded.

In the psychophysics experiment, we analyzed the response
time and the percentage of correct answer. In the behavioral
experiments, we analyzed smooth eye velocity, pursuit latency and
catch-up saccade latency, accuracy (horizontal position error at the
end of the saccade) and amplitude. For the purposes of statistical
analyses, we calculated intra-subject means for selected measures.
Similarly, the average profiles shown on Fig. 11l.3 were obtained by
averaging, across subjects, their intra-subject means for the highest
stimulus velocity. We used repeated measures ANOVA on the intra-
subjects means of those measures with stimulus type and velocity as
within-subject factors. Tukey’s Post Hoc test was used to evaluate
one-to-one differences. Statistical analyses were performed with
Statistica (Statsoft, Tulsa, OK).
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Results

Scrambling disrupts biological

motion perception

Scrambling the dots of the point-light walker impaired the
biological relevance of the stimulus, but this impairment might depend
on the scrambling method. Therefore, we investigated the proximity to
the walker stimulus of our 14 scrambled stimuli in a motion direction
discrimination task; subjects had to indicate the heading direction of
the displayed stimulus by pressing a button that recorded both their
responses and their response times. We found a strong relationship
between those two measures (Fig. 11.2A). The parabola (R?* = 0.96)
that fit those points indicated that the maximum response time was
close to the maximum uncertainty about motion direction (maximum
of uncertainty: 50% correct responses; maximum of the parabola at x
= 46.3). In some instances, the more stimulus direction was
ambiguous, the more uncertain subjects were about the specific
direction and the more time it took them to indicate the direction in
which the stimulus was heading. On the other hand, some stimuli
were less ambiguous and the response time was shorter. In these
cases, uncertainty was reduced, even if the directions reported were
wrong (uttermost left point on Fig. Ill.2A). Nonetheless, the
uncertainty about stimulus direction was much larger for any
scrambled stimulus than for the point-light walker, as indicated by the
longer reaction time for scrambled stimuli (>1088 ms), compared to
the response time for the biological motion stimulus (inter-subject
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mean: 754 ms, inter-subject standard deviation SD: 106 ms). To
avoid confounding results that may arise from differences in
uncertainty about motion direction in our behavioral experiment, we
focused on the nine stimuli with the maximum uncertainty (25-75% of
correct answers).

Psychophysics — Psychophysics vs. behavior
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Figure Ill.2: A) Relationship between the average response time and
the average percentage of correct responses across subjects
measured during the psychophysics experiment. Each dot represents
a different scrambled point-light walker. The line represents a
parabola that was fit to the data, for which the equation was inserted
in the panel. The filled dots were those considered for the subsequent
analyses (panel B and Fig. lll.3A). Error bars represent standard error
of the mean. B) Correlation between the percentage of correct
responses reported during the psychophysics experiment and the
smooth eye velocity measured 100 ms after pursuit onset during the
behavioral experiment. Each dot represents one scrambled stimulus
and represents the average across subjects. Stimulus velocity was 15
deg/s.
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The smooth pursuit response is
influenced by the stimulus type

To test whether proximity to the walker affected the reactive
smooth pursuit response in human subjects, we recorded the smooth
pursuit response elicited by a biological point-light walker (BM) or by
a control stimulus that was a scrambled version of the point-light
walker (SCR; nine possible stimuli; black dots in Fig. IIl.2A). We
predicted that the biological motion content of the stimulus might
influence the latency of the motor response and/or its strength. We
found that the latency of the smooth pursuit response was not
influenced by the stimulus type (BM: 113 ms; SCR: 116 ms; ANOVA:
F(1, 7) = 3.57, p = 0.1). In contrast, the stimulus type strongly
influenced the velocity of smooth pursuit eye movements, as can be
seen in Fig. Ill.3A and in Fig. Ill.4, which shows the inter-subject
average of eye velocity as a function of time for the BM and SCR
stimuli (time was synchronized with pursuit onset). The pursuit
velocity observed in response to a BM stimulus is between 5 and
10% larger than the velocity measured in response to a SCR
stimulus. A repeated measures ANOVA, with stimulus type (BM or
SCR) and velocity as within-subject factors, indicated that, 150 ms
after pursuit onset, there was a significant main effect of stimulus type
on smooth eye velocity (F(1, 7) = 14.78, p = 0.006), whereas the
interaction between stimulus type and speed was not (F(2, 14) =
0.81, p = 0.46).

Therefore, 150 ms after pursuit onset, smooth eye velocity
evoked by biological motion was significantly higher than smooth eye
velocity evoked by the scrambled stimuli for all stimulus velocities.
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Fifty milliseconds earlier, there was already a trend for the influence
of stimulus type on smooth eye velocity as early as 100 ms after
pursuit onset (ANOVA: F(1, 7) = 4.91, p = 0.06). As shown in Fig.
I11.3A, the facilitating effect of biological motion lasted for several
hundred milliseconds during visual pursuit, although the speed of the
stimulus was the same. For instance, smooth eye velocity 400 ms
after pursuit onset was higher for BM than for SCR stimuli (F(1, 7) =
8.59, p = 0.022).

Pursuit initiation 1is
influenced by local biological

motion perception

To test whether the differences in proximity to the walker
among the scrambled stimuli were reflected in the behavioral
responses, we tested the correlation between the psychophysics and
behavioral responses. We found a strong correlation between the
percentage of correct responses in the psychophysics experiment
and the level of smooth eye velocity measured 100 ms after pursuit
onset in the first behavioral experiment (Fig. Ill.2B, fastest target
velocity, Spearman correlation: R = 0.78, p = 0.01). This correlation
was still present 50 ms later (Spearman correlation: R = 0.68, p =
0.042) but disappeared afterwards. In addition, for those ftrials, the
average acceleration during pursuit initiation (see Materials and
methods) did correlate with the percentage of correct response
(Spearman correlation: R = 0.7, p = 0.036), a finding that emphasizes
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the differential influence of perceptual mechanisms on pursuit
initiation and maintenance (Wilmer and Nakayama, 2007)

Behavioral experiments
16r A BM 16r B BM

12} SCR 12} INV

Eye velocity (deg/s)
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Figure 111.3: Pursuit velocity profiles. A) Average smooth eye velocity
profiles (thin lines) evoked either by the biological motion stimuli (BM,
black) or by the control stimuli (SCR, scrambled point-light walker, in
red) for all subjects pooled together. Areas surrounding the traces
represent confidence intervals. B) Average smooth eye velocity
profiles (thin lines) evoked either by the biological motion stimuli (BM,
black) or by the control stimuli (INV, inverted point-light walker in
blue) for all subjects pooled together. C) and D) Average difference
between the two average profiles presented in the upper panel (e.g.
panel C: average BM profile minus average SCR profile). Trials were
aligned at smooth pursuit onset (time 0), prior to averaging. Stimulus
velocity was 15 deg/s.
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Saccades cannot account for
the differences in behavior

In addition, we investigated whether the saccades might be
responsible for the observed difference in smooth eye velocity evoked
by the point-light walker or the scrambled stimuli. We found no
significant difference in saccade latency, with respect to the stimulus
motion onset (BM vs. SCR, ANOVA: F(1, 7) = 2.66, p = 0.15) or to
pursuit onset (F(1, 7) = 0.27, p = 0.87). On average, saccade latency
was 113 ms after pursuit onset. Catch-up saccade accuracy was not
influenced by the stimulus type (F(1, 7) = 0.001, p = 0.97) even
though stimulus type tended to influence the amplitude of catch-up
saccades (F(1, 7) = 3.66, p = 0.09). The amplitude of the saccades in
response to the scrambled stimuli (mean = 2.03 deg, SD = 0.90) was
slightly larger than with the biological motion stimulus (mean = 1.94
deg, SD = 0.87 deg). As the saccadic amplitudes evoked by the
scrambled stimuli tended to be larger than for the BM stimuli, any
hypothetical bias of saccades on the measure of smooth pursuit
velocity would reduce the observed difference in smooth eye velocity
between BM and SCR.
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Figure 111.4: Pursuit velocity profiles. Average smooth eye velocity
profiles (thin lines) evoked either by the biological motion stimuli (BM,
black) or by the control stimuli (SCR, scrambled point-light walker, in
red) for all subjects pooled together. Areas surrounding the traces
represent confidence intervals. Trials were aligned at smooth pursuit
onset (time 0), prior to averaging. Stimulus velocity was 5 deg/s (left
panel) or 10 deg/s (right panel).

Inversion of the point—-light

walker influences smooth pursuit

We also performed a third experiment, where the scrambled
stimuli were replaced by an inverted point-light walker. In this
experiment, we were able to reproduce the results obtained with the
scrambled stimuli. We found no difference in pursuit onset in the
smooth pursuit response elicited by the point-light walker and inverted
point-light walker stimuli (BM vs. INV, F(1, 9) = 0.17, p = 0.69). In
contrast, 200 ms after pursuit onset, the smooth pursuit response
elicited by the upright point-light walker was higher than the response
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elicited by the upside-down walker (Fig. 111.3B and Fig. lll.5, ANOVA:
F(1, 9) = 16.06, p = 0.003). This difference lasted a few hundreds of
milliseconds. Indeed, at 400 ms, the smooth eye velocity was
different between the two stimuli (F(1, 9) = 34.5, p = 0.0002). Again,
catch-up saccade latency, amplitude or accuracy was not different
between the two conditions (ANOVAs, latency: F(1, 9) = 0.051, p =
0.83; amplitude: F(1, 9) = 0.019, p = 0.89; accuracy: F(1, 9) = 0.03, p
=0.86).
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Figure 111.5: Pursuit velocity profiles. Average smooth eye velocity
profiles (thin lines) evoked either by the biological motion stimuli (BM,
black) or by the control stimuli (INV, inverted point-light walker in
blue) for all subjects pooled together. Trials were aligned at smooth
pursuit onset (time 0), prior to averaging. Stimulus velocity was 5
deg/s (left panel) or 10 deg/s (right panel).
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Biological motion facilitates

smooth pursuit

Finally, to test whether normal biological motion facilitated
pursuit or scrambled biological motion impaired pursuit, we analyzed
the trials during which only the hip dot was presented on the screen.
Indeed, it has been reported that adding coherently moving dots
facilitates smooth pursuit eye movements (Heinen and Watamaniuk,
1998; Watamaniuk and Heinen, 1999). Therefore, we compared the
smooth pursuit response to the BM, INV and DOT stimuli.
Interestingly and consistently with those studies, we found that pursuit
velocity was higher for the BM and INV stimuli than for the DOT
stimuli during the very early part of the pursuit response. Indeed, at
50 and 100 ms, smooth eye velocity was larger for the BM and INV
than for the DOT stimulus (Tukey Post-Hoc test: BM vs. DOT: p =
0.013 and INV vs. DOT: p = 0.003). In contrast, 200 ms after pursuit
onset, when we observed a difference between the smooth eye
velocity elicited by the BM and INV stimulus, the response to the DOT

stimulus was smaller than to the BM stimulus (Tukey Post-Hoc: p
0.03) but not different from the INV stimulus (Tukey Post-Hoc: p
0.4). This last result shows that biological motion did facilitate smooth

pursuit eye movements.
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Discussion

In the present study, we reported an effect of the proximity of
the stimuli to the walker on the smooth eye velocity during a visual
tracking task. In line with the differential effects of perception during
pursuit initiation and maintenance (Wilmer and Nakayama, 2007;
Rasche and Gegenfurtner, 2009), we found that, during pursuit
initiation, smooth eye velocity was modulated by the proximity of the
scrambled stimuli to the walker measured during our psychophysics
experiment. In addition, during pursuit maintenance, smooth eye
velocity was higher for a point-light walker than for a scrambled
stimulus or inverted point-light walker. As in many other studies
(Ikeda et al., 2005; Lange et al., 2006; Hiris, 2007; Pavlova et al.,
2007; Billino et al., 2008a; Hunt and Halper, 2008; Saygin et al.,
2008), we used Cutting’s algorithm to simulate the point-light walker
stimulus. We considered the use of this algorithm to create our stimuli
as a worst-case scenario, since it has been argued that it could be
suboptimal, compared with biological motion stimuli from human
motion recordings. Therefore, the difference between the biological
and non-biological conditions could have been even bigger, if we had
used a point-light walker based on data from actual human actions;
even though, to our knowledge, the difference between those
techniques has never been clearly demonstrated.

Rather than the proximity to the walker, could the differences
in smooth pursuit response be due to attentional effects? Indeed, it
has been shown that divided attention decreases smooth eye velocity
during pursuit (Souto and Kerzel, 2008). We could also interpret the
dots of the scrambled walkers as distractors, which would reduce the
ability of underlying motion detectors to extract target motion
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information. If motion processing was impaired by the scrambling of
the dots, we would predict that the accuracy of the first catch-up
saccades would be deteriorated as catch-up saccade amplitudes are
influenced by target motion information (de Brouwer et al., 2001,
2002; Orban de Xivry et al., 2006, 2008; Schreiber et al., 2006).
Indeed, Newsome, Wurtz, Dursteler, and Mikami (1985) showed that
temporary lesion of the monkey area MT, which is essential for
motion perception (Born and Bradley, 2005), impairs both the smooth
pursuit performance and the accuracy of catch-up saccades.
Similarly, if attention was divided by the scrambled process because
subjects had to pay attention to several points, we would predict that
the catch-up saccades should be delayed by the divided attention
(Souto and Kerzel, 2008). In our data, we did observe neither a
difference in catch-up saccades accuracy nor a difference in catch-up
saccade latency. In sum, neither attentional factors nor increased
noise due to the scrambling process is likely to explain the difference
in behavior elicited by the BM and SCR stimuli.

