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Abstract

The rapid point-to-point movements of the eyes called saccades are the most commonly made
movement by humans, yet differ from nearly every other type of motor output in that they are
completed too quickly to be adjusted during their execution by visual feedback. Saccadic accuracy
remains quite high over a lifetime despite inevitable changes to the physical structures controlling
the eyes, indicating that the oculomotor system actively monitors and adjusts motor commands to
achieve consistent behavioural production. Indeed, it seems that beyond the ability to compensate
for slow, age-related bodily changes, saccades can be modified following traumatic injury or
pathology that affects their production, or in response to more short-term systematic alterations to
post-saccadic visual feedback in a laboratory setting. These forms of plasticity rely on the visual
detection of accuracy errors by a unified set of mechanisms that support the process known as
saccade adaptation. Saccade adaptation has been mostly studied as a phenomenon in its own right,
outside of motor learning in general. Here, we highlight the commonalities between eye and arm
movement adaptation by reviewing the literature across these fields wherever there are compelling
overlapping theories or data. Recent exciting findings are challenging previous interpretations of
the underlying mechanism of saccade adaptation with the incorporation of concepts including
prediction, reinforcement and contextual learning. We review the emerging ideas and evidence
with particular emphasis on the important contributions made by Josh Wallman in this sphere over
the past 15 years.

Keywords
Saccadic eye movements; saccade adaptation; motor learning

© 2013 Elsevier Ltd. All rights reserved.

Corresponding author: Mark Harwood, Present Address: City College of New York, Biology Department, Marshak Science Building,
J-727, 160 Convent Ave, New York, NY 10031, Tel: 212-650 8459, Fax: 212-650 8451, mharwood@sci.ccny.cuny.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 2

As humans rely heavily on vision, it will come as no surprise that amongst the knowledge
recorded on papyrus in ancient Egypt was documentation of various disorders of vision and
accompanying treatments (Bryan, 1930). Ancient anatomists such as Galen were also aware
of the extraocular muscles and their actions (May, 1968). Fascinatingly, however, the rapid
discontinuous movements of the eyes, known as saccades, were not recognized until the
pioneering work of Porterfield (1737), who documented fast and slow phases of nystagmus
through the use of afterimages. It is now recognized that saccades are one of the most
common movements in the human repertoire of behavioral output. They are used to very
rapidly (up to 800°/s) orient the relatively small area (1°) of our best vision (the maximally
receptor-dense region of the retina called the fovea) to objects of interest in our
environment.

1. The origins of saccade adaptation

Research regarding saccades and eye movements in the late 1960s and the 1970s established
the foundation of our knowledge on saccade adaptation. With the technological advances
and the development of better devices to measure eye movements, it was possible to observe
that there was variation in saccade gain from individual to individual (gain: the ratio of
saccade amplitude to target eccentricity or step-size), and it was soon realized that both
pathological (Kommerell et al., 1976; Abel et al., 1978), and normal saccade gain
(McLaughlin, 1967), could be modified by experience. Kommerell, Abel and their
collaborators (Kommerell et al., 1976; Abel et al., 1978) documented patients who made
low-gain saccades with one eye, and relatively normal movements with the other. They both
found that forcing the patient to view the world through only the weakened eye, over several
days, had the effect of restoring relatively normal saccadic gain. Meanwhile, McLaughlin
(1967) found that, by arranging saccades to trigger consistent 1° intr a-saccadic target steps
(1SSs) backward relative to the direction of the movement, saccadic gain could be noticeably
decreased in just a handful of trials. These were the beginning of the study of what is now
known generally as saccade adaptation. An example of a typical McLaughlin-style, ISS
adaptation session is presented in Figure 1. At the time, because of the extremely rapid
adjustment that McLaughlin demonstrated (on the order of minutes) and the relatively slow
adjustment observed by Kommerell and Abel (on the order of days), it was thought that
these two cases of gain adjustment were supported by distinct mechanisms. However, it was
later shown by Scudder and colleagues (1998) that the two forms of adaptation shared the
same time course, when compared under similar conditions.

Another important result came from Optican and Robinson (1980) who weakened
extraocular muscles in monkeys, producing similar saccade gain asymmetries to the patients
of Kommerell and colleagues: low saccade gain in one eye, and normal saccade gain in the
other. Motivated in part by the knowledge that humans with certain forms of cerebellar
degeneration show lasting saccade dysmetria (Zee et al., 1976), Optican and Robinson were
able to show, via ablation, that the ability to adapt saccade gain required midline cerebellar
structures (oculomotor vermis and fastigial nuclei). A host of subsequent studies have
confirmed the importance of the cerebellum in saccade adaptation (for a review, see
Robinson, Fuchs, and Noto, 2002).
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Following the discovery of saccade adaptation and the establishment of the main brain
structures responsible, came the question of the underlying mechanism. Saccade adaptation
occurs in response to the detection of an error or a discrepancy between the planned
movement and its outcome. But one may wonder 1) is this error a simple visual error?, 2)
how are errors detected? and 3) how are errors used? For example, saccade adaptation has
long been thought of as a very simple error feedback (“servo mechanism”) that operates to
reduce error over time, but is this error a simple visual error, or does it incorporate higher
order information or predictions? How are error signals detected and selected in a cluttered
visual environment? How are the spatiotemporal statistics of the history of errors taken into
account, and to what extent can different contexts influence the adaptive use of errors? The
rest of this review will focus on the evidence emerging to answer these three conceptual
questions.

2. What is the error signal?

2.1 From retinal error to prediction error

In the absence of pathology, or an experimental perturbation, saccade accuracy stays
roughly constant over a lifetime (Warabi et al., 1984; Munoz et al., 1998) despite changes in
the oculomaotor plant during ageing, such as degradation of the extraocular muscles (Miller,
1975; Muller-Hocker et al., 1992; McKelvie et al., 1999). Ergo, saccade gain is actively
maintained by the brain. Further, Miller and collaborators (1981) showed how specific
adaptation could be to a movement direction and amplitude, suggesting the existence of
some “error signal” which is instructive as to the direction and magnitude of ongoing
saccade dysmetria. The distance between target and gaze at primary saccade completion or
retinal error (Optican and Robinson, 1980) arose naturally as a candidate for the error
signal. Another possibility was that the requirement to produce corrective saccade(s) to
acquire the target was the actual error signal (see, for example, Albano and King, 1989). In
other words, one question is whether the adaptation mechanism cares about reducing the
visual or motor consequences of inaccuracy?