The same reasoning can be applied to interpret the difference
in smooth pursuit elicited by BM and INV stimuli. Since the inversion
of the walker is less susceptible to increase the level of noise as the
shape of the walker is still perceptible after the inversion (Sumi, 1984)
and since the accuracy of catch-up saccades was not different
between the point-light walker and its upside-down version, we do not
believe that an increased level of noise due to the inversion was
responsible for the differences in smooth pursuit velocity.

Of course, this does not mean that attention does not play a
role in biological motion processing. However, it shows that the
attentional load is similar in both conditions as it is required to
process biological motion stimuli (Cavanagh et al., 2001; Thornton et
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al., 2002; Thornton and Vuong, 2004) or to filter out irrelevant motion
signals (Khurana and Kowler, 1987; Spering et al., 2006; Spering and
Gegenfurtner, 2007). In addition, the correlation we found between
the results from the psychophysics and behavioral experiments
suggests that local motion cues, which are not impaired by the
scrambling process and which are processed by the bottom-up
pathway, influence the smooth pursuit initiation. Their influence was
only detectable during the pursuit initiation (first 150 ms of the
response). This is reminiscent of the early influence of the low-level
motion processing pathway on pursuit initiation (Wilmer and
Nakayama, 2007). Importantly, dividing attention has little effect on
the low-level, bottom-up pathway (Thornton et al., 2002) and
therefore, attentional factors would not account for this observation.
Finally, we believe that attentional factors might not account for our
results, as the smooth pursuit to the INV stimuli does not appear
deteriorated when compared to a single dot stimulus. Therefore,
biological motion facilitates smooth pursuit.

The effect of biological motion on oculomotor response might
result from the activation of a specific neuronal pathway for biological
motion processing (Grossman et al., 2000, 2005; Saygin et al., 2004;
Saygin, 2007). Evidence from single neuron recordings suggests that
the region of the superior temporal sulcus (STS) of the macaque
monkey is specifically involved in the perception of biological motion.
The network dedicated to biological motion perception is partially
independent of the low-level motion perception network (first- and
second-order motion). Indeed, in humans, disruption of the motion-
sensitive, middle temporal area (MT) did not affect the perception of
biological motion (Vaina et al., 1990; Saygin, 2007; Billino et al.,
2009), whereas a lesion in MT reduced low-level motion perception
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(Komatsu and Wurtz, 1989) and impaired smooth pursuit eye
movements in monkeys (Newsome et al., 1985; Dursteler and Wurtz,
1988). Similarly, psychophysics testing of the low-level motion
perception network (speed discrimination, coherent motion detection,
etc.) showed that processing of motion degraded with age (Sekuler et
al., 1980; Warren et al., 1989; Gilmore et al., 1992; Norman et al.,
2003), whereas the perception of biological motion did not (Norman et
al., 2004; Billino et al., 2008b). In contrast, the third-order motion
processing system, which is strongly influenced by attention (Lu and
Sperling, 2001), was necessary for perceiving biological motion
(Garcia and Grossman, 2008). For instance, patient studies
demonstrated that lesions in the parietal lobe degraded third-order
and biological motion perception, while low-level motion perception
remained intact (Battelli et al., 2003; Billino et al., 2009). In sum, there
are at least two different motion processing pathways: the classical
one, which involves area V5/MT (Born and Bradley, 2005) and a
second, which might rely on the STS area (Perrett et al., 1985;
Barraclough et al., 2006) and be subservient to biological motion
perception. The relative independence of the biological motion and
low-level motion perception networks, together with our results,
suggests that the biological motion perception pathway might directly
influence the smooth pursuit network (lig and Thier, 2008).

It might also be possible that the biological motion network
changes the activity in areas MT/MST, which in turn affect smooth
pursuit. Indeed, the fact that the latency did not differ between the
conditions and that pursuit velocity differed significantly only from 150
ms after pursuit onset would be compatible with this hypothesis. This
possibility is supported by anatomical studies, which showed the
existence of direct and indirect projections from STPa (anterior
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superior temporal polysensory) to the MT complex (Boussaoud et al.,
1990) and studies about implied biological motion, which are in favor
of this hypothesis (Kourtzi and Kanwisher, 2000; Jellema and Perrett,
2003a; Kourtzi et al., 2008). Therefore, it might be that the enhanced
smooth pursuit response to BM resulted from a top-down projection
from STPa to the MT complex, which is the main input of the smooth
pursuit system. These feedback projections might also explain why
people are better at discriminating biological motion than translational
motion (Neri et al., 1998).

To disambiguate between those two hypotheses (direct input
to the smooth pursuit network or feedback projections to the MT
complex), one would need to study patients with lesions covering the
MT complex but not the STS. In this case, smooth pursuit eye
movements would be heavily affected (Newsome et al., 1985;
Dursteler and Wurtz, 1988) but biological motion perception would be
preserved (Vaina et al., 1990; Saygin, 2007; Billino et al., 2009). For
those patients, the direct input hypothesis would predict that their
smooth pursuit response would be impaired to a lesser extent for
biological motion stimuli. In contrast, the feedback projection
hypothesis would predict that the impairment of the smooth pursuit
response would be similar for both biological and non-biological
stimuli.

Our study highlights the necessity to integrate perception and
retinal slip as one input to the smooth pursuit system (Krauzlis and
Stone, 1999), independently of the network that subserves motion
perception. In this respect, because sensitivity for biological is higher
than for translational motion (Neri et al., 1998), we would expect that
our smooth eye velocity will also be more sensitive for biological
motion than for translational motion.
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In our psychophysics experiment, we interpret the percentage
of correct responses as the proximity of the stimulus to the walker
and the response time as the uncertainty about its direction. We are
not aware of any other studies reporting a gradual effect of
scrambling on biological motion. Here, we showed that biological
motion perception is not an ON-OFF mechanism (as shown during
pursuit initiation), but that local motion cues are sufficient to infer a
certain degree of biological motion (for example if the movement of
the feet is still present, Chang and Troje, 2009). Similar local motions,
however, can yield different degrees of biological motion, which could
be explained by the importance of particular points from the display
(Casile and Giese, 2005; Troje and Westhoff, 2006). However, even if
local motion produced a good perception of the heading direction for
some stimuli, the shortest response times recorded during our
psychophysics experiment were still much longer than response
times for biological motion (on average, larger than 1100 ms for SCR
and around 750 ms for BM).

In conclusion, we demonstrated that smooth pursuit eye
movements are sensitive to the degree of proximity to the walker of
the tracked target. These results suggest that the biological motion
perception network is an important input to the smooth pursuit system
and can modulate transformation of visual signals into eye movement
commands. Therefore, biological motion is relevant to both perception
and action.






Chapter IV

Biological motion influences the
visuomotor transformation for

smooth pursuit eye movements

Abstract

Humans are very sensitive to the presence of other living
persons or animals in their surrounding. Human actions can readily
be perceived, even in a noisy environment. We recently
demonstrated that biological motion, which schematically represents
human motion, influences smooth pursuit eye movements during the
initiation period (Orban de Xivry et al., 2010). This smooth pursuit
response is driven both by a visuomotor pathway, which transforms
retinal inputs into motor commands, and by a memory pathway,
which is directly related to the predictive properties of smooth pursuit.
To date, it is unknown which of these pathways is influenced by
biological motion. In the present study, we first use a theoretical
model to demonstrate that an influence of biological motion on the
visuomotor and memory pathways might both explain its influence on
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smooth pursuit initiation. In light of this model, we made theoretical
predictions of the possible influence of biological motion on smooth
pursuit during and after the transient blanking of the stimulus. These
qualitative predictions were then compared with recordings of eye
movements acquired before, during and after the transient blanking of
the stimulus. The absence of difference in smooth pursuit eye
movements during blanking of the stimuli and the stronger visually
guided smooth pursuit reacceleration after reappearance of the
biological motion stimuli in comparison with control stimuli suggests
that biological motion influences the visuomotor pathway but not the
memory pathway.

This chapter has been published : “Coppe S, Orban de Xivry J-J,
Missal M, Leféevre P. Biological motion influences the visuomotor
transformation for smooth pursuit eye movements. Vision Research
50: 2721-2728, 2010.”

Introduction

Perception and action have been hypothesized to be
subserved by the independent ventral and dorsal streams (Goodale
and Milner, 1992). However, data on smooth pursuit eye movements
demonstrated that those two streams are not completely independent
as perception can influence smooth pursuit eye movements (i.e.
action). For instance, a sinusoidally-moving line-figure diamond
perceived through two vertical apertures evokes different eye
movements depending on whether the apertures are visible or not
(Krauzlis and Stone, 1999; Stone et al., 2000) even though the
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physical motion is completely identical in both cases. Similarly, a tilted
line moving horizontally will first evoke oblique eye movements before
the vertical component disappears within 200 ms (Pack and Born,
2001; Masson and Stone, 2002). This temporal dynamics reflects
neuronal dynamics at the level of the middle temporal area (MT; Pack
and Born, 2001; Born and Bradley, 2005), which is the primary input
to the smooth pursuit system (Thier and llg, 2005; Orban de Xivry and
Lefévre, 2007; Lisberger, 2010).

In the framework of modeling the smooth pursuit system, this
interaction between perception and action occurs at the level of the
visuomotor transformation stage, which consists in the transformation
of retinal signals into motor commands (Buneo et al., 2002; Blohm
and Crawford, 2007; Blohm et al.,, 2009). To account for pursuit
maintenance during blanking periods or occlusions (Mitrani and
Dimitrov, 1978; Pola and Wyatt, 1997), smooth pursuit models also
incorporate a predictive component, which consists in a memory that
stores a dynamic representation of target motion (Bennett and
Barnes, 2003; Orban de Xivry et al., 2008). This predictive pathway
allows maintaining non-zero eye velocity when the moving stimulus
disappears from the screen for several hundreds of milliseconds,
although the gain of the response is reduced (Mitrani and Dimitrov,
1978; Becker and Fuchs, 1985; Bennett and Barnes, 2003; Orban de
Xivry et al., 2006, 2008; Bennett et al., 2010).

We recently showed evidence for a specific interaction
between perception and action by demonstrating that a point-light
walker stimulus (Johansson, 1973) evoked a stronger smooth pursuit
response than a control stimulus devoid of biological relevance
(Orban de Xivry et al., 2010). However, it is unclear which part of the
smooth pursuit system is influenced by the percept of biological
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motion. Indeed, biological motion could influence either the
visuomotor transformation stage or the output of the memory
pathway.

The influence of biological motion on the visuomotor
transformation would parallel the studies on the aperture problem
where misleading retinal signals result in a bias during the initiation of
the smooth pursuit response (Beutter and Stone, 2000; Stone et al.,
2000; Pack and Born, 2001; Masson and Stone, 2002). The changes
in smooth pursuit initiation observed in the aperture problem
framework and with the biological motion stimulus could result from a
similar influence on the visuomotor transformation stage. In contrast,
an influence of biological motion on the predictive component of the
smooth pursuit system would be compatible with different situations in
which a trajectory with natural kinematics leads to better prediction of
a moving object than a trajectory with non-natural kinematics. For
instance, human subjects predict more accurately the endpoint of a
given trajectory if this trajectory follows the natural dynamics of a
human arm movement than if the trajectory is not natural (Pozzo et
al., 2006; Saunier et al., 2008). Similarly, the kinematics of the hand
and racket appear to be of particular importance to predict the ball
trajectory from the opponent in tennis (Huys et al., 2008, 2009; Mark
Williams et al., 2009). Note that point-light displays are sufficient to
make such accurate predictions (Munzert et al., 2010). Thus
biological motion appears to enhance the ability to predict.

Given that the percept of biological motion could potentially
influence either the visuomotor transformation or the memory
pathway, the goal of the present study is to investigate which part of
the smooth pursuit system is actually influenced by biological motion.
Using a simplified model of the smooth pursuit system, we will first
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demonstrate that an influence of the biological motion percept on the
visuomotor transformation or on the memory pathway could
theoretically reproduce the results of our previous study (Orban de
Xivry et al., 2010). Namely biological motion stimuli evoke a faster
smooth eye velocity during pursuit initiation than control stimuli. We
will then compare the predictions made by those two hypotheses
during and after the transient blanking of the moving stimuli. These
predictions will be confronted with the results of a behavioral study
during which the stimulus (biological motion or control stimulus) was
blanked temporarily for 800 ms.

Methods

Participants

Thirteen human subjects (four females) participated in the
experiments after informed consent. They were between 22 and 42
years old (mean age of 26.2 years). Eight of them were completely
naive of oculomotor experiments. Eight subjects participated in the
first experiment. Seven subjects (including two subjects from the first
group) participated in the second one. All procedures were approved
by the Université catholique de Louvain Ethics Committee and were
in agreement with the Declaration of Helsinki.
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Stimuli

All trials started with an initial fixation during which a green dot
was visible. Then, we presented either a moving point-light walker or
one of its scrambled versions (see Fig. lll.1). The stimulus appeared
and immediately started to move in a randomized heading direction
for 800 ms, before gradually disappearing behind an invisible
occluder for 800 ms. After the blanking period, the stimulus gradually
reappeared and moved for an additional 800 ms period. The
temporary blanking mimicked the disappearance of a human walker
behind a large object, i.e. it would not disappear and reappear at
once. The type of stimulus (biological motion (BM) or control), its
direction (leftward or rightward), and its velocity (5, 10 or 15 deg/s)
were selected at random for each trial. Typically, subjects performed
three sessions of this experiment and each session contained 13
blocks of 30 ftrials. In the first experiment, the control stimulus
consisted of a scrambled walker (SCR) that was chosen randomly
from a set of nine stimuli for each block. In the second experiment,
the control stimulus was the inverted walker (INV), which is known for
being devoid of biological relevance.