By showing that adaptation can occur in the near absence of corrective saccades, two studies
demonstrated that post-saccadic visual information must be the driving force behind saccade
adaptation (Wallman and Fuchs, 1998; Noto and Robinson, 2001). However, the conclusion
that the error signal must be visual in nature does not amount to a conclusion that retinal
error is the error signal determining saccade adaptation. Bahcall and Kowler (2000) found
that when they instructed subjects to saccade part-way to a target that then underwent a
backwards ISS, gain-decrease adaptation occurred, despite the conclusion of each primary
saccade in a positive (onwards) retinal error. They explained these results in terms of the ISS
introducing a prediction error between the expected and actual visual error after the
saccade. Given the evidence for active internal monitoring during saccades of its trajectory
(for a review, see Sommer & Wurtz, 2008), the idea that an internal prediction of error
might govern adaptive changes to saccade gain after the saccade is highly plausible (Chen-
Harris et al., 2008).
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2.2 General concept of sensory prediction errors (SPE)

Indeed, in the study of motor learning more broadly, there is now wide agreement that
adaptive modifications of behavioral output are driven by sensory prediction errors (SPES):
the difference between the predicted and actual sensory consequences of a movement
(Shadmehr et al., 2010). This central concept in modern motor learning theory is illustrated
in Figure 2, which demonstrates how the SPE caused by an ISS would be identical
regardless of whether a conventional saccade adaptation paradigm was used or the “part-
way” paradigm of Bahcall and Kowler (2000) in which subjects deliberately aim short of the
target, and can therefore explain the similar adaptation in both cases despite the opposite
retinal errors.

A particularly striking example of the SPE demonstrated that its action could override a
conscious strategy in a pointing task (Mazzoni and Krakauer, 2006). In this study, subjects
performed rapid hand movements and visual feedback of these were rotated by 45 degrees
anticlockwise during the movements. One group of subjects was unaware of the rotation and
adapted their hand trajectories progressively clockwise to counter the imposed rotation. A
second group was informed of the rotation and told to aim 45 degrees clockwise of the
initial target location. This group thus landed on target at the start of the session thanks to
this conscious strategy, but amazingly adapted in the same way as the first group, leading to
increasingly inaccurate movements (gradually adapting to nearly the same extent as the
unaware group). The commonality between the aware and unaware group was that an SPE
was present in both, convincingly demonstrating the explanatory power of this idea. In the
same way that the instruction to saccade “part-way” in the Bahcall and Kowler (2000) study
caused different retinal errors but resulted in the same SPE, here the instructions caused
different angular errors, but resulted in the same SPE.

The SPE concept can also explain how an undershoot bias persists in saccade aiming. In
non-adaptation experiments in which subjects simply saccade to targets (no ISS), subjects
typically undershoot the target by about 10%, frequently followed by short latency onward
corrective saccades. It has been reported that arranging for the target to land on the fovea at
the end of the saccade leads to a progressive decrease in saccade size (Henson, 1978;
Robinson et al., 2003), as if to deliberately re-establish the undershoot (although Robinson
et al. proposed their data were due to an artefact of their monkeys making thousands of
saccades in the dark causing gain to drift down). The reason for this undershoot is still
uncertain, but may reduce the overall time spent in flight acquiring the target, and thus the
“costs” of poor vision during movement (Harris, 1995). Regardless of why we undershoot,
the explanation of why the undershoot is not eradicated by a saccade adaptation mechanism
can be ascribed to the SPE: although there is a retinal error at the end of the saccade there is
likely no error in the sensory prediction (SPE =0). Clearly, this argument relies on accurate
predictions of saccade landing positions, and there is good evidence that these are available
(Collins et al., 2009; Collins, 2010); most likely arising from efference copies of the motor
command rather than proprioception (Lewis et al., 2001).
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2.3 Evidence in saccade adaptation in favor of SPE

The strongest evidence to date for SPE in saccade adaptation comes from three recent
studies. Wong and Shelhamer (2011a) took advantage of the undershoot bias to put retinal
error and prediction error into direct competition. Because subjects undershoot by nearly 2
degrees to a 20 degree eccentric target, they could backstep the target by ~1 degree during
the saccade (negative ISS) while leaving a positive retinal error (which they kept constant by
varying the ISS trial-by-trial). They found subjects adapted backwards in accordance with
SPE rather than forwards as retinal error would predict.

In their recent study, Collins and Wallman (2012) directly tested the relative effectiveness of
retinal error and prediction error in eliciting adaptation by comparing the amount of saccade
gain change occurring during two different sessions. In the first session, the target was
turned off if the saccade was shorter than the running median amplitude (or in a different set
of experiments, was longer than the median) i.e. remained on for large saccades (or in a
different set of experiments, for small saccades). In this session subjects therefore
experienced mostly negative retinal errors which led to a decrease in saccade amplitude.
Note that there were no target displacements, therefore, when the target was not
extinguished, it was at the expected position. In the second session, targets were displaced
(during saccade execution) to a position that reproduced the trial-by-trial retinal error
experienced by the subject in the first session. Despite the retinal error of the first and
second sessions being identical, subjects adapted much more during the second session
(Figure 3). The key difference was that, in the second session, the target did not appear at
the predicted location. This result supports the hypothesis that a prediction error signal is
mostly responsible for saccade adaptation.

The most recent study to support SPE in saccade adaptation does so by showing that it is the
ISS, not the retinal error, that drives adaptation (Herman et al., 2013). Because of the close
connection between 1SS and SPE (Figure 2), this evidence for ISS is strongly consistent with
the SPE hypothesis. Herman and colleagues studied the effects of ISS smaller than the
endpoint variability of saccades. In separate sessions, they explored five ISS values from 0.1
deg to 1 deg (to initial target jumps of 10 deg). Similar to Wong and Shelhamer (2011a),
they found that despite frequently undershooting the final target location subjects adapted
downwards and that retinal error was a bad predictor of adaptation gain changes in
regression analyses. Importantly, they showed that saccade adaptation is proportional to the
ISS, with gain decreasing by an approximately constant 70% of the ISS. This implies that
the well established fact that gain changes asymptote at less than complete adaptation
(Straube et al., 1997; Robinson et al., 2003) is neither the consequence of saturating motor
learning, nor minimizing retinal error to within a given tolerance level: as ISS size increases,
a motor limit would result in gain changes decreasing as a proportion of ISS, whereas a
retinal error limit would imply an increasing level of adaptation when expressed as a
proportion of ISS. While supporting the SPE hypothesis, this new study highlights a critical
and basic outstanding issue: what is the error sensitivity of saccade adaptation and its
relation to 1SS?