The point-light walker was created using Cutting’s algorithm
(Cutting, 1978) and consisted of a green hip dot and 10 red dots
representing other body joints (7.2 degrees in height). Subjects were
asked to pursue the green hip dot. The scrambled control stimulus
was obtained by shuffling the mean vertical position of the 10 red dots
(all dots except the hip dot) to disrupt the global form while keeping
the same local motion for the 10 red dots (see Eq. Ill.1 to Eq. III.6 for
details). Subjects were asked to pursue the hip dot that was
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highlighted in green and had identical motion whatever the stimulus
type (see Fig. lll.1).

Apparatus and data analysis

Subjects were seated in a dark room with their head
restrained by a chin-rest and faced a 1.5 m distant tangent screen
that spanned 40 degrees of their visual field. Stimuli were projected
onto the screen with a cine8 Barco projector (Refresh rate: 100 Hz;
Barco NV, Belgium). Eye movements were recorded at 200 Hz using
a Chronos Eye Tracker (Skalar Medical BV, The Netherlands) and
with an Eyelink 1000 (SR Research Ltd., Ottawa, Ontario, Canada) at
1000 Hz for the three last subjects.

Eye movements were low-pass filtered at 45 Hz and velocity
and acceleration signals were derived from position signals using a
central difference algorithm on a +10 ms interval. Saccades were
detected using a 500 deg/s? acceleration threshold. Those saccades
were removed from the smooth eye velocity trace (see details in de
de Brouwer et al., 2002). Given that the vertical component of eye
velocity was very small (below 3 deg/s), the analyses focus on the
horizontal component of eye velocity. The analyses were aligned on
stimulus onset. Trials were selected manually (no blink during the
trial, no come back of the eye to the fixation point during blanking,...).
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Model

The motivation for this chapter is to show the efficiency of a
simple model to assess different hypotheses. In order to test if the
advantage of the BM stimulus is coming either from the visuomotor
processing or from the memory, we designed the simplest pursuit
model composed of these two different parts. This model, based on
previous models (see below for details), is therefore much simpler
than the one presented in Chapter Il. The model used here is
deterministic and simply sums the two signals coming from the
visuomotor transformation and from the memory loop. Therefore, this
model is not able to reproduce several simulations shown in Chapter
Il, as for instance the anticipatory pursuit during a gap period or the
sinusoidal pursuit.

Our model incorporated two main elements: a visuomotor
transformation process and a memory pathway (Fig. 1V.1A). In our
model, the retinal slip is computed from the subtraction of the eye
velocity from the target velocity. This signal is delayed by 100 ms and
sent to the visuomotor transformation box as in Krauzlis and Miles
(1996b). This box is composed of two parallel pathways. In the image
acceleration pathway, the retinal slip signal is first differentiated (i.e.
acceleration error) and then transformed into motor commands by the
following equation:

(-2
T2 Eq. IVA
y=a sgn(x) e *¢ g

where y is the resulting motor command and x the
acceleration error signal.
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The constants a, b and ¢ are set to 90, 200 and 62,
respectively (same values as in (Krauzlis and Miles, 1996b). The
image velocity pathway transforms the retinal slip signal into motor
commands through a linear scaling with gain a. The outputs of the
two pathways are then summed together. The motor command
resulting from the visuomotor transformation is then summed up with
the output of the memory pathway before being sent to the eye plant
(modeled as a low-pass filter with a time constant of 150 ms). To
simulate the effect of biological motion on the visuomotor
transformation, we set the gain a to 11 for control stimuli and 13 for

the biological motion stimuli. Krauzlis and Miles (1996b) set a to 12.

The memory pathway works as a short-term memory. It
contains an integrator that sums the motor commands within the local
feedback loop until the output of the memory pathway matches the
current motor commands (Bennett and Barnes, 2003). This output of
the memory pathway is then multiplied by a memory gain § before
being summed with the signal coming from the visuomotor
transformation. The memory gain B is modulated by the blanking of
the target and reinstated to its initial value to account for predictive
velocity recovery before the end of the blanking period (Bennett and
Barnes, 2003). To simulate the effect of biological motion on the
memory pathway, we made (3 reach its maximum value faster (for
biological motion pursuit initiation and pursuit recovery after blanking).
The value of the different parameters was not fit to our data but was
inferred from existing models. Our model is only a tool to make
qualitative predictions for both hypotheses.
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Figure IV.1: (A) Smooth pursuit model of the ocular pursuit. The
visuomotor transformation is adapted from Krauzlis and Miles
(1996b). The memory pathway is adapted from Bennett and Barnes



Chapter IV -141 -

(2003). The parameter o represents the gain of the visuomotor
pathway and plays an important role in the transformation of the
retinal slip into motor command. The parameter 8 is in the memory
pathway, and represents the expectation to perceive an upcoming
target. s corresponds to Laplace operator for derivative. Visual
feedback delay 1 = 0.1 s. B and C) Simulations of the pursuit gains
for pursuit initiation by two different models corresponding to the two
hypotheses. (B) Prediction when the visuomotor pathway gain is
modulated by BM (a=13 for BM and a=11 for SCR). (C) Prediction
when the gain of the memory pathway is modulated by BM. Top
insets: gains of the memory pathway (B) evoked either by the
biological motion stimuli (BM, blue) or by the control stimuli (SCR,
red). Bottom graphs: Velocity smooth pursuit gains. Blue traces are
BM-related and red are SCR-related. Black corresponds to a unitary
velocity gain. Grey area represents the blanking of the stimuli. X-axis
is time whereas Y-axis is the gain of the pursuit. (D) Average gain of
the smooth pursuit from experimental data, evoked either by BM or by
SCR during pursuit initiation. Areas surrounding the traces represent
confidence intervals.

Results

Pursuit initiation

In our model, increasing either the gain of the visuomotor

transformation (o) or the gain of the memory pathway (B) could



-142 - Chapter IV

qualitatively reproduce the increase in smooth eye velocity observed
in our previous experiment during pursuit initiation. Namely, biological
motion stimuli evoke a transiently larger smooth eye velocity than
control stimuli. In the case of the visuomotor transformation
hypothesis, we increased the gain of the transformation of retinal slip
into motor command (a, see Fig. IV.1A) by 20% when the stimulus
was biologically relevant, which produced a larger eye velocity during
pursuit initiation (Fig. IV.1B). In the case of the memory pathway
hypothesis, the memory gain (B, see Fig. IV.1A) more rapidly reached
its maximum (Fig. IV.1C, top insets). Therefore, this faster increase of
the memory gain also produced a larger smooth eye velocity during
pursuit initiation (Fig. IV.1C). In our dataset (see Methods), we did
observe a significant advantage to pursue biological motion (BM)
instead of a scrambled stimulus from 150 ms to 500 ms after pursuit
onset (Fig. IV.1D). For instance, a repeated measure ANOVA, with
stimulus type (BM or SCR) and stimulus velocity as within subject
factors indicated a main effect of stimulus type on smooth pursuit
velocity 300 ms after stimulus onset (F(1, 7) = 22.3, p = 0.002) but no
interaction between stimulus type and stimulus velocity (F(2, 14) =
0.26, p = 0.77).

Although both hypotheses might explain the difference in the
smooth pursuit initiation observed in experimental data, these two
hypotheses made very different predictions during and around the
time of target blanking. These differences will be explained in the
following paragraphs and tested against experimental results
recorded during and after the temporary blanking of the moving
stimuli.
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Blanking period and predictive

recovery

During the transient blanking of the pursued target, the
smooth pursuit response is solely driven by the memory pathway
given that there are no visual inputs. Therefore, any difference in the
visuomotor transformation will not produce differences in behavior
during blanking periods. In contrast, differences in memory gain will
result in differences in behavior during blanking. For instance, if the
biological motion influenced the plateau value of the memory gain j3,
it would influence the minimum of speed velocity during the blanking.

The B parameter used in this model plays the same role as the G

nt

gain used in Chapter II.

To account for predictive recovery of smooth eye velocity
during blanking of the target, several authors have hypothesized that
the memory gain is reinstated to its maximal value before the end of
the occlusion. Under the memory loop hypothesis, the reinstatement
of B would be faster during the blanking as it was during the initiation.
Therefore, the memory loop hypothesis predicts a higher predictive
velocity recovery for the biological motion stimuli than for the control
ones (Fig. IV.2B). Again, no difference is expected from the
visuomotor transformation hypothesis (Fig. IV.2A).
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Figure IV.2: Comparison between simulations and experimental data
for the blanking period. Top insets (A and B): gains of the visuomotor
pathway (o) and the memory pathway (B) for the biological motion
stimuli (BM, blue) or the control stimuli (SCR, red). Bottom: prediction
when the visuomotor pathway gain o is modulated by BM (A) or
when the gain B of the memory pathway is modulated by BM (B).
Blue traces are BM-related and red are SCR-related. Grey area
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represents the blanking of the stimuli. X-axis is time whereas Y-axis is
the gain of the pursuit. (C) Average gain of the smooth pursuit from
experimental data, evoked either by BM or by SCR. Areas
surrounding the traces represent confidence intervals.

The analysis of smooth pursuit velocity of human subjects
during the blanking period did not reveal any significant difference (no
effect of stimulus type on velocity measured each 50 ms from the
beginning to the end of the blanking; all p > 0.3) between the two
types of stimuli (Fig. IV.2C). For instance, 200 ms before
reappearance of the stimuli, a repeated measure ANOVA, with
stimulus type (BM or SCR) and stimulus velocity as within subject
factors indicated no main effect of stimulus type on smooth pursuit
velocity (F(1, 7) = 0.085, p = 0.78), whereas there was a main effect
for stimulus velocity (F(2, 14) = 72.6, p < 0.001).

The comparison of eye velocity evoked by BM and control
stimuli around the time of target reappearance (before visual
feedback can influence the smooth pursuit response) did not reveal
any significant difference in predictive recovery. We measured the
predictive recovery by subtracting eye velocity measured 200 ms
before the end of blanking from eye velocity measured 50 ms after
target reappearance (before any influence of visual feedback). The
change in smooth pursuit gain during the predictive recovery ranged
from 0.13 to 0.2 for the different conditions and was significantly
larger than zero in all six conditions (two stimulus types and three
stimulus velocities; paired t-test, all p < 0.002; Bonferroni correction
requires all p < 0.008). A repeated measure ANOVA on smooth
pursuit gain with time (200 ms before and 50 ms after target
reappearance), stimulus type (BM or SCR) and stimulus velocity as
within subject factors demonstrated the significance of the predictive
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recovery (main effect of time, F(1, 7) = 22.9, p = 0.002). This measure
significantly varied with stimulus velocity (interaction between time
and stimulus velocity, F(1, 7) = 7.15, p = 0.007) as it was larger for
smaller stimulus velocities. However, this analysis did not reveal any
significant effect of stimulus type on the predictive recovery (main
effect, F(1, 7) = 0.61, p = 0.46; interaction between time and stimulus
type, F(1, 7) = 0.001, p = 0.97; between velocity and stimulus type,
F(2, 14) = 0.006, p = 0.99; three way interaction, F(2, 14) = 0.05, p =
0.95).

In sum, our behavioral data appear to reject any influence of
the percept of biological motion when this stimulus is not present on
the screen. Thus biological motion does not influence the predictive
component of the smooth pursuit response. This conclusion seems
incompatible with the memory pathway hypothesis.

Visually—guided reacceleration

When motor commands are again partially driven by visual
feedback (>100 ms after target reappearance), the visuomotor
transformation hypothesis predicts some differences between the
smooth eye velocity evoked by biological motion stimuli and by
control stimuli. Indeed, given the residual retinal slip present after
target reappearance, the visuomotor transformation hypothesis
predicts a stronger reacceleration in the case of biological motion
stimuli than in the case of control stimuli (Fig. IV.3A). In contrast, the
differences observed following the memory hypothesis arise from the
differences predicted during the occlusion (Fig. IV.3B).
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Our analysis revealed that the behavior was consistent with
the visuomotor transformation hypothesis. Indeed, ANOVA on smooth
eye acceleration between 100 and 250 ms after stimuli reappearance
exhibited a significant main effect of stimulus type (F(1, 7) = 19.11, p
= 0.003) and of target speed (F(1, 7) = 2217, p < 0.001).
Independently of target speed (F(2, 14) = 2.51, p = 0.11), the visually
guided acceleration evoked by biological motion between 100 and
250 ms after stimulus reappearance was significantly larger than the
one evoked by the scrambled stimuli (Fig. 1V.3C). This higher
acceleration for BM than SCR resulted in a higher velocity from 150
ms to 350 ms after reappearance (main effect on stimulus type on
pursuit velocity 150 ms after stimulus reappearance: F(1,7)=3.2,p =
0.031).

Our results are independent of the type of control stimuli as
we reproduced the same results in a second experiment where the
scrambled walker was replaced by the inverted walker (Fig. IV.4A).
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BM (A) or when the gain B of the memory pathway is modulated by
BM (B). Blue traces are BM-related and red are SCR-related. Black
corresponds to a unitary velocity gain. Grey area represents the
occlusion (blanking of the stimuli). X-axis is time whereas Y-axis
shows the gain of the pursuit. (C) Average gain of the smooth pursuit
from experimental data, evoked either by the BM or by SCR. Areas
surrounding the traces represent confidence intervals.