Remarkably, little is known about the error sensitivity of human saccade adaptation to
different ISS. The only other human data were reported from two subjects and showed

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 6

similar effects to the Herman study, adapting by a constant 60% of their two much larger
ISSs (25% and 50%; Miller et al., 1981). The lone monkey report used a different design:
fixed within-session retinal errors, such that 1SSs increased continually as adaptation
progressed in order to maintain a fixed post-saccadic retinal error (Robinson et al., 2003).
Hence, it is hard to directly compare the monkey and human data, but the general patterns
appear different in that the monkey data showed a rapidly increasing adaptive sensitivity as
errors increased to 25% of the initial step size, before decreasing for larger errors. The issue
of error sensitivity of adaptation is not only a fundamental empirical question, but has many
potential theoretical implications beyond the asymptote example above. If human saccade
adaptation data is found to have a nonlinear sensitivity to error, does this reflect larger errors
being credited to external sources of error rather than internal sources and thereby inducing
weaker adaptive change (Ethier et al., 2009, Wei and Kording, 2009)? Many models make
an assumption that error sensitivity (“cost functions™) increase quadratically with error, but
is this primarily a mathematical convenience (Todorov, 2005) or a biological reality?

2.4 Reinforcement learning versus error feedback

There is much evidence in monkeys that reinforcement schedules act on saccade and can
increase saccadic speeds, reduce reaction times, and straighten trajectories (Lauwereyns et
al., 2002; Takikawa et al., 2002; Watanabe et al., 2003). Similarly, it has been shown in
humans that reward may alter saccade speeds (Xu-Wilson et al., 2009), and saccade latency
distributions (Madelain et al., 2007) and variability in saccade gain (Paeye and Madelain,
2011). Regarding saccade accuracy, one very biological ‘cost function’ is how visibility
changes with eccentricity. Perhaps clear vision of the target, by allowing to accurately
perform visually guided tasks, is rewarding and it is the increased information input close to
the fovea that drives adaptation rather than a minimization of retinal error per se. Because
visibility and error are usually correlated, dissociating between access to visual information
and error-minimization would be difficult in many circumstances. One possibility to
disentangle visibility from reinforcement is to reward specific saccadic gain in the absence
of visual error.

A recent study by Madelain and colleagues (2011) found that it was possible to use
amplitude-dependent reinforcement to drive changes in saccade gain while abolishing the
post-saccadic position error. For example, in one paradigm the target was always absent at
saccade completion and only a tone reinforcer was given to the subject when their saccade
amplitude met the criteria. The authors observed a progressive change in saccade amplitude,
although slower than conventional adaptation, showing that post-saccadic visual feedback
about the target location is not required for saccade adaptation. Importantly, conventional
and reinforced adaptations were similar in terms of magnitude of gain change, degree of
transfer to new spatial locations and new amplitudes, as well as speed and amount of
recovery. They proposed that conventional adaptation may rely on reinforcement learning in
which clear vision of the target constitutes the reinforcer. It is somewhat surprising that this
work is the only one to have explored the possible role of motivation or task demands in
saccade adaptation, or more general forms of associative learning such as operant or
classical conditioning. This is probably due to the fact that the dominant presumed function
of saccade adaptation has always been a simple motor recalibration mechanism. The work of
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Madelain and colleagues (2011), and the work of Herman and colleagues (2009) outlined in
section 4, points towards greater adaptive flexibility and the possible use of saccade
adaptation as a model for general learning. The notion that reinforcement may also have a
role in arm movement learning is now emerging (Dam et al., 2013). This new area of study
opens many new questions regarding the interactions of reinforcement and prediction errors
in driving adaptation. More generally, is some sort of internal reinforcement signal an
implicit component of all error-based adaptation?

2.5 Attention as an error signal

Finally, another putative description of saccadic error (which is not incompatible with SPE)
is the comparison between gaze location after the saccade and the locus of attention, rather
than the target location. Attention is intimately linked to saccade targeting since it is
required for object selection, and is thought to move to the target location before every
saccade (Castet et al. 2006; Deubel and Schneider 1996; Hoffman and Subramaniam 1995;
Kowler et al. 1995). The interplay of attention and saccades might also play a role in
maintaining the accuracy of the latter. After a saccade the oculomotor system would need
only to know where the eyes were with respect to the locus of attention, rather than needing
to keep track of all the other potential targets. Attention could be a placeholder that allows
the oculomotor system to automatically keep track of the target across the saccade
(Cavanagh et al., 2010). It has been previously shown that only the attended visual
information after a saccade is utilized in saccade adaptation (Ditterich et al. 2000). If the
locus of attention coincides with that of the fovea just after a saccade, the saccade could be
regarded as accurate, even if not on the visual target per-se; if the fovea is consistently on
the far side of the locus of attention, the saccade could be regarded as too big, and this error
signal could induce downward adjustment of subsequent saccade amplitudes. Interestingly,
when the presaccadic shift of attention has itself been adapted, by measuring the time course
of shifting of attention and shifting cues at this time, long before the saccade, it led to
significant decreases in saccade amplitudes (McFadden et al., 2002). Hence, this provides
evidence suggesting that adapting attention can adapt saccade size.

The main purpose of invoking a role for attention in the error signal for saccade adaptation
is in cluttered visual environments where the selective filtering power of attention can be
useful in keeping track of relevant error signals. This is the topic we explore next.

3. How does the brain detect errors?

In addressing the question of what constitutes the error signal, it was assumed that localizing
the target after the saccade (for the purposes of calculating retinal error, for instance) is
trivial. While it is true that in the natural environment, we do sometimes make saccades to
lone, easily discriminated stimuli, it is also common to direct our gaze to one of many
similar objects, or to explore a single object, or in fixating portions of less structured visual
stimuli such as textures or patterns. In the laboratory, however, saccade adaptation has
traditionally been studied using small discrete targets — deemphasizing the potential
challenges faced by the oculomotor system in extracting an error signal from the
information-dense image it is confronted with upon saccade completion. That is, in most
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studies of saccade adaptation, it is safe to assume that bottom-up vision constitutes the
“actual sensory information” for SPE, what happens when more is required?

3.1 Isolated target-objects

As a first step to richer target environments, Madelain and collaborators (2010) confronted
subjects with two targets after a saccade (the original, and a similar distractor) and found
that adaptation was selective for the error associated with the original target. If the target
was not displaced during the saccade, the adaptation mechanism ignored the position error
associated with the distractor appearance; conversely, if the target was displaced, with
distractor appearing in its place, adaptation followed the displacement of the target (Figure
4). Importantly, this target-specific adaptation was indistinguishable from adaptation with a
single target, despite the presumed additional visual processing that would be required to
calculate an error specific to the target, or ignore the distractor. This also underlines the
critical role of object identity in saccade adaptation, which is surprising from the
conventional context of saccade adaptation as a simple servo-mechanism, but which is
compatible with the idea that seeing the post-saccadic target reinforces gain changes
(Madelain et al., 2011).

If active maintenance of saccadic accuracy functions successfully in the natural environment
— as appears possible (Kommerell et al., 1976; Abel et al., 1978) — saccades to objects may
represent a uniquely good opportunity for detecting errors in the oculomotor system. Such
movements have a well-defined goal, rendering the process of determining saccadic
dysmetria relatively straightforward compared to making saccades to unstructured stimuli or
within a larger object. In accordance with this, Collins and collaborators found that 1SSs
only cause adaptation when saccades are made between objects rather than within an object
(Collins et al., 2007). Their finding is supported by work on two-saccade sequences, which
demonstrates that secondary saccades only compensate for 1ISSs during primary saccades
when these saccades are made between, not within, objects (Vergilino-Perez et al., 2006).

3.2 Targets on backgrounds

Those studies that have explored adaptation with both a target and a background present
have shown that objects do play a significant role in saccade adaptation. In their study of the
interactions between target and background during saccade adaptation, Ditterich and
colleagues (1999) found that the size of a superimposed target determined the extent to
which intra-saccadic background shifts contributed to adaptation. When the target was
small, shifts of the background had no effect on adaptation, but when the target was a large
circle, shifting the background along with the target caused greater adaptation than shifting
it in opposition to the target. Thus, the saccadic error resulting from intrasaccadic
displacement is not automatically computed using all available information. This result
instead suggests that target-specific visual information is actively selected to estimate error.
In keeping with these findings, Robinson and colleagues (2000) found that adaptation with a
point-like target in monkeys was reduced when a background was present compared to the
case of a target alone, regardless of whether it moved with the target or remained stationary.
This latter finding suggests that the addition of the background may increase the difficulty of
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localizing the target post-saccadically, or calculating an error associated with it, as delaying
the presentation of error is known to reduce its efficacy (Shafer et al., 2000).

More recently, Madelain and collaborators (2013) investigated the effects of the background
shift on adaptation but, for the first time, using natural image scenes. Moreover, during the
saccade execution, the target and background were masked to exclude motion signals. In
agreement with previous studies, it was only displacements of the target that determined
gain changes; displacements of the background neither induced adaptation in the presence of
a static target, nor added to the gain changes when the target was also displaced. However, if
the target was turned off at the start of the saccade and remained off, the displacement of the
background did induce some adaptation (Figure 5).

Altogether, results exploring the impact of a background-image on saccade adaptation show
that target selection is very influential. But what happens when there is no clearly defined
target? The results from the Background displaced - Target extinguished condition in
Madelain and collaborators (2013) study indicate that, in the absence of a target, information
from the background is used. Two previous studies also found that intra-saccadic shifts of an
unstructured background alone can cause adaptation (Deubel, 1991; Ditterich et al., 1999).
This again suggests that the impotence of background shifts (in contributing to adaptation)
in the presence of a target is the result of an active selection of target information (or
suppression of non-target information). A notable difference between these studies,
however, is that Madelain and colleagues’ masking during the saccade implies that their
finding relies exclusively on trans-saccadic comparison of background features, i.e.
comparing the spatial properties of the pre- and post-saccadic visual images. The earlier
studies could have been driven by intra-saccadic motion signals; i.e. by detecting target or
background shifts during the saccade. Although intra-saccadic displacement detection is
severely impaired (compared to such detection during fixation) due to saccadic suppression
of vision (for example, Bridgeman et al., 1975), it has been shown that low frequency
motion signals can be detected during saccades (Castet and Masson, 2000). A recent study
even suggested that intra-saccadic vision may contribute to saccade adaptation (Panouilleres
et al 2013).

These results about the effect of a background on saccade adaptation raise a second issue of
the visual mechanism of how errors are detected more broadly. Experiments exploring the
use of visual landmarks in pre- and post-saccadic localizations of the target have suggested
that they can influence the perceptual detection of intrasaccadic target displacement. Deubel
(2004) found that intrasaccadically shifting nearby objects along with a target modulated the
perceived direction of the target’s displacement (at least when the target is extinguished
during and briefly after a saccade). However, it is not clear if this type of perceptual intra-
saccadic detection is related to that relied upon by the oculomotor system for adaptation.
When such targets are not extinguished during and after the saccade, perceptual reports
regarding intrasaccadic displacement are much poorer (Deubel et al., 1996). Indeed, it seems
that subjects are more apt to report a continuously visible stimulus as intrasaccadically stable
regardless of whether it moved or not (Deubel et al., 2010). Also, though extinguishing these
targets during and after a saccade facilitates detection of their displacement (Deubel et al.,
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1996), it also significantly decreases the impact of that displacement on adaptation (Shafer
et al., 2000).

In summary, it seems that in the presence of a spatially well-defined target, only the visual
information arising from the target (or its immediate proximity) are used in the detection of
error i.e. the background has little influence. Meanwhile, if such a target is absent, the
oculomotor system does not limit the scope of the visual information used in detecting
errors. Furthermore, there is a broad gap in our understanding of the relationship between
the perceptual detection of error, and that at the service of saccade adaptation. On the one
hand, subjects are essentially unable to detect intrasaccadic image displacement (Deubel et
al., 1996); on the other, such displacement can cause adaptation (Deubel et al., 1991;
Ditterich et al., 1999; Madelain et al., 2013), even when the image is of a point-like target
(Panouilleres et al., 2013). What is the difference between perceptual error detection and
such detection at the service of adaptation? More work is required to clarify this important
distinction.

Given the context of this review, we end this section by noting that the impressive
selectivity of the foveal target over its background shown in Figure 5 can be cast as
conceptual evidence in favour of a reinforcement function, rather than a motor recalibration
function, of saccade adaptation. If the sole function of saccade adaptation were to establish
during development and then maintain accurate calibration throughout life, why would the
brain ignore error signals from >99% of the visual field? Muscle weakness or fatigue would
lead to the whole visual field being inaccurate by the same amount. In other visual error
feedback systems such as emmetropization, the peripheral signals play an important role (for
review see Smith, 2013, in this issue). Clearly, foveal vision has much more value for task-
oriented behaviour, be this purely visual information accrual or in guiding arm movements
and the like. Due to motor variability, some saccades bring the fovea close to the target and
some further away. From the point of view of a conditioning system, the presence of the
target near the fovea after the saccade could be seen as a reward and the corresponding
motor plan would be reinforced. However, reinforcement and calibration functions are not
mutually exclusive propositions; a point that we return to below.