As summarized on Fig. IV.4A and B (green trace), the
biological motion stimuli evoked a larger smooth eye velocity gain
than the inverted walker both during pursuit initiation (main effect of
stimulus type on eye velocity gain 300 ms after target onset: F(1, 6) =
21.7, p = 0.009) and during the reacceleration after the transient
blanking of the target (main effect of stimulus type on eye
acceleration computed between 100 and 250 ms after stimulus
reappearance: F(1, 6) = 48.4, p < 0.001). The influence of the type of
stimulus on the smooth pursuit response occurred earlier at
reappearance (around 150 ms after target reappearance) than during
pursuit initiation (around 260 ms after stimulus onset).
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between the pursuit gains evoked by BM and by SCR (red trace) and
between the pursuit gains evoked by BM and by INV (green trace)
versus time. C) The upper horizontal bar shows the periods where the
difference between the pursuit responses evoked by BM and SCR
(red) is larger than a given threshold. This threshold corresponds to
the average 99% confidence interval of the difference between
pursuit gains evoked either by BM and SCR during all the trial. The
two lower bars represent the periods during which there is a
theoretical difference between pursuit induced by BM or a control
stimulus (SCR).

Independently of the control stimulus, there is an important
difference in gain during smooth pursuit initiation (Orban de Xivry et
al., 2010) and after reappearance of the target (Fig. IV.4B). This last
result reflects a larger visually-guided pursuit reacceleration evoked
by biological motion. The upper bar in Fig. IV.4C shows the significant
difference between the pursuit response evoked by BM and SCR. We
used a threshold (difference of velocity gains of 0.037) based on the
average 99% confidence interval of these differences during the trial.
The two lower bars show the qualitative difference between the
theoretical predictions for BM and SCR, for both hypotheses. This
schema summarizes our results and shows that the influence of
biological motion on the smooth pursuit response observed in the
experimental data is likely due to changes in the visuomotor
transformation pathway.
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Discussion

In this paper, we investigated the influence of the biological
motion percept on the smooth pursuit system. We hypothesized that
biological motion could either influence the transformation of motion
perception into motor commands or increase the reliance of the
system on its predictive pathway. Although we found that both
hypotheses could account for the observed difference during pursuit
initiation, the absence of difference in predictive smooth pursuit
during the transient blanking of the stimulus appeared to rule out the
influence of the biological motion stimulus on the predictive pathway.
In contrast, the observation that reacceleration after the blanking
period was again facilitated by the biological motion stimuli with
respect to control stimuli appeared to support an influence of
biological motion on the visuomotor transformation process.

The influence of perception on smooth pursuit initiation has
also been studied in the framework of the aperture problem (Pack
and Born, 2001) where a tilted stimulus that is moving horizontally is
initially perceived moving in an oblique direction (Marr and Uliman,
1981). Similarly to our study, this percept of an oblique moving
direction influences smooth pursuit eye movements, i.e. this percept
initially biases smooth pursuit eye movements towards the oblique
direction. The influence of the aperture problem and of biological
motion on the visuomotor transformation clearly differs. Indeed, unlike
our study, the reacceleration phase after a short blanking period of a
tilted diamond stimulus that is moving horizontally does not exhibit the
same vertical deviation as during pursuit initiation (Masson and
Stone, 2002).
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Two possible explanations might account for this difference.
On one hand, the blanking period used by Masson and Stone (2002)
might have been too short (90 ms) to cause a sufficiently large
reduction in eye velocity. A higher reduction in eye velocity during the
blanking period would have required a higher involvement of the
visuomotor transformation process during the reacceleration phase.
Consequently, oblique eye movements might have been evoked
again during the reacceleration phase. On the other hand, the
biological motion perception and the tilted line perception are thought
to be mediated by different neuronal substrates and might therefore
impact different stages of the visuomotor transformation. Indeed,
object motion is processed by MT (Pack and Born, 2001; Born and
Bradley, 2005) whereas biological motion is processed by the
posterior part of superior temporal sulcus (STS) and the anterior
portion of the intraparietal sulcus (IPS) among others (Oram and
Perrett, 1994; Decety and Grezes, 1999; Grezes et al., 2001; Billino
et al., 2009). In addition, MT lesion does not abolish biological motion
perception (Vaina et al., 1990; McLeod et al., 1996). Therefore, the
difference in the reacceleration phase could also be due to
differences in neural substrates.

It was possible for Lisberger and Movshon (1999) to
reconstruct image velocity (input of the visuomotor transformation)
with a distributed response recorded in MT in monkeys. MT is
essential for both motion perception (Born and Bradley, 2005) and
smooth pursuit eye movements (Newsome et al.,, 1985). The
biological motion network could act directly (in parallel to MT) or
indirectly (via MT/MST) on the visuomotor transformation process.
Projections from STS to MT/MST have been demonstrated
anatomically in monkeys (Boussaoud et al., 1990) and hypothesized
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to be responsible for the activation of these areas in the case of
implied human motion (Jellema and Perrett, 2003a).

In other contexts, perception of human action has been shown
to influence action production, hence the visuomotor transformation
stage (see Blake and Shiffrar (2007) for review). Observing actions
performed by a human actor, not a robot, can influence the
production of other actions (Kilner et al., 2003). In one study, visual
presentation of a finger movement slows down the reaction time to
initiate another finger movement (Brass et al., 2001) and this finding
has been reproduced in another study with grasping movements
(Craighero et al., 2002). These results illustrate that perception of
human action can influence the visuomotor transformation process
(for arm or hand movements but also for pursuit eye movements).

In addition, action can also influence perception (Grezes et al.,
2001; Hamilton et al., 2004; Casile and Giese, 2005; Schitz-Bosbach
and Prinz, 2007). For instance, Jacobs and Shiffrar (2005) showed
that discriminating point-light walker speed is disrupted by concurrent
walking of the observer. In sum, an observer’s own activity influences
his/her perception of the activity of other people. Therefore, the link
between perception and action is then present in both ways (Blake
and Shiffrar, 2007).

Finally, the absence of influence of the biological motion on
the predictive pursuit response during the temporary blanking of the
target was unexpected for several reasons. First, observation of
biological motion leads to better prediction than when this component
of motion is absent (Huys et al., 2008, 2009; Mark Williams et al.,
2009). Second, some neurons in STS that are selectively responsive
to biological motion (Oram and Perrett, 1994; Puce and Perrett, 2003)
continue to respond when the initially visible moving walker
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disappears behind an occluder (Baker et al., 2001; Jellema and
Perrett, 2003b). These cells showed their highest levels of activity
when the walker was totally hidden from view. Although it did not
influence the predictive smooth pursuit response, the maintenance of
BM-related activity during occlusion might result in a priming effect for
biological motion and be responsible for the earlier effect observed at
target reappearance. On the basis of those two observations,
biological motion could have yielded a better prediction based on an
improved internal representation of the biological relevant stimulus.

In conclusion, the present study shed some light on how
biological motion acts on the smooth pursuit system. Although
biological motion does not influence the response of the smooth
pursuit system during blanking periods, it does during initiation phase
of the response and during the reacceleration phase after the
blanking period. Importantly, during those periods, the smooth pursuit
response was primarily driven by retinal inputs. Therefore, we
conclude that biological motion influences the visuomotor
transformation for smooth pursuit eye movements.






Chapter V
Dramatic impairment of
prediction due to frontal

lobe degeneration

Abstract

Prediction is essential for motor function in everyday life. For
instance, predictive mechanisms improve the perception of a moving
target by increasing eye speed anticipatively, thus reducing motion
blur on the retina. Subregions of the frontal lobes play a key role in
eye movements in general and in smooth pursuit in particular but their
precise function is currently not firmly established. Here, the role of
frontal lobes in the timing of predictive action is demonstrated by
studying predictive smooth pursuit during transient blanking of a
moving target in mild frontotemporal lobar degeneration (FTLD) and
Alzheimer’s disease (AD) patients. While control subjects and AD
patients predictively reaccelerated their eyes before the predicted
time of target reappearance, FTLD patients did not. The difference
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was so dramatic (classification accuracy > 90%) that it could even
lead to the definition of a new biomarker. In contrast, anticipatory eye
movements triggered by the disappearance of the fixation point were
still present before target motion onset in FTLD patients and visually-
guided pursuit was normal in both patient groups compared to
controls. Therefore, FTLD patients were only impaired when the
predicted timing of an external event was required to elicit an action.
These results argue in favor of a role of the frontal lobes in predictive
movement timing.

This chapter has been published: “Coppe S, Orban de Xivry
J-J, Yiiksel D, Ivanoiu A, Lefévre P. Dramatic impairment of
prediction due to frontal Ilobe degeneration. Journal of
Neurophysiology (in press), 2012.”

Introduction

Prediction is a corner stone of human motor function. It is
used to improve the perception of a moving object (Orban de Xivry
and Lefévre, 2007; Barnes, 2008), to avoid the slippage of a
handheld object during its transport (Flanagan and Wing, 1997) or to
anticipate the consequences of one's own actions (Blakemore et al.,
2000). In the present study, we focus on predictive mechanisms
active during smooth pursuit eye movements that are normally used
to overcome sensorimotor delays (Carl and Gellman, 1987).

Predictive smooth pursuit eye movements are especially
highlighted when the fixation cue disappears for a few hundred
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milliseconds before target motion onset (Kowler and Steinman,
1979a, 1979b, 1981; Barnes et al., 1987; Boman and Hotson, 1988,
1989; Barnes and Asselman, 1991, 1992; Kowler, 2011) or when the
target transiently disappears from the visual environment (Mitrani and
Dimitrov, 1978; Becker and Fuchs, 1985; Barnes, 2008). In this case,
smooth pursuit eye movements are maintained in the absence of
visual feedback through predictive mechanisms.

During this blanking period, smooth pursuit eye velocity
decreases to a plateau value (Becker and Fuchs, 1985; Orban de
Xivry et al., 2006, 2008) and is compensated for by saccades
(Bennett and Barnes, 2003; Orban de Xivry et al., 2009). Moreover, if
the duration of the blanking period is predictable, a predictive eye
reacceleration takes place before target reappearance (Bennett and
Barnes, 2003, 2004; Churchland et al., 2003; Orban de Xivry et al.,
2006). This predictive reacceleration is scaled to upcoming target
velocity (Bennett and Barnes, 2004; Orban de Xivry et al., 2006). It is
present in experiments where target velocity at reappearance
changes from trial-to-trial but can be anticipated from the pre-blanking
period (Bennett et al., 2007). When the same target motion is used in
consecutive trials, it takes three trials to build up an appropriate
predictive reacceleration (Bennett et al., 2010). In contrast, such a
predictive reacceleration is absent when the duration of the blanking
period is unknown (Orban de Xivry et al., 2008).

Three lines of evidence highlight the implication of the frontal
lobes in predictive smooth pursuit in humans (Sharpe, 2008). First,
fMRI studies found changes in activation during predictive smooth
pursuit in the frontal eye fields (FEF), the supplementary motor area
(SMA), including supplementary eye fields (SEF), and the
dorsolateral prefrontal cortex (DLPFC) (Schmid et al., 2001; Lencer
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et al.,, 2004; Nagel et al.,, 2006, 2007). Second, anticipatory and
visually-guided smooth pursuit eye movements are impaired in stroke
patients when frontal areas are damaged (Morrow and Sharpe, 1995;
Heide et al.,, 1996; Lekwuwa and Barnes, 1996). Third, disrupting
FEF activity by transcranial magnetic stimulation impairs predictive
pursuit whereas disrupting the SEF affects the phase around the time
of target direction reversal (Gagnon et al., 2006; Nyffeler et al., 2008).
However, the functional significance of these findings remains
unclear.

In monkeys, the role of the FEF and SEF subregions of the
frontal lobes in smooth pursuit is still much debated and three
hypotheses have been presented. Based on recordings of FEF
neurons during target blanking, Ferrera and colleagues suggested
that the FEFs contain an internal motion representation (Barborica
and Ferrera, 2003, 2004; Xiao et al., 2007). Based on smooth pursuit
perturbation, Tanaka and Lisberger identified FEF neuron responses
consistent with a gain controller for visually-guided pursuit (Tanaka
and Lisberger, 2001, 2002). Finally, the behavior of FEF neurons
during visually-guided and anticipatory smooth pursuit might also be
consistent with a role of FEF in timing representation (de Hemptinne
et al., 2008; Schoppik et al., 2008; Li and Lisberger, 2011). One goal
of this study was therefore to investigate which function of the pursuit
system will be impaired by the degeneration of the frontal lobes of
human brain.

To do so, we compare the predictive abilities of frontotemporal
lobar degeneration (FTLD) patients to those of age-matched control
subjects and Alzheimer's disease patients (AD). Previous studies
have shown that a subset of FTLD patients performed significantly
worse during an anti-saccade task (Meyniel et al., 2005; Boxer et al.,
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2006; Garbutt et al., 2008) and exhibited a lower eye velocity during
the steady state pursuit (Boxer et al., 2006; Garbutt et al., 2008).
Some FTLD patients could also present larger saccade latencies and
smaller visually guided saccade velocity and gain (Boxer et al., 2012;
Burrell et al., 2012). Frontotemporal lobar degeneration (FTLD) is a
neurodegenerative disorder that is associated with degeneration of
the frontal and/or anterior temporal lobes with relative sparing of more
posterior cortical regions. The frontal eye fields (FEF) and the
supplementary motor area (SMA) are among the first areas impaired
by this neurodegenerative process (Broe et al., 2003). Neurologically,
it distinguishes from AD because at its early stage, the frontal lobes
are relatively spared (Nelson et al., 2009; Aries et al., 2010; Vemuri et
al., 2011).