4. How does the brain use errors?

Though framing saccade adaptation with the question-headings chosen here attempts to
address different aspects of the adaptation process independently, it is likely that processes
such as the calculation or detection of error and its utilization in driving adaptation are
intimately intertwined. For instance, using a point-like target, Havermann and Lappe (2010)
found that increasing noise in retinal error by systematically varying it from trial to trial
attenuated the induced adaptation (compared to the case with no such additional variation),
though the average retinal error was identical between compared conditions. In the
following, while we attempt to address only the way that errors are used in driving
adaptation, we recognize that it may be impossible to do so without considering the nature
of the error signal or its detection.
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4.1 Vector and context specificity

Many experiments have demonstrated the ways in which error can be used to adapt gain in a
saccade-specific way. Several different types of specificity have been demonstrated:

leftward saccades may be adapted independently from rightward saccades (Semmlow et al.,
1989), it is possible to adapt different saccade amplitudes in the same direction (Miller et al.,
1981; Frens and Van Opstal, 1997), and several studies have emphasized some degree of
independence in adapting different saccade types (for example reactive versus voluntary
saccades; Erkelens and Hulleman, 1993; Deubel, 1995a, 1995b; Fujita et al., 2002; Gaveau
et al., 2005; but see Fuchs et al., 1996; Deubel, 1999; Hopp and Fuchs, 2002; for reviews see
Hopp and Fuchs, 2004; Pélisson et al., 2010).

It is possible that adaptation specificity (or lack thereof) may fall under the more general
aegis of context; perhaps differential adaptation of distinct saccade types is the manifestation
of those types of saccadic performance constituting distinct contexts for action. In the motor
learning literature writ large, it has been suggested that the cerebellum may support the
formation, utilization, and adjustment of distinct sensory predictions through distinct, paired
“forward” and “inverse” models (Wolpert et al., 1998). Forward models are used to predict
the sensory and motor consequences of movement (position, velocity, et cetera) using the
outgoing motor command and current sensory data; inverse models are used to determine
the appropriate motor command for a given desired motor consequence. Note that though
this formalism has more traditionally been used to represent ideas about feedback
corrections that occur during a movement, conceptually it applies equally well to the offline
error feedback correction needed to support saccade adaptation (Chen-Harris et al., 2008).
The adjustment of the forward model could then be made based on the difference between
the forward model prediction of the sensory consequences of a movement and the actual
outcome, which is essentially SPE, discussed above. Such paired forward and inverse
models could support contextual motor learning if each context has independent pairs of
models. Work from several labs has demonstrated that saccade adaptation can be sensitive to
a variety of contextual cues. These include target eccentricity and depth (Chaturvedi and van
Gisbergen, 1997), horizontal and vertical orbital eye position (Shelhamer and Clendaniel,
2002a; Alahyane and Pélisson, 2004; Zimmermann and Lappe, 2011) or head orientation
(Shelhamer and Clendaniel, 2002b). Though Deubel (1995a) found that a target’s visual
appearance was not an effective contextual cue, this result was challenged by Herman and
collaborators (2009).

Herman and collaborators (2009) showed that selective adaptation based on the target visual
appearance was possible. They used two different targets, a flickering or non-flickering dot,
one of which would back-step during the primary saccade and not the other one. They
showed a difference in the gain between the movements toward the two types of targets,
with a large decrease of saccade amplitude for the target which was making the back-steps
(Figure 6; on average, subjects decreased by 15% from their baseline gains to the step-back
target). The effect of context was not absolute with some transfer to the target that did not
step back (decreasing by 6% on average from the baseline gain), but the contextual
difference was highly significant. This type of transfer is typical in contextual saccade
adaptation due to the dominance of gain-decreasing over gain-increasing (or in this case
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gain-stable conditions), and the contextuality is usually only assessed by average gain
performances. A more stringent test of contextuality is to look at individual transitions
between contexts: does the context, which is defined before the movement, have an
immediate effect on the first saccade after context change, or are several movement
outcomes (e.g. several trials of the not stepping back context) necessary to effect change?
Analyzing just the average behavior cannot detect this stronger contextuality. Herman and
colleagues found that early in the adaptation switching between short runs of each context
did not give rise to this immediate transitional adaptation, but that this strong contextuality
emerged gradually over several hundred trials, and persisted very significantly in a random
switching phase. Interestingly, in a second experiment, they demonstrated that this
“differential feedback” (switching between short blocks of each context) was critical to
establishing the contextual adaptation. If one target was presented on ~90% of trials, always
stepping backwards on saccade, with the other target not stepping back on the other 10% of
trials (randomly distributed across the adaptation session), no contextual adaptation
developed: the more infrequent context had identical gains to the frequently presented target

type.

These data are greatly at odds with the traditional view that saccade adaptation is essentially
for purely motor recalibration purposes. On the one hand, one can easily imagine that
contexts such as orbital position or head tilts could be useful for a motor recalibration
mechanism since different orbital positions or head tilts require different sets of motor
commands. On the other hand, it is much harder to imagine how forming different motor
outputs based on visual feature contexts would be useful to a motor recalibration
mechanism. Hence, the surprisingly strong visual contextuality found by Herman and
colleagues implies that saccade adaptation, even if its raison d’étre is to service motor
calibration, can be used for other purposes. Perhaps other processes in the brain, such as
those involved in associative learning, can augment or piggy-back on top of the existing
saccade adaptation machinery. Evidence supporting augmentation of existing motor contexts
can be seen by reports that visual appearance (as well as an auditory and a more ambient
context) can enhance the effects of a head-orientation-defined context (Beaton et al., 2010).
The Herman finding that the pattern of differential feedback was crucial to establishing the
visual contextuality is also more consistent with more implicit pattern recognition types of
learning than would be expected of simple recalibration.

This question of augmenting adaptation or being a part of “true” saccade adaptation is
reminiscent of the earlier discussion raised by the new evidence for operant conditioning in
saccade adaptation (Madelain et al., 2011). Our intuition is that the visual contextual
adaptation would fall more under an augmentation of adaptation, whereas operant
conditioning with its close connection between retinal error and visual reward would be less
of an augmentation process and more integral to “true” adaptation. However, ongoing
experiments may yet reverse that viewpoint, or point to both phenomena being augmentative
to a simpler error feedback calibration process. Although those are crucial issues, at a
pragmatic level, if the saccade system can change its gain parameters in these more
colourful ways, and we can measure them, our view is that that is its own reward. It would
enable saccade adaptation to be a much broader model for learning and a more useful tool
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for studying behavioural neuroscience. The many details of the functional connectivity that
have been mapped out in the saccade system might inform learning models, and vice versa.

4.2 Spatiotemporal properties of error

What of the use of error within a context, however? Putting aside for a moment the idea that
error is used in a specific way, we must also consider how error might be used to adjust
saccadic gain in one set of circumstances. Specifically within the field of saccade adaptation,
several studies have shown that gain-increase adaptation is slower and less substantial than
gain decrease, suggesting perhaps that onwards errors are used differently from backwards
errors (Miller et al., 1981; Deubel et al., 1986; Fitzgibbon et al., 1986; Deubel, 1987;
Straube et al., 1997; Scudder et al., 1998; Kroller et al., 1999). Recent work suggests that
gain-decrease adaptation may act by adjusting the online control of saccades, while gain-
increase adaptation more closely resembles a remapping of target position (Ethier et al.,
2008, but see Straube and Deubel, 1995; Alahyane and Pélisson, 2005). An alternative
explanation came from Harris (1995) who showed that a model that monitors total-flight-
time over the course of many saccades, reproduces the gain-increase gain-decrease rate
asymmetry.

The way that errors vary over time may also influence their impact on adaptation. As
mentioned above, Havermann and Lappe (2010) found that increasing spatial noise in retinal
error (in a fixed-error, variable-1SS paradigm) decreased induced adaptation, despite mean
error remaining constant. However Srimal and colleagues (2008), findings in modeling
adaptation with constant or random 1SSs suggested that more spatially variable errors are
used no differently than those with less variability. Meanwhile, it appears that gradually
introduced errors are more effective in driving changes than abruptly introduced errors, at
least for gain-increase adaptation (Wong and Shelhamer, 2011b). Indeed, several motor
learning studies have suggested differences in the impact of gradually versus abruptly
introduced errors (Kagerer et al., 1997; Klassen et al., 2005; Hatada et al., 2006; Michel et
al., 2007; Huang and Shadmehr, 2009). This may be because smaller errors are treated
differently from larger errors (Wei and Koérding, 2009; Criscimagna-Hemminger et al.,
2010; Robinson et al., 2003). It has also been suggested that the use of error is dependent on
whether the error is ascribed to an internal or external cause (Berniker and Kording, 2008).

Most generally, it has been suggested that errors are recorded by memory systems with
multiple different timescales of “remembering” and “forgetting,” and that error is stored
(remembered) and retained (not forgotten) at rates which correspond to the timescale of the
error-source (Kording et al., 2007; Joiner and Smith, 2008; Huang and Shadmehr, 2009).
That is, memories are stored more slowly and retained for a longer period if the error is
persistent, but stored and forgotten rapidly if the error is more short-term. However, there
are differing interpretations of the method by which the timescale of the error leads to
changes in memory rates. One suggestion is that this process is implicit: as the error persists,
memory stored at a slower rate has more of an opportunity to build and be retained (Joiner
and Smith, 2008). The other is that the nature or statistics of the learning-event leads to an
active choice of memory rates which are appropriate to the event; if the brain deems a
memory worth remembering, it is retained for a longer period (Huang and Shadmehr, 2009).
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It is not clear whether these views are, in fact, incompatible, or simply two different ways of
interpreting the same phenomenon.

5. Conclusion

In conclusion, we have displayed evidence that the saccade adaptation system is more
flexible, and both more specific and general than previously accounted for. Flexibility is
displayed in the sources of information it makes use of. Not only is retinal input critical, so
too must be extra-retinal input for the formation of predictions. Meanwhile, if a well-defined
target is unavailable post-saccadically, whatever visual information remains may be
incorporated in error estimation. This is a crucial point that requires further investigation as
it will provide a clearer definition of the likely limited relationship between 1SS adaptation
in the laboratory and adaptive maintenance of saccade gain in the natural environment.
Adaptation is also specific in being highly selective of target-identity in its calculation of
post-saccadic error when faced with competing alternatives to the targets from distractors or
background displacements. A different, and perhaps more surprising, selectivity is seen in its
ability to use target features to implement different movement plans in different contexts,
which may hint towards saccade adaptation being susceptible to a more associative form of
learning than would be expected for a simple motor recalibration mechanism. The generality
of saccade adaptation may be seen in the many properties it shares with other forms of
motor learning; its being subject to the influence of reinforcement (an exciting new direction
which begs several questions), and as with nearly every area of brain research its ability to
form predictions. We believe that efforts to explore saccade adaptation and saccadic
behavior under generally more demanding conditions has built on earlier work,
demonstrated the power of this approach, and exposed several intriguing new avenues for
continued research.

Acknowledgments

This work was funded in part by grant BCS-0842464 from the National Science Foundation (JH & MH), grants
1RO1EY019508, 2G12RR03060-26A1 and 8G12MD007603-27 from the National Institute of Health (AB, MH &
LM), Agence Nationale pour la Recherche Grant ANR-JC09 494068 (LM) and a Fulbright Fellowship (LM).

References

Abel LA, Schmidt D, Dell’Osso LF, Daroff RB. Saccadic system plasticity in humans. Ann Neurol.
1978; 4:313-318. [PubMed: 727736]

Alahyane N, Pélisson D. Eye position specificity of saccadic adaptation. Invest Ophthalmol Vis Sci.
2004; 45:123-130. [PubMed: 14691163]

Alahyane N, Pélisson D. Long-lasting modifications of saccadic eye movements following adaptation
induced in the double-step target paradigm. Learn Mem. 2005; 12:433-443. [PubMed: 16077021]

Albano JE, King WM. Rapid adaptation of saccadic amplitude in humans and monkeys. Invest
Ophthalmol Vis Sci. 1989; 30:1883-93. [PubMed: 2759803]

Bahcall DO, Kowler E. The control of saccadic adaptation: implications for the scanning of natural
visual scenes. Vision Res. 2000; 40:2779-2796. [PubMed: 10960651]

Beaton, K.; Wong, A.; Shelhamer, M. Context-specific adaptation of sensorimotor responses. San
Diego: Society for Neuroscience; 2010.

Berniker M, Kérding K. Estimating the sources of motor errors for adaptation and generalization. Nat
Neurosci. 2008; 11:1454-1461. [PubMed: 19011624]

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 15

Bridgeman B, Hendry D, Stark L. Failure to detect displacement of the visual world during saccadic
eye movements. Vision Res. 1975; 15:719-22. [PubMed: 1138489]

Bryan, CP. The Papyrus Ebers. London: Geoffrey Bles; 1930.