Therefore, the comparison of the predictive tracking behavior
of FTLD and AD patients will highlight the importance of the integrity
of the frontal lobes in the control of predictive smooth pursuit.

Materials and Methods

Participants

Eye movements of 14 patients (three females) with mild FTLD
were recorded. They were between 49 and 82 years old (mean age of
62.9 years, std of 5.9 years). FTLD patients were diagnosed
according to their presentation as behavioral and dysexecutive
frontotemporal dementia (FTD), semantic dementia (SD) and
progressive non-fluent aphasia (PA). All subjects met criteria of Neary
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(Neary et al., 1998) for FTD (8), SD (2) or PA (4). Two FTD patients
also showed signs of motor neuron disease (MND), a well-known
association (Bak and Hodges, 2001; Lomen-Hoerth et al., 2002; Lillo
and Hodges, 2009). Diagnosis was supported by clinical assessment,
neuropsychological evaluation, magnetic resonance imaging,
functional imagery (F-18 FDG PET scanner, Tc-99m HMPAO or ECD
brain scintigraphy) and, in six patients, by cerebrospinal fluid (CSF)
biomarkers assay. One FTD patient carried a mutation in progranulin
(GRN) gene (Chen-Plotkin et al., 2011), another FTD patient
associated with motor neuron disease has a familial history (genetic
assessment ongoing).

Twelve AD patients (three females) participated in the same
experiment. They were between 58 and 85 years old (mean age of
67.3 years, std of 7.3 years). Diagnosis of AD followed the NINCDS-
ADRDA criteria (McKhann et al., 1984). All AD patients underwent
neuropsychological assessment, structural and functional brain
imaging. In ten AD patients the diagnosis was corroborated by
specific biomarkers assessment: either a CSF analysis showing
pathological levels of tau protein and/or amyloid beta42 or a 18F-
flutemetamol amyloid imaging PET scanner displaying senile plaques
in the brain (Vandenberghe et al., 2010). The positivity of CSF and/or
imaging biomarkers in the AD patients supported the diagnosis in
mild cases when the MMSE was above the classical threshold of
24/30 (Jack et al., 2011).

All patients were followed-up by the same neurologist that
made the diagnosis initially (author Al) and were re-examined six
months after the eye recording in order to validate the diagnosis. The
morphological and functional imaging deficits were recorded by the
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same neurologist (Al) who was unaware of the oculomotor
performances of the patients.

Sixteen age-matched control subjects (four females)
participated in the same experiment as control (CTRL) subjects. They
were between 55 and 83 years old (mean age of 64.3 years, std of
4.3 years).

Data of one FTLD patient (from FTD subgroup), one AD
patient and one CTRL subject were excluded based on their
abnormal visually-guided pursuit performance (see “data analysis”
part of the methods). We analyzed the data from thirteen FTLD
patients, eleven AD patients and fifteen CTRL subjects. The patient
demographics as well as their disease related characteristics are
summed up in Table V.1. Magnetic resonance imaging and functional
imagery (F-18 FDG PET scan) of two typical patients (patients
#FTLDS and #AD9) are shown in Fig. V.1.

All procedures were approved by the Université catholique de
Louvain Ethics Committee and were in agreement with the
Declaration of Helsinki. All participants gave their informed consent
prior to participating in the experiment.
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Table V.1: Patient demographics and disease characteristics

Patients | Age | Ed Gend | Type | D Morphological Functional impairment
uc er Dur | impairment
FTLD 1 59 9 M SD 50 temporal pole L, | Temporal, fronto-lateral
frontal L and parietal L
FTLD 2 63 18 M FTD$ | 19 temporo-polar R frontal medial,
orbital & temporal poles
R
FTLD 3 59 20 M PA 25 Normal fronto-lateral, inferior &
SMA L
FTLD 4 60 18 M FTD 30 fronto-insular R bifrontal; temporo-polar R
FTLD 5 58 12 M FTD 24 Bifrontal bifrontal; temporo-parietal
R
FTLD 6 69 18 M SD 24 bitemporo-polar L | temporal L
FTLD 7 73 12 F PA 40 diffuse atrophy bifrontal; premotor,
temporal & parietal R
FTLD 8 66 18 F FTD 42 bifrontal (basal) & | bifrontal
subcortical
FTLD 9 82 20 M PA 60 diffuse atrophy frontal lateral premotor L
FTLD 10 | 55 18 M FTDS$ | 12 diffuse atrophy frontal L
FTLD 11 | 49 10 F PA 16 temporal L temporal L
FTLD 12 | 63 12 M FTD 50 vertex & para | frontal L
hippo L
FTLD 13 | 62 18 M FTD 48 frontal dorso- | bitemporal
lateral & inferior L
MEAN 629 | 15.6 | 10/3 34
AD 1 58 9 M / 48 quite normal superior parietal L
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AD 2 60 20 F / 30 slight diffuse & | parietal L
medial temporal

AD 3 63 15 M / 20 slight diffuse & | parietal & lateral temporal
medial temporal R
AD 4 68 15 M / 18 slight diffuse & | bilateral superior parietal

medial temporal L

AD 5 59 18 M / 62 slight bi-temporal | parietal & posterior
atrophy temporal R
AD 6 79 14 M / 66 diffuse & medial | posterior temporal R

temporal atrophy

AD 7 63 20 F / 50 medial temporal | parietal & posterior
atrophy temporal R

AD 8 74 15 M / 39 slight bi-temporal | posterior temporal R
atrophy

AD 9 85 15 M / 72 medial temporal | medial temporal &
atrophy anterior and posterior

cingulate cortex

AD 10 71 16 F / 60 slight diffuse & | posterior temporal L
medial temporal

AD 11 61 18 M / 42 slight diffuse & | parietal & posterior

medial temporal temporal L

MEAN 67.3 | 15.9 | 8/3 46

Table V.1  “Demographics and imagery characteristics of the
patients”

Educ = Education (in years), Type = syndrome for FTLD patients;
FTD = frontotemporal behavioral subtype, SD = semantic dementia
subtype and PA = progressive aphasia subtype. $ = FTD patients
with motor neuron disease, D Dur = Disease duration (in months)
from the first symptoms observed by the patient (or his/her family)
until the moment of the eye assessment. Morphological and
functional imaging deficits are based on the visual appreciation of the
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neurologist who was unaware of the oculomotor performances of the
patients. For impairments; L = Left and R = Right.

A \-—( FTLD

\

\o o/

Figure V.1: Typical brain imaging of FTLD and AD patients. Magnetic
resonance imaging and functional imagery (F-18 FDG PET scan) of
one typical FTLD patient, with frontal lobes impairment (panel A,
patient FTLD5), and of one typical AD patient, with medial temporal
lobe impairment (panel B, patient AD9).
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Neuropsychological testing

Patients performed a standard neuropsychological battery of
tests that measures several domains of cognition. This includes
verbal tests (e.g. word fluencies) but also tests of executive function:
the Luria series test (non verbal visuo-spatial test) and the TMT test
(no verbal production) (Table V.2). General cognitive performance
was evaluated using the Mini-Mental State Examination (MMSE)
(Folstein et al., 1975). Language was assessed using the LEXIS
Graded Naming Test as well as a Semantic Fluency (animals in 2
min) and Phonemic Fluency (P-words in 2 min) tests (de Partz et al.,
2001). Visuo-spatial processing assessment included the Clock
Drawing Test (Rouleau et al., 1992) and the “Praxis” part of the
CERAD battery (Morris et al., 1988), which consisted in drawing 4
simple shapes. Executive functions were assessed using verbal
fluency tests (see above, de Partz et al., 2001), a variant of “Luria's
graphical or alternating sequences test” which consisted in copying
iteratively some series of geometric forms (local battery, unpublished)
and using the “Trail Making Test”. Long term memory assessment
was completed by using the “Doors test” of the “Doors and people
Test” (Baddeley et al., 1994) and the French adaptation of the RL/RI
16 items Test (Grober and Buschke, 1987; Van der Linden et al.,
2004).
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Table V.2: Scores of neuropsychological tests

Patie M |(D| D [Den|Se| P |CI|C LU ™ T Do | Su Re
nts M| a a (%) Fl h o E R TTi| M | ors m call
S |M|N FI | c R T
Elm| P k p 132 [ B-A| g | /24 | /48 | 16
18 1 B-
A
FTLD | 27 | 5 5 1047 | 11 8 6 [ 10 | 30 45 0 21 15 5

FTLD [ 28 [ O 0 |068| 19| 7 7 11 26 50 0 17 17 6

FTLD | 24 | 2 2 (08| 7 6 7 (10| 27 87 0 15 25 12

FTLD | 28 | 1 1109331 (12| 3 9 | 205 | 58 0 18 23 10

FTLD (29 [ O 0 08229 |16 | 7 9 23 108 | 3 16 30 14

FTLD | 21 | 3 3 1013 | 10| 3 7 11 31 41 0 17 9 2

FTLD (27 ( O [ 11 | 086 | 15| & 6 [ 10 / / / / / /

FTLD (22 [ O 7 | 0841|1920 | 5 9 20 [ 344 | 6 16 26 10

FTLD | 27 | 2 2 [ 066 | 8 4 3 9 19 90 1 8 16 6

FTLD | 28 | 5 5 1079 | 21 5 7 (10| 27 | 204 | 4 12 24 12
10

FTLD (24 [ O 0 034 ]| 8 4 1 7 6 285 [ 6 13 20 7
11

FTLD | 24 | 4 4 (084 ) 28 (14| 7 8 25 59 0 5 8 2

FTLD | 30 | 3 3 09 | 27 | 14| 8 | 10 | 29 51 0 21 22 5
13
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AD1 | 27 | 4 4 (091120 (21| 6 | 10| 31 56 1 12 10 6

AD2 | 24| 2 2 [092]25 (19| 8 | 11 |305 | 37 0 12 5 3

AD3 |26 | 3 |15 (08921 22| 8 | 10 | 31 62 0 12 6 2

AD4 |22 | 6 6 [092 |25 13| 5 | 10| 285 | 88 1 13 3 1

AD5 | 2812 |30 (|08 |18 (20| 7 6 | 195 | 95 1 11 6 3

ADG6 |28 (0|20 081 |14 | 7 8 [ 10 | 22.5 | 261 5 12 9 2

AD7 | 23| 5 5 08|28 |17 | 5 9 15 | 402 | 7 9 3 0

AD8 | 27 | 9 9 078 22| 9 7 9 | 215 | 42 1 7 13 5

AD9 | 27| 1|12 (08429 (12| 8 | 11 | 165 | 69 2 16 10 5

AD10 [ 25 ( 0 [ 16 | 094 [ 36 | 17 | 7 9 | 275 ]| 85 0 14 13 2

AD11 [ 24 | 4 4 (080 )24 (21| 5 8 [205| 209 | 0 17 8 2

MEA | 25 | 1 3. 1070 | 17 [ 9. | 5. | 9. | 23.7 | 118 | 1. | 14. [ 18 7.6
N 919 3 a7 5 7 4 7 9 8

FTLD

MEA | 25 |3. |11 | 087 | 24 (16 | 6. | 9. | 26,7 | 125 | 1. | 12. | 7.8 | 2.7

NAD | 5| 3 4 2 |7 4 6 3

Table V.2 “Neuropsychological results for all patients”

MMSE = Mini Mental State Examination (/30), Da MM = number of
months between the MMSE and the eye recording, Da NP = number
of months between the neuropsychological examination and the eye
recording, Den = Denomination task (two variants of the task: / 64 for
individuals older than 60 years and /80 for younger individuals.
Performance is reported as the percentage of correct response), Se
FI = Semantic Fluency (number of animals in 2 minutes), Ph FI =
Phonemic Fluency (number of P-words in 2 minutes), Clock = Clock
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Test (/8), CER = Praxis part of the CERAD battery (drawing 4 simple
shapes; /11), LUR = variant of “Luria's graphical or alternating
sequences test” (/32), TMT Ti = Trail-Making Test Time (Time of Part
B — Time of Part A), TMT Er = Trail-Making Test Errors (number of
errors in Part B — number of errors in Part A), Doors = Sum of the two
sets of 12 doors (/24), Sum and Recall (last two columns) are coming
from the RL/RI16 test, a French adaptation of the Grober and
Buschke (1987) task with 3 learning trials of 16 items including a
support at the encoding phase by semantic category cueing. Among
the different scores available we considered the sum of the free recall
1-3 (/48) and the free recall after 20 minutes (last column, /16).
Underlined results are considered to be pathological (results inferior
to two standard deviations away from the healthy controls mean,
which is weighted by the age and education of each patient). The
numbers in parenthesis represent the maximum possible score for
each test when relevant. Patient FTLD7 did not conclude all tests.
The two last lines show the mean results for the FTLD group and for
the AD group. Bold values indicate a significant difference between
the two groups (ANOVA with Tukey post hoc, p<0.05).

Stimuli

All trials started with an initial fixation during which a yellow
dot (diameter of 0.8 deg) was visible on one side of horizontal
meridian of the screen (between 25 and 15 deg of eccentricity) for
1000 ms (Fig. V.2). The stimulus disappeared for 300 ms (gap period)
and then immediately started to move toward the center at constant
velocity for 2000 ms. After 600 ms, the target transiently disappeared
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for 800 ms and then reappeared for an additional 600 ms period (test
trials). The direction (leftward or rightward) and the velocity of the
target (10, 15 or 20 deg/s) were kept constant within a block but
changed randomly across blocks. The duration of the block (between
20 and 25 trials) was adjusted for each subject to reduce fatigue
effects. In order to minimize sequence effects, the order in which the
blocks were received was randomized across subjects. The subjects
were instructed to follow the dot even when it was blanked. Each
subject or patient performed between 8 and 12 blocks. So, there were
at least 30 test trials per subject per target velocity. There was a 2
minute break between two consecutive blocks in order to keep the
subjects alert and concentrated.

During the first two trials as well as 3 other trials of each block,
the target was continuously visible (control trials) in order to reinforce
the continuous movement of the target. The visually guided smooth
pursuit gain was measured in these trials. Except the first two, the
control trials were randomly inserted in the block but were always
followed by at least three test trials.
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Fixation (1 s)

Gap (0.3 s)
Ramp (0.6 s)
Blanking (0.8 s)

Ramp (0.6 s)

Figure V.2: Test trials used in the experiments. A yellow target was
projected on a black screen. After one second, a 300 ms gap period
preceded target motion onset. Then, target moved at a constant
velocity for 2 seconds. Target was visible the first 600 ms, and then
was blanked for 800 ms (test trials). Target was visible again the last
600 ms of the trial. Target velocity (10, 15 or 20 deg/s) and direction
(from left to right, as illustrated, or from right to left) were randomly
chosen in the beginning of a block, and were kept constant into the
block.

Apparatus and data analysis

Subjects were seated in a dimly lit room with their head
restrained by a chin-rest and a forehead-rest. They faced a 1.5 m
distant tangent screen that spanned 40 degrees of their visual field.
Stimuli were projected onto the screen with a cine8 Barco projector
(Refresh rate: 100 Hz; Barco NV, Belgium). Eye movements were
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recorded at 1000 Hz using an Eyelink 1000 (SR Research Ltd.,
Ottawa, Ontario, Canada). A calibration was performed at the
beginning of each block.

Eye movements were low-pass filtered at 45 Hz. Velocity and
acceleration signals were obtained from position signals using a
central difference algorithm on a £10 ms interval. Saccade onset and
offset were detected using a 500 deg/s? acceleration threshold. Those
saccades were removed from the smooth eye velocity trace (see
details in de Brouwer et al., 2002). In such a block design, three trials
are required before predictive behavior can be exhibited (Bennett et
al., 2010). Therefore, the test trials were divided into early (first three
test trials, also identified as P1) and late trials (remaining test trials).
The late trials were further divided into three periods P2 (first five of
them), P3 (next five ones) and P4 (remaining trials: between 5 and 10
trials).

In test trials, we measured the residual pursuit gain as the
mean smooth pursuit velocity averaged over a 50 ms period centered
at 500 ms after target disappearance, divided by target velocity. The
same measure was extracted in control trials as a proxy of the
visually-guided smooth pursuit gain. All patients and subjects had a
visually-guided pursuit gain higher than 0.85, except three people
(one FTLD patient, one AD patient and one CTRL subject) that had a
pursuit gain lower than 0.6. These subjects were excluded from
further analyses.

In test trials, the predictive smooth pursuit reacceleration was
measured as the slope of the linear fit for the smooth velocity trace
between 100 ms before target reappearance and 50 ms after this
reappearance, i.e. before any influence of the visual feedback.
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A “heat map” of saccade endpoints during blanking was
computed for each participant in order to analyze the saccadic
behavior. The saccade endpoint was estimated as the position of the
eye when eye acceleration decreased below a 500 deg/s? threshold.
To build the heat map, each saccade endpoint was represented by a
3D-Gaussian curve. The height of each Gaussian for one participant
was equal to 1/x, with x equal the total number of saccades elicited by
this participant during the blanking periods. The y-coordinate of the
center of the Gaussian curve was the horizontal position of the
saccade endpoint, and the x-coordinate of the center of the Gaussian
curve was the time of saccade offset. The heat map for one
participant was obtained by summing up all Gaussians together. The
heat map for one population was constructed as the inter-subject
average of the individual heat-maps. Saccades were tagged as
predictive if they ended at least 200 ms after target blanking whereas
earlier saccades were tagged as visually-guided because they were
likely triggered before target blanking (Orban de Xivry et al., 2009).

An analysis of the interaction between saccades and pursuit
was also performed. To do so, both the saccadic eye displacement
(SAD, sum of predictive saccade amplitudes) and smooth eye
displacement (SED, integral of smooth eye velocity during the
blanking) were obtained and normalized by the target displacement
during the blanking. The relationship between SAD and SED was
quantified by the slope of the linear fit between the two variables
(using the function “robustfit” in Matlab).

For the statistical analyses, data were collapsed across
directions because none of the studied parameters was influenced by
the direction of target motion. ANOVA was performed on intra-subject
mean of the different parameters with group as between-subject
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factor and velocity as within-subject factors. Tukey’s Post Hoc test
was used to evaluate one-to-one differences. Statistical analyses
were performed with Statistica (Statsoft, Tulsa, OK).

Results

Visually—guided and predictive
smooth pursuit

In control trials (target continuously visible), the performance
of the smooth pursuit response was comparable across groups (Fig.
V.3A, dashed traces). This indicates that visually-guided pursuit was
normal in FTLD and AD patients in early course of the disease when
compared to age-matched control subjects (ANOVA main effect of
group on smooth pursuit gain: F(2,36)=0.81, p=0.57). In test trials,
when the target was blanked, subjects continued to track the target
with the same eye velocity for another 100 ms before it decreased
exponentially towards a plateau level. During the first three test trials
of each block (early test trials), eye velocity continued to decay slowly
until 100 ms after target reappearance, i.e. when visual feedback of
target motion became available and elicited a visually-guided
reacceleration (Fig. V.3A, solid traces). In these trials, subjects from
all groups exhibited a similar behavior.

In the late test trials (all test trials except the first three, i.e.
periods P2 to P4), the decay in eye velocity was similar to the one
observed during the early trials for all groups. However, 200 ms
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before target reappearance, subjects from the CTRL and AD groups
increased their eye velocity and exhibited a positive predictive
reacceleration (Fig. V.3B, blue and green traces, respectively). In
contrast, FTLD patients failed to reaccelerate predictively (Fig. V.3B,
red trace). Rather, eye reacceleration was prompted by the visual
feedback of the target after its reappearance, similarly to what
happened in the early trials (around 100 ms after target
reappearance).

Oculomotor performance was quantified by the measure of
pursuit gain 500 ms into the blanking period in order to assess the
decay in eye velocity and by the eye acceleration at the end of the
blanking period in order to assess the predictive reacceleration. The
between-group differences were analyzed over the course of the
block (periods P1 to P4, see Methods) and for the late trials only (P2
to P4 merged together).

As illustrated in Fig. V.3, pursuit gain 500 ms into the blanking
period was very similar across groups (Fig. V.4A; ANOVA main effect
of group: F(2,144)=1.27 p=0.38) and did not evolve over the course of
the blocks (ANOVA main effect of period: F(3,144)=0.29 p=0.83).
Moreover, there was no between-group difference in residual velocity
when it was measured from 400 ms to 600 ms. Comparison of the
individual data from all subjects (Fig. V.4B) revealed that the residual
pursuit gain was quite variable across subjects but had a similar
range for all three groups (Fig. V.4B: CTRL: [0.31, 0.87]; FTLD: [0.33,
0.87]; AD: [0.26, 0.86]; ANOVA main effect of group: F(2,36)=0.17
p=0.85).
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Figure V.3: Average smooth pursuit velocity of FTLD patients (red
traces), of AD patients (green traces) and of CTRL subjects (blue
traces). (A) Eye velocity profiles for the control (dashed traces) and
early test trials (solid traces; first three trials of each block). (B) Eye
velocity profile for the late test trials, i.e. all test trials except the first
three. The grey area represents the blanking period for the test trials.
The darker areas represent the periods where the residual pursuit
gain and the predictive reacceleration were measured for the test
trials. Target was moving rightward at 20 deg/s (black traces).
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In contrast, the evolution of the predictive reacceleration from
P1 to P4 differed across the populations (Fig. V.4C, ANOVA, groups
by periods interaction: F(6,144)=4.6 p=0.00027). This interaction was
observed for the three different target velocities separately (ANOVA,
groups by periods interaction: 10 deg/s: F(6,144) = 3.6, p = 0.0021;
15 deg/s: F(6,144) = 6.2, p < 0.00001; 20 deg/s: F(6,144) = 4.5, p =
0.0003). Initially, as noted in Fig. V.3A, the acceleration around the
time of target reappearance was negative (no evidence of predictive
reacceleration for P1) and similar across groups (ANOVA F(2,36) =
0.97, p = 0.39). However, this acceleration became positive from P1
to P2 for the CTRL and AD groups (P1 vs. P2 Tukey Post Hoc:
CTRL: p=0.000018 AD: p=0.000023) but not for the FTLD group
(p=0.99).

For the controls and AD patients, this predictive reacceleration
did not improve further and was maintained until the end of the block.
For the FTLD group, the acceleration around the time of target
reappearance never became positive, even at the end of the blocks.
Therefore, during late trials, predictive reacceleration was significantly
higher in CTRL and AD groups than in the FTLD group (ANOVA,
t(26)=23.7, p<0.00001 and t(22)=10.8, p=0.003). This effect is
significant for each target velocity separately (10 deg/s: p<0.00001
and p=0.005; 15 deg/s: p<0.00001 and p<0.00001; 20 deg/s:
p<0.00001 and p=0.00003).

Inter-individual variability of reacceleration during all late trials
was very low within groups (Fig. V.4D). All subjects from the control
group (N=15) exhibited a positive reacceleration around the time of
target reappearance. Only one from the AD group (N=11) did not
(patient AD2). Moreover, the excluded control subject and AD patient
also showed a predictive reacceleration. In contrast, only two of the



Chapter V -179 -

FTLD patients (N=13) showed signs of predictive reacceleration
(patients FTLD6 and FTLD2). The excluded FTLD patient did neither
reaccelerate predictively. There was no difference in predictive
reacceleration between the three FTLD subgroups. Yet, the size of
each subgroup prevents any strong conclusion.

Given the very small overlap in predictive reacceleration
across groups, the absence of predictive reacceleration could be
considered as a potential biomarker for FTLD. This biomarker has a
sensitivity of 85% (=11/13). Its specificity between CTRL and FTLD is
100% (=15/15) and between AD and FTLD is about 91% (10/11).
Sensitivity and specificity measures are improved if the subjects that
were excluded because of low visually-guided pursuit gain are
included in the analysis. Sensitivity becomes 86% (12/14). Specificity
between CTRL and FTLD remains at 100%. Specificity between AD
and FTLD increases to 92% (11/12).

In contrast, the neuropsychological data did not separate
FTLD patients from AD patients as accurately as the predictive
reacceleration (Table V.2). As expected, AD patients were in general
more amnesic but less impaired at language tests than FTLD
patients. However, the variability across patients was quite high. In
addition, the executive tests were comparable across the two groups
of patients.
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Figure V.4: Predictive behavior analysis (A) Evolution of the residual
pursuit gain during blanking through ftrials for FTLD patients (red
traces), CTRL subjects (blue traces) and AD patients (green traces)
within the blocks (P1 to P4) (B) Residual pursuit gain during blanking
for the “late ftrials” (P2 to P4). All patients and subjects are
represented separately with a dot. (C) Evolution of the predictive
reacceleration within the blocks for the three groups. (D) Predictive
reacceleration for the three groups and individual subjects. Data from
all conditions. Spreads represent the 95% confidence intervals.
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Predictive smooth pursuit
before target motion onset

The absence of predictive reacceleration in the FTLD group
could be due either to the inability to elicit any predictive action or to
the inability to know when the target will reappear. Indeed, in absence
of timing information, no predictive reacceleration is observed (Orban
de Xivry et al.,, 2008). In the present experiment, predictive
mechanisms could also be observed during the 300 ms gap period
that took place immediately before target motion onset (Barnes and
Asselman, 1991). In this case, the extinction of the fixation cue
elicited anticipatory smooth eye movements in the absence of visual
motion signals. On average, smooth eye velocity reached 21% of
target velocity by the time of target motion onset. This percentage did
not differ across the groups (ANOVA, F(2,36) = 0.15, p = 0.86).

Predictive saccades

The absence of predictive reacceleration for FTLD patients
could be explained by a difference in strategy. Indeed, rather than
tracking the target during the blanking period, FTLD patients could
focus on the position of the target at its reappearance. Following this
assumption, saccade endpoints should differ across the groups, by
being closer to the position of the target at its reappearance for the
FTLD group. However, a difference in saccade endpoint was not
observed (Fig. V.5). In this figure, eye positions at the end of the



-182 - Chapter V

saccades are represented in function of time with the red color
corresponding to places where saccade endpoints were often
observed and the blue colored areas representing places where very
few saccades landed. Most predictive saccades landed ahead of the
target (red colored areas are located above the white line).
Importantly, this feature was present for all three groups and the
distribution of predictive saccades did not differ across the groups
(Fig. V.5). For instance, position error was similar across the three
groups at the end of the first and second predictive saccades
(ANOVA, first: F(2,36) = 0.82, p = 0.49; second: F(2,36) = 1.03, p =
0.59). Therefore, the strategy appeared comparable across groups.
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Figure V.5: “Heat map” of the position of the saccade endpoints
versus time during the blanking of the target (0 ms corresponds to
target blanking onset). (A) CTRL subjects, (B) FTLD patients, (C) AD
patients. White lines represent target position. Color scales represent
the probability that a saccade triggered during the blanking period
lands on a point. Target velocity was 20 deg/s.
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Interaction between saccades
and pursuit

During blanking of the target, the amplitude of the saccades is
adjusted to the level of the eye velocity decay on a trial-to-trial basis
(e.g. Fig. V.6.A). A difference in modulation of the saccadic amplitude
by the smooth pursuit performance across populations would
highlight a deficit in internal representation of target motion as this
modulation depends on where and when the target will reappear. This
modulation is revealed by the strong correlation between the smooth
eye displacement (SED; how much smooth pursuit moved the eyes)
and the saccadic displacement (SAD; how much the saccades moved
the eyes) during the blanking period (see Methods).