Castet E, Jeanjean S, Montagnini A, Laugier D, Masson GS. Dynamics of attentional deployment
during saccadic programming. J Vis. 2006; 6:196-212. [PubMed: 16643090]

Castet E, Masson GS. Motion perception during saccadic eye movements. Nature Neurosci. 2000;
3:177-83. [PubMed: 10649574]

Cavanagh P, Hunt AR, Afraz A, Rolfs M. Visual stability based on remapping of attention pointers.
Trends Cogn Sci. 2010; 14:147-53. [PubMed: 20189870]

Chaturvedi V, van Gisbergen JA. Specificity of saccadic adaptation in trree-dimensional space. Vision
Res. 1997; 37:1367-1382. [PubMed: 9205728]

Chen-Harris H, Joiner WM, Ethier V, Zee DS, Shadmehr R. Adaptive control of saccades via internal
feedback. J Neurosci. 2008; 28:2804-2813. [PubMed: 18337410]

Collins T. Extraretinal signal metrics in multiple-saccade sequences. J Vis. 2010; 10(14)

Collins T, Wallman J. The relative importance of retinal error and prediction in saccadic adaptation. J
Neurophysiol. 2012; 107:3342-3348. [PubMed: 22442574]

Collins T, Rolfs M, Deubel H, Cavanagh P. Post-saccadic location judgments reveal remapping of
saccade targets to non-foveal locations. J Vis. 2009; 9:1-9. [PubMed: 19757907]

Collins T, Vergilino-Perez D, Beauvillain C, Doré-Mazars K. Saccadic adaptation depends on object
selection: evidence from between- and within-object saccadic eye movements. Brain Research.
2007; 1152:95-105. [PubMed: 17433271]

Criscimagna-Hemminger SE, Bastian AJ, Shadmehr R. Size of error affects cerebellar contributions to
motor learning. J Neurophysiol. 2010; 103:2275-84. [PubMed: 20164398]

Dam G, Kording K, Wei K. Credit Assignment during Movement Reinforcement Learning. PLoS
ONE. 2013; 8(2):e55352.10.1371/journal.pone.0055352 [PubMed: 23408972]

Deubel, H. Adaptivity of Gain and Direction in Oblique Saccades. In: O’Regan, JK.; Levy-Schoen, A.,
editors. Eye Movements: Form Physiology to Cognition. Amsterdam: Elsevier Science Publishers
B.V; 1987. p. 181-190.

Deubel, H. Adaptive Control of Saccade Metrics. In: Obrecht, Gérard; Stark, L., editors. Presbyopia
research: from molecular biology to visual adaptation. Springer; New York: 1991. p. 93-100.
Deubel, H. Is Saccadic Adaptation Context-Specific?. In: Findlay, JM.; Kentridge, RW.; Walker, R.,
editors. Eye Movement Research: Mechanisms, Processes and Applications. Elsevier Science;

1995a.

Deubel H. Separate adaptive mechanisms for the control of reactive and volitional saccadic eye
movements. Vision Res. 1995b; 35:3529-3540. [PubMed: 8560817]

Deubel, H. 2 Separate Mechanisms for the Adaptive Control of Reactive, Volitional, and Memory-
Guided Saccadic Eye Movements. In: Gopher, D.; Koriat, A., editors. Attention and Performance
XVII: Cognitive Regulation of Performance: Interaction of Theory and Application. A Bradford
Book; 1999. p. 814

Deubel H. Localization of targets across saccades: Role of landmark objects. Visual Cognition. 2004;
11:173-202.

Deubel H, Wolf W, Hauske G. Adaptive gain control of saccadic eye movements. Hum Neurobiol.
1986; 5:245-253. [PubMed: 3818374]

Deubel H, Schneider WX. Saccade target selection and object recognition: evidence for a common
attentional mechanism. Vision Res. 1996; 36:1827-37. [PubMed: 8759451]

Deubel H, Schneider WX, Bridgeman B. Postsaccadic target blanking prevents saccadic suppression
of image displacement. Vision Res. 1996; 36:985-996. [PubMed: 8736258]

Deubel H, Koch C, Bridgeman B. Landmarks facilitate visual space constancy across saccades and
during fixation. Vision Res. 2010; 50:249-59. [PubMed: 19833147]

Ditterich, J.; Eggert, T.; Straube, A. Does Visual Background Information Influence Saccade
Adaptation. In: Becker, Wolfgang; Deubel, Heiner; Mergner, T., editors. Current oculomotor
research: physiological and psychological aspects. Springer; New York: 1999. p. 71-80.

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 16

Ditterich J, Eggert T, Straube A. The role of the attention focus in the visual information processing
underlying saccadic adaptation. Vision Res. 2000; 40:1125-1134. [PubMed: 10738071]

Erkelens CJ, Hulleman J. Selective adaptation of internally triggered saccades made to visual targets.
Exp Brain Res. 1993; 93:157-164. [PubMed: 8467885]

Ethier V, Zee DS, Shadmehr R. Spontaneous recovery of motor memory during saccade adaptation. J
Neurophysiol. 2008; 99:2577-2583. [PubMed: 18353917]

Ethier V, Zee DS, Shadmehr R. Changes in control of saccades during gain adaptation. J Neurosci.
2009; 28:13929-13937. [PubMed: 19091981]

Fitzgibbon, EJ.; Goldberg, ME.; Segraves, MA. Short Term Saccadic Adaptation in the Monkey.
Oxford, Eng: Pergamon; 1986.

Frens MA, Van Opstal AJ. Monkey superior colliculus activity during short-term saccadic adaptation.
Brain Res Bull. 1997; 43:473-483. [PubMed: 9250621]

Fuchs AF, Reiner D, Pong M. Transfer of gain changes from targeting to other types of saccade in the
monkey: constraints on possible sites of saccadic gain adaptation. J Neurophysiol. 1996; 76:2522—
2535. [PubMed: 8899624]

Fujita M, Amagai A, Minakawa F, Aoki M. Selective and delay adaptation of human saccades. Brain
Res Cogn Brain Res. 2002; 13:41-52. [PubMed: 11867249]

Gaveau V, Alahyane N, Salemme R, Desmurget M. Self-generated saccades do not modify the gain of
adapted reactive saccades. Exp Brain Res. 2005; 162:526-531. [PubMed: 15864569]

Harris CM. Does saccadic undershoot minimize saccadic flight-time? A Monte-Carlo study. Vision
Res. 1995; 35:691-701. [PubMed: 7900307]

Hatada Y, Rossetti Y, Miall RC. Long-lasting aftereffect of a single prism adaptation: shifts in vision
and proprioception are independent. Exp Brain Res. 2006; 173:415-24. [PubMed: 16552560]

Havermann K, Lappe M. The influence of the consistency of postsaccadic visual errors on saccadic
adaptation. J Neurophysiol. 2010; 103:3302-10. [PubMed: 20393067]

Henson DB. Corrective saccades: effects of altering visual feedback. Vision Res. 1978; 18:63-67.
[PubMed: 664277]

Herman JP, Harwood MR, Wallman J. Saccade Adaptation Specific to Visual Context. J
Neurophysiol. 2009; 101:1713-1721. [PubMed: 19164105]