The SED is predominantly determined by the eye velocity
decay and not by the predictive reacceleration, which happened too
late to largely influence the smooth eye displacement. The correlation
between SED and SAD is illustrated for a typical FTLD patient in Fig.
V.6A. This plot shows that the inter-trial variability of the smooth eye
displacement during the blanking was quite high (variability along the
x-axis) but that the saccades largely compensated for this variability.
Indeed, in trials during which the smooth eye displacement was small,
saccadic displacement was large (Fig. V.6A point #1).

In contrast, when the smooth eye displacement was large, the
saccadic displacement was reduced (Fig. V.6A point #2). In both
cases, the synergy between saccades and pursuit allowed the eyes
to be close to the target at its reappearance (target position
corresponds to the dashed trace).
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Figure V.6: Saccade-pursuit interactions (A) Saccadic eye
displacement (SAD) during blanking versus smooth pursuit eye
displacement (SED) during blanking, for a typical FTLD patient
(patient #FTLD5). These displacements were normalized by the
target displacement during blanking. Each dot represents one trial. All
trials are displayed, merging all velocities and directions together. The
continuous line represents the linear fit and has a slope of -0.89. The
dashed line represents the optimal compensation, with slope equal to
-1. (B) Mean slope of the linear fits, all patients or subjects averaged
by group. Spreads represent the 95% confidence intervals.
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To quantify the synergy between saccades and pursuit, the
slope of the linear fit performed on the SED-SAD relationship (solid
trace) was used. Perfect synergy would correspond to a slope of -1.
In the experiment, the synergy between saccades and pursuit did not
differ across groups (Fig. V.6B; ANOVA, F(2,36) = 0.56, p = 0.57) and
did not differ from the ideal slope for each group separately (T-tests,
CTRL: p=0.84; FTLD: p=0.23; AD: p=0.4).

Discussion

In the present study, the smooth pursuit response of mild
FTLD patients during a visually-guided and a predictive tracking task
was compared to the performance of control subjects and mild
Alzheimer’s disease patients. All groups had normal visually-guided
pursuit responses. During the blanking, eye velocity dropped in all
groups to a “plateau level’. After some practice, eye velocity
increased before target reappearance in control subjects and AD
patients but failed to recover predictively in FTLD patients. All other
measures of oculomotor performance during the blanking period were
similar across the groups. These results suggest that subtle and
specific oculomotor deficiencies are present in the early course of
FTLD. This impairment in predictive reacceleration is a potential
biomarker of early stage of FTLD, which can help the clinician in the
early differential diagnosis between neurodegenerative disorders.
This also highlights the role of the frontal lobes in prediction.
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What FTLD tells us about the

smooth pursuit system

Primate studies have suggested that the FEF could play a
critical role in the maintenance of the internal representation of target
motion during a blanking period (Barborica and Ferrera, 2003, 2004;
Xiao et al., 2007), in the gain control mechanisms of visually-guided
pursuit (Tanaka and Lisberger, 2001, 2002) and in the timing
representation during smooth pursuit (Schoppik et al., 2008; Li and
Lisberger, 2011).

The present results suggest that mild degeneration of the
frontal lobes affects the timing function first. Indeed, while FTLD
patients had an impaired predictive reacceleration, their dynamic
internal representation of target motion was not impaired, as
assessed either by the endpoint of predictive saccades or by the
synergy between saccades and pursuit during the blanking periods.
Neither was there an impairment of the gain control mechanism as
assessed by the gain of visually-guided pursuit. Another hypothesis
would be to have an impairment of the “working memory” for these
FTLD patients. One way to assess this hypothesis would be to test a
sequence of memory-guided saccades, as it has been done
previously with patients suffering of schizophrenia.

However, the ability of eliciting anticipatory eye movements
was still present in FTLD patients as they were able to elicit them
before target motion onset (i.e., during the initial gap period). In this
case, the disappearance of the fixation point could act as a “go
signal” for all subjects, which could help them to anticipate target
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motion onset. In contrast, the long blanking period with the absence
of go cue prevented them to reaccelerate predictively. The duration of
the blanking period (800 ms) is also close to the well-known inferior
limit of 1 s for the “long time scales”. Results would then probably
have been different with a gap duration of around a second (much
larger than the 300 ms used in this study).

Interestingly enough, this impairment is not present in mild AD
patients, which reflects the particular involvement of the frontal lobes
in predictive reacceleration. Indeed, frontal lobes are deteriorated
early in the degeneration process in FTLD patients but are relatively
spared during the early stages of the Alzheimer’s disease (Nelson et
al., 2009; Aries et al., 2010; Vemuri et al., 2011). To the best of our
knowledge, the importance of the frontal lobes for the timing of
predictive behavior has not been demonstrated previously, neither in
human nor in animal studies.

The FEF and SEF might have a predominant role in eliciting
predictive reacceleration at the appropriate time for the four following
reasons. First, they are involved in timing representation during
smooth pursuit eye movements (Schoppik et al., 2008). Second,
neural learning emerges in the FEF during an oculomotor task that
involves learning the timing of a change in target direction (Li and
Lisberger, 2011). Third, the timing of anticipatory pursuit is reflected
in SEF neurons (de Hemptinne et al., 2008). Finally, the observed
deficit in predictive reacceleration in mild FTLD can be associated
with the early impairment of both FEF and SEF in FTLD (Broe et al.,
2003).

Alternatively, the absence of predictive reacceleration might
also reflect a network disruption rather than damage to a specific
brain area. Changes in connectivity among brain areas occur early in
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neurodegenerative disorders (Seeley et al.,, 2009; Pievani et al.,
2011). In FTLD, this connectivity change is especially marked in the
frontal lobes (Zhou et al., 2010). Predictive smooth pursuit relies on
the connectivity between frontal areas more heavily during target
blanking than during visually-guided tracking (Ding et al., 2009).
Therefore, this reliance on brain connectivity might explain why FTLD
results in a subtle deficit, different from those seen in focal lesions
(Morrow and Sharpe, 1995; Heide et al., 1996; Lekwuwa and Barnes,
1996). However, it is surprising that the interaction between the
saccadic and pursuit systems was not strongly affected given that it
probably also relies on the interaction between several areas
(Krauzlis, 2004, 2005; Orban de Xivry et al., 2006; Orban de Xivry
and Lefévre, 2007).

The observed deficit might be linked to general time
estimation impairment in frontal lobe patients. Indeed, the frontal
lobes have been involved in several timing tasks (Lewis and Miall,
2003a; Buhusi and Meck, 2005; Koch et al., 2009). For instance,
patients with frontal lesions are impaired in time estimation
(Harrington et al.,, 1998; Mimura et al.,, 2000; Koch et al., 2002).
However, this deficit is predominant for tasks in the range of seconds
but not at the milliseconds time scale (Mangels et al., 1998; Jones et
al., 2004). Likewise, a timing deficit has been reported in one FTLD
patient with time interval in the range of seconds (Wiener and Coslett,
2008). Moreover, AD patients also exhibit some deficits in time
estimation tasks (Caselli et al., 2009; Rueda and Schmitter-
Edgecombe, 2009), even at the milliseconds time scale. The
existence of different timing mechanisms for automatic and
cognitively controlled tasks (Lewis and Miall, 2003b) might explain
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why AD patients are impaired in cognitively controlled estimation
tasks but not in automatically controlled tasks (our task).

What predictive smooth pursuit

tells us about FTLD

FTLD patients are difficult to differentiate from AD patients in
the early stages of the disease (Shaw et al.,, 2007; Hampel et al.,
2010; Hu et al., 2011). The diagnosis criteria of FTLD should be
supported by brain imaging (Piguet et al., 2011), which is the case for
every FTLD and AD patients included in the present study. Indeed,
classical executive tests used in clinic are not always able to
distinguish the groups at an early stage. In the present study, even
the executive tests used (Luria and TMT, see methods) do not show
differences between the groups. Indeed, the aphasic subgroup of
FTLD (6 patients) is not supposed to be impaired for this kind of test
and not all behavioral FTD patients show deficits on formal executive
tests at an early stage. In some cases, the executive impairment is
purely behavioral, especially when the lesions are localized in the
inferior and medial part of the frontal lobes (Gregory et al., 1999).
Conversely, some mild AD patients may show deficits on tests such
as Luria and TMT for different reasons, including incipient visuo-
spatial deficits and forgetting the wording. In contrast, our task was
very sensitive to subtle deficits present in early stage FTLD patients.

Based on predictive smooth pursuit measurements, we
differentiated FTLD patients from AD patients and controls. All of the
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15 controls and 10 out of 11 of the mild AD patients exhibited a
predictive reacceleration before target reappearance while only 2 out
of the 13 FTLD patients were able to do so. This dramatic impairment
of mild FTLD patients on a very particular aspect of a smooth pursuit
task when compared to healthy controls and mild AD patients
highlights the potential of this oculomotor task in order to isolate a
cheap and efficient biomarker for FTLD.

Finally, it is important to highlight that the deficit of predictive
acceleration is present in a very early phase of the FTLD when the
usual measures of smooth pursuit are still normal. This contrasts with
earlier studies (Boxer et al., 2006; Garbutt et al., 2008) with later
stage FTLD patients (disease duration of 60 months vs. 30 months in
this study) who already had impaired visually-guided smooth pursuit
and with patients with focal lesions in the frontal lobes (Morrow and
Sharpe, 1995; Heide et al.,, 1996; Lekwuwa and Barnes, 1996).
Longitudinal follow-up will need to evaluate whether the gain of the
visually-guided smooth pursuit or any other characteristics of the
oculomotor performance could be used to assess the stage of FTLD.
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Conclusion and perspectives

Discussion and major

contributions

This thesis shows the importance of combining experimental
and theoretical approaches to investigate the oculomotor system. In
particular, this thesis focus on pursuit eye movements. Many
experimental studies have shown that pursuit eye movements are
driven by retinal and extra-retinal signals. Depending on the context,
the pursuit system relies more or less on retinal signals. For instance,
smooth pursuit is only driven by extra-retinal signals during the
transient disappearance of the target. In a laboratory, such transient
target blanking provides a simple way to cancel retinal inputs, and
therefore to explore the predictive mechanisms that help the
oculomotor system to track the invisible target.

A new pursuit model was designed to simulate the main
experimental results in the smooth pursuit litterature, taking into
account both sensory (retinal) and internal (extra-retinal) inputs. The
brain has to handle noisy signals, from the sensors on the retina to
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the neurons firing to encode oculomotor commands. However, most
of the previous models used deterministic input signals to simulate
eye movement responses. This is clearly not realistic. If you are
playing tennis and facing Roger Federer’s serve, it is evident that the
time required to estimate the ball motion after he has hit the ball (its
direction, velocity, the spin of the ball) is not equal to zero. In other
words, the visual motion processing takes time to enhance the
estimation of target motion. It is exactly the way our model works,
with Kalman filtering applied to noisy input signals to continuously
improve the current estimation of the sensory inputs based on the last
evidences (i.e., the last measures coming from the retina). The
internal target velocity signal is also estimated by a Kalman filter
applied to past information about target velocity, and is finally
combined with the estimation of the current eye velocity (i.e. coming
from an efference copy) to give an estimation of the internal retinal
slip.

The basic idea of the Kalman filtering in our model is that the
pursuit system relies less on the signal (i.e. either sensory or internal)
that has the larger uncertainty. For instance, the sensory signal will
be favored if the internal signal is absent or inaccurate. To our
knowledge, our smooth pursuit model is the first one to combine
retinal and extra-retinal estimations by weighting them according to
their uncertainty. This theoretical hypothesis implies that the brain has
a continuous estimation of the reliability of these inputs. In our pursuit
model, this estimation is also estimated by the Kalman filter. Previous
models that combined retinal and extra-retinal inputs used a kind of
“on-off” mechanism (Bennett and Barnes, 2003, 2006b). Moreover,
we know that the weighting used in our model is optimal if the
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uncertainty present in the system is correctly estimated by the brain
(Ernst and Banks, 2002; Beck et al., 2012).

Last but not least, our model is the first to include a dynamic
memory, constructed from past information through the Kalman filter.
This model is therefore able to learn about the past target movement
in order to improve the estimation of the future target motion. We
have shown that this is crucial when anticipating a moving target
already tracked before (i.e. the predictability increases with each
presentation of the same target motion), or when following a
sinusoidal moving target.

Simulations of the model reproduce realistic pursuit responses
with very different target conditions. Comparison with experimental
data was achieved for pursuit initiation and for the influence of the
retinal slip on pursuit acceleration, and our model gives similar
results.

The model can also reproduce experimental results obtained
in the other studies of this thesis. The predictive recovery observed in
normal control subjects depends on a high level mechanism. This
predictive mechanism includes a time estimator that can predictively
increase the gain of the system before target reappearance (Chapter
V). Different simulations of the predictive reacceleration are shown on
Fig. 1.9. We can observe the inter-trial variability observed
experimentally, even with control subjects. Typically, patients with
frontotemporal lobar degeneration (i.e. FTLD patients) did not initiate
any pursuit reacceleration before the visual feedback was available
(i.e., around 100 ms after target reappearance). This was simulated
by resetting the gain of the pursuit system to one once the sensory
input was available again after target reappearance. In contrast, the
model can simulate the predictive recovery observed for AD patients
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and CTRL subjects by smoothly increasing the gain of the pursuit
system before target reappearance (Fig. 11.9).

The model also proposes a hypothesis to explain the
advantage of tracking biological motion stimuli (Chapter Ill). The
noise level initially perceived is smaller when looking at a moving
biological motion stimulus (BM) than when following a scrambled
control stimulus (SCR). In our model, we model this by changing the
variance of the uncertainty present in the system. This is achieved for

instance by reducing the standard deviation of 6, (Eq. 11.2) by a
factor of 2 (i.e., the value of Q is changed from 1 to 0.25) when

simulating a response elicited by a BM stimulus. It is worth noting that
by doing so, we do not change the variance of the sensory noise
present in the system (the local motion of the dots composing the
control stimulus and the biological motion walker was identical).
Instead, we change the brain perception of the uncertainty by the
brain, which in our model will influence the Kalman filtering of the
sensory retinal slip. Indeed, for BM simulations, Kalman filtering gives
more confidence in new observations (i.e. measures of the retinal slip
on the retina), leading to a faster updating of the new target velocity.
Therefore, the pursuit acceleration will be larger when tracking BM
instead of SCR. Interestingly, the difference in pursuit acceleration is
not the largest at the beginning of pursuit initiation. Indeed, since the
retinal slip is large, new noisy observations are taken into account
because the brain considers them to be relevant. But when the retinal
slip becomes smaller, the fact that the brain assumes the noise to be
smaller when tracking BM stimulus implies that the brain gives more
confidence to new noisy observations, and then updates faster the
retinal slip, leading to a larger acceleration. In contrast, the noisy
observations of SCR stimulus could be seen as “too noisy” by the
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brain, and as a consequence, the brain has to wait a bit to get more
observations (i.e., to be more confident in the input and produce the
same acceleration).

Fig. V1.1 shows the experimental results already shown before
(Fig. ll.3A) and the theoretical results generated by our pursuit
model. Both behavioral and simulated data seem to be comparable.
As explained before, the BM response was simulated by reducing the

value of Q since the pursuit response elicited by a SCR stimulus was

similar to the one elicited by a single dot stimulus (Chapter Ill). It is
worth noting that these simulations look like the ones from Fig. 11.13,
where parameters D and R from Eq. [I.3 have been modified
instead of parameter Q on Fig. VI.1.

There are probably other ways to explain or simulate the
difference in pursuit velocity observed when tracking a BM stimulus.
However, if the noise value level change and if this change is
correctly perceived by the brain (same ratio of change in the Kalman
parameters D and R from Eq. 1.3 as in the noise parameters

Sens_,, and Sens, , from Eq. Il.1), the pursuit acceleration will be

mult
different from the beginning of the pursuit initiation (Fig. VI.2).
Therefore, the difference between the two simulations is not really
similar to the one coming from behavioral data in response to SCR or
BM stimuli (Fig. VI.1). A difference in noise level is thus not probably
responsible for the observed difference between BM and SCR stimuli,
if this change in noise is well perceived by the brain.
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Figure VI.1: Behavioral and simulated data in response to SCR or BM
stimuli. (A) Same panel than shown previously in Fig. IIl.LA. (B)
Simulation results of the pursuit model. Black thin line represents the
average response (over 100 simulations) to a BM stimulus (Q = 0.25)

whereas red thin trace shows the average response (also over 100
simulations) to a SCR stimulus (Q =1). Translucent areas indicate

confidence intervals.

This thesis also answers several important questions about
the pursuit system. Biological motion stimulus is well-known to
influence the perception, probably because it is processed differently
by the visual system. Moreover, perception and smooth pursuit eye
movements have been shown to share some mechanisms (Krauzlis
and Stone, 1999; Masson and Stone, 2002; Rasche and
Gegenfurtner, 2009). Here, we presented results that demonstrate
the influence of biological motion stimulus on the motor action, i.e. the
pursuit eye movement (Chapter IlI).
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Figure VI.2: Simulation results of the pursuit model for different levels
of noise. Black line represents the average response (over 100
simulations) to a stimulus with normal noise level whereas red trace
shows the average response (also over 100 simulations) to a

stimulus with higher noise value (parameters D, R, Sens,, and

Sens from Eq. II.1 and Eq. 1.3 are 4 times larger than in the

mult

normal noise condition).

Indeed, pursuit velocity during pursuit initiation was larger in
response to the BM stimulus than in response to a SCR stimulus.
Moreover, we showed that this difference in favor of BM stimulus is
the same if we compare it to an inverted walker or even to a single
dot stimulus. In addition, we classified the SCR stimuli with respect to
their biological relevance in a motion direction discrimination task and
showed that the smooth pursuit response evoked by those stimuli
was modulated by their proximity to the walker.

In a second study on biological motion (Chapter IV), we did
not find any advantage to follow a BM stimulus during the transient
blanking of the stimulus. Using a simple pursuit model, we proposed
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two different theoretical hypotheses to explain this result and
concluded that biological motion influence the visuomotor pathway,
but not the memory pathway.

The last experimental study achieved in this thesis focuses on
the frontal lobes and their role for predictive pursuit eye movements.
Because we believed that the frontal areas of the brain are important
for pursuit, we analyzed the oculomotor behavior of patients with
frontotemporal lobar degeneration. These FTLD patients were in the
first stages of the disease and had small atrophies in the frontal parts
of the brain. We also recorded the eye movements of control subjects
and patients in the early phase of Alzheimer’s Disease (AD patients).
The oculomotor behavior of FTLD patients was similar to the one of
controls and AD patients, except for the predictive reacceleration
observed before the target reappearance. This difference was so
important that it could even lead to the definition of a new biomarker.
The fact that FTLD patients were only impaired when the predicted
timing of an external event was required to elicit an action suggests
that the frontal lobes may have an important role in predictive
movement timing. Even if FTLD patients seem to have normal
internal representation of the target and predictive pursuit eye
movements during the blanking period, their lack of predictive
recovery could be due to a working memory impairment. This
hypothesis could be investigated by studying some sequences of
memory-guided saccades.
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Further work on the model

Several extensions of the proposed pursuit model can be
considered, as the generalization to oblique eye movements (i.e. in
2D) for instance or by the addition of a position input. Indeed, position
error influences smooth pursuit eye movements (Blohm et al., 2005;
Orban de Xivry and Lefévre, 2007). However, this influence is not
large, and can even be smaller during fixation (Morris and Lisberger,
1987). The idea suggested by Blohm et al. (2005) is that the
omnipause neurons (OPN) could gate the smooth pursuit response
during fixation. Missal and Keller (2002) also reported that the
neuronal activity of the OPN is decreased during smooth pursuit, as it
is the case during saccadic eye movements when the OPN are
paused. This would explain why the superior colliculus, which
encodes position error signals, influences pursuit movements only
during pursuit and not during fixation (Krauzlis, 2004). Moreover, the
inhibitory mechanism driven by the OPN is most likely required to
avoid reflexive eye movements toward targets that are not really
selected. Adding the influence of the OPN could improve our pursuit
model, especially during fixation, since our current model sometimes
shows some pursuit initiations or oscillations in response to the noisy
signal of the fixed target. Another improvement for the pursuit model
would be to simulate different pursuit responses for a change in target
position/velocity in the same direction as the ongoing pursuit or in the
opposite direction. Basically, pursuit latencies are larger and pursuit
accelerations are smaller for a step in target velocity in the same
direction than the ongoing pursuit. An additional development for the
model would reside in having time-dependent parameters. If the
external environment changes during the simulation, it can be
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interesting to change some parameters as well. However, this
question is not simple. Indeed, one could use different sets of
parameters, but the best would be to let some parameters (coming
from the Kalman filter) evolve naturally.

Another improvement of the model is the ability to generate
saccadic eye movements, and to combine it with pursuit eye
movements. A schematic representation of this model simulating the
saccade-pursuit interactions is presented in Fig. VI.3. In this model,
we have two Kalman filters in the visual processing step (i.e. one for
the estimation of the position error and one for the estimation of the
retinal slip). Typically, the noise associated with position inputs is
smaller than the one associated with velocity inputs. Therefore, the
uncertainty linked to the estimation of the position error (PE) is
smaller than the one linked to retinal slip. Two Kalman predictions are
also used in the model for the internal representation of the target, to
predict the future target position and the future target velocity.

These signals are all taken into account by the trigger
mechanism, which takes the decision to trigger a saccadic eye
movement. The amplitude of this saccade is then computed by the
saccadic system, which also takes these signals into account. The
pursuit system is the same than the one presented in Chapter Il (and
could be slightly improved by adding position input). Both the
saccadic and pursuit commands are added and sent to the common
premotor system and finally to the eye plant.

The trigger mechanism can be viewed as an optimal decision
strategy that can be described quantitatively as a rise to threshold
process. The benefit to trigger a saccade (i.e. better vision after the
saccade) is weighted by the inconvenience (i.e. the potential
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inaccuracy of the saccade and the loss of clear vision during the

saccade).
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Figure VI.3: Schematic diagram of the saccade-pursuit interactions.
The visual processing step computes the position and velocity inputs
(i.e. with the two sensory Kalman filters) to give the estimations of RS
and PE and their variance. The internal representation box outputs
the internal predictions of RS and PE and their uncertainty. Both RS
and PE coming from the visual processing and the internal
representation are used by the trigger mechanism, which takes the
decision to trigger a saccade and then by the saccadic system to
compute the desired amplitude for the saccade. The addition of the
saccadic and pursuit command is transmitted to the premotor system
and finally to the eye plant. A summary of the different outputs with
the color code is shown in the inset.
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This non-deterministic approach (for both the inputs and the
trigger mechanism) accounts for the variability of catch-up saccade
latency or accuracy. For instance, a catch-up saccade with a larger
latency is more accurate (because of the better estimation of the
retinal slip). Moreover, the continuous update of the desired eye
position during the planning or execution of saccades (due to the
continuous update of the estimations of RS and PE which are
generated by the sensory Kalman filters) can lead to the online
adjustment of saccade trajectories. This online adjustment can be
executed if a threshold of the potential saccadic error at its endpoint
(e.g. 15% of saccade amplitude) is reached, and produces a double-
peaked saccade, similar to those observed experimentally (e.g.
Schreiber et al., 2006).

Further work on the patient

study

The patient study described in Chapter V highlights the
importance of the frontal lobes on the predictive timing mechanism. In
contrast, anticipatory eye movements generated by the
disappearance of the fixation point were still present before target
motion onset in FTLD patients and visually-guided pursuit was normal
compared to control subjects. This means that mild degeneration of
the frontal lobes does not impair heavily visually-guided eye
movements or the dynamic internal representation of target motion,
but first affects the timing function needed to initiate a predictive
reacceleration.
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In our study, the recorded FTLD patients were all in the early
stages of the neurodegenerative disease. Therefore, one could
wonder how their oculomotor behavior will evolve with time. For that
reason, we asked our FTLD patients to repeat the experiment every
six months, in addition to their classical neurological examination.
With the evolution of the disease, some of them did not want to see
the neurologist or to repeat the experiment. However, 7 FTLD
patients completed 2 more sessions, and 3 of them competed at least
5 more sessions. The results will illustrate the evolution of the
oculomotor impairments of these patients. The evolution of their
oculomotor behavior will be compared with the neurological
degeneration of their frontal lobes. This longitudinal study will be
discussed in a future paper (in preparation).






Abbreviations

AD Alzheimer’s Disease

BM Biological Motion stimulus (i.e. a human walker)

CB Cerebellum

CTRL control (used for stimulus in Ch. Ill - Ch. IV or
for patient in Ch. V)

DLPFC Dorsolateral Prefrontal Cortex

DOT Single dot stimulus (same motion than the hip

dot of the BM)

FEF Frontal Eye Field

fMRI Functional Magnetic Resonance Imaging
FTD Frontotemporal Dementia

FTLD Frontotemporal lobar degeneration

INV Inverted BM stimulus (i.e. upside down walker)
IPS Intraparietal Sulcus

LIP Lateral Intraparietal cortex

MMSE Mini Mental State Examination

MN Motor Neurons

MND Motor Neuron Disease

MST Medial Superior Temporal cortex

MT Medial Temporal cortex
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OKN Optokinetic reflex

OPN Omni-Pause Neurons

PA Progressive non-fluent Aphasia

PE Position Error

PPC Posterior Parietal Cortex

RI Resettable Integrator

RS Retinal Slip

SAD Saccadic Eye Displacement

SC Superior Colliculus

SCR Scrambled control stimulus (same local motion

than the BM)

SD Semantic Dementia

SED Smooth (pursuit) Eye Displacement
SEF Supplementary Eye Field

SMA Supplementary Motor Area

STPa Anterior Superior Temporal Polysensory
STS Superior Temporal Sulcus

TMS Transcranial Magnetic Stimulation

TV Target Velocity

V1 Primary visual cortex

VOR Vestibolo-Ocular Reflex

VPF Ventral Paraflocculus (cerebellum)
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