Herman JP, Cloud CP, Wallman J. End-Point Variability Is Not Noise in Saccade Adaptation. PLoS
ONE. 2013; 8(3):€59731.10.1371/journal.pone.0059731 [PubMed: 23555763]

Hoffman JE, Subramaniam B. The role of visual attention in saccadic eye movements. Percept
Psychophys. 1995; 57:787-95. [PubMed: 7651803]

Hopp JJ, Fuchs AF. Investigating the site of human saccadic adaptation with express and targeting
saccades. Exp Brain Res. 2002; 144:538-548. [PubMed: 12037638]

Hopp JJ, Fuchs AF. The characteristics and neuronal substrate of saccadic eye movement plasticity.
Prog Neurobiol. 2004; 72:27-53. [PubMed: 15019175]

Huang VS, Shadmehr R. Persistence of motor memories reflects statistics of the learning event. J
Neurophysiol. 2009; 102:931-40. [PubMed: 19494195]

Joiner WM, Smith MA. Long-term retention explained by a model of short-term learning in the
adaptive control of reaching. J Neurophysiol. 2008; 100:2948-55. [PubMed: 18784273]

Kagerer FA, Contreras-Vidal JL, Stelmach GE. Adaptation to gradual as compared with sudden visuo-
motor distortions. Exp Brain Res. 1997; 115:557-61. [PubMed: 9262212]

Klassen J, Tong C, Flanagan JR. Learning and recall of incremental kinematic and dynamic
sensorimotor transformations. Exp Brain Res. 2005; 164:250-9. [PubMed: 15947919]

Kowler E, Anderson E, Dosher B, Blaser E. The role of attention in the programming of saccades.
Vision Res. 1995; 35:1897-916. [PubMed: 7660596]

Kommerell G, Olivier D, Theopold H. Adaptive programming of phasic and tonic components in
saccadic eye movements. Investigations of patients with abducens palsy. Invest Ophthalmol. 1976;
15:657-660. [PubMed: 955831]

Kording KP, Tenenbaum JB, Shadmehr R. The dynamics of memory as a consequence of optimal
adaptation to a changing body. Nat Neurosci. 2007; 10:779-786. [PubMed: 17496891]

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 17

Kroller J, De Graaf JB, Prablanc C, Pélisson D. Effects of short-term adaptation of saccadic gaze
amplitude on hand-pointing movements. Exp Brain Res. 1999; 124:351-362. [PubMed: 9989441]

Lauwereyns J, Watanabe K, Coe B, Hikosaka O. A neural correlate of response bias in monkey
caudate nucleus. Nature. 2002; 418:413-417. [PubMed: 12140557]

Lewis RF, Zee DS, Hayman MR, Tamargo RJ. Oculomotor function in the rhesus monkey after
deafferentation of the extraocular muscles. Exp Brain Res. 2001; 141:349-58. [PubMed:
11715079]

Madelain L, Champrenaut L, Chauvin A. Control of sensorimotor variability by consequences. Journal
of Neurophysiology. 2007; 98:2255-2265. [PubMed: 17699687]

Madelain L, Harwood MR, Herman JP, Wallman J. Saccade adaptation is unhampered by distractors. J
Vis. 2010; 10:1-14.

Madelain L, Paeye C, Wallman J. Modification of saccadic gain by reinforcement. J Neurophysiol.
2011; 106:219-232. [PubMed: 21525366]

Madelain L, Herman JP, Harwood MR. Saccade adaptation goes for the goal. J Vis. 2013; 13(4):9.
[PubMed: 23492925]

May, MT. Galen on the usefulness of the parts of the body. Ithaca: Cornell University Press; 1968.

Mazzoni P, Krakauer JW. An implicit plan overrides an explicit strategy during visuomotor adaptation.
J Neurosci. 2006; 26:3642—-3645. [PubMed: 16597717]

McKelvie P, Friling R, Davey K, Kowal L. Changes as the result of ageing in extraocular muscles: a
post-mortem study. Aust N Z J Ophthalmol. 1999; 27(6):420-425. [PubMed: 10641901]

McFadden SA, Khan A, Wallman J. Gain adaptation of exogenous shifts of visual attention. Vision
Res. 2002; 42:2709-26. [PubMed: 12445854]

McLaughlin SC. Parametric adjustment in saccadic eye movements. Perception & Psychophysics.
1967; 2:359-362.

Michel C, Pisella L, Prablanc C, Rode G, Rossetti Y. Enhancing visuomotor adaptation by reducing
error signals: single-step (aware) versus multiple-step (unaware) exposure to wedge prisms. J
Cognitive Neurosci. 2007; 19:341-50.

Miller, JE. Basic Mechanisms of Ocular Motility and Their Clinical Implications. Oxford: Pergamon
Press, Ltd; 1975. Aging changes in extraocular muscles; p. 47-61.

Miller JM, Anstis T, Templeton WB. Saccadic plasticity: parametric adaptive control by retinal
feedback. Journal of experimental psychology. Human perception and performance. 1981; 7:356—
66. [PubMed: 6453929]

Muiller-Hocker J, Schneiderbanger K, Stefani FH, Kadenbach B. Progressive loss of cytochrome ¢
oxidase in the human extraocular muscles in ageing--a cytochemical-immunohistochemical study.
Mutation Research. 1992; 275(3-6):115-24. [PubMed: 1383754]

Munoz DP, Broughton JR, Goldring JE, Armstrong IT. Age-related performance of human subjects on
saccadic eye movement tasks. Exp Brain Res. 1998; 121:391-400. [PubMed: 9746145]

Noto CT, Raobinson FR. Visual error is the stimulus for saccade gain adaptation. Brain Res Cogn Brain
Res. 2001; 12:301-305. [PubMed: 11587898]

Optican LM, Robinson DA. Cerebellar-dependent adaptive control of primate saccadic system. J
Neurophysiol. 1980; 44:1058-1076. [PubMed: 7452323]

Paeye C, Madelain L. Reinforcing saccadic amplitude variability. Journal of Experimental Analysis of
Behavior. 2011; 95:149-162.

Panouilleres M, Gaveau V, Socasau C, Urquizar C, Pélisson D. Brain Processing of Visual
Information during Fast Eye Movements Maintains Motor Performance. PLoS ONE. 2013; 8(1)

Pélisson D, Alahyane N, Panouilléres M, Tilikete C. Sensorimotor adaptation of saccadic eye
movements. Neuroscience and Biobehavioral Reviews. 2010; 34:1103-20. [PubMed: 20026351]

Porterfield W. An essay concerning the motions of our eyes. Part I. Of their external motions.
Edinburgh Medical Essays and Observations. 1737; 4:124-294.

Robinson FR, Noto C, Watanabe S. Effect of visual background on saccade adaptation in monkeys.
Vision Res. 2000; 40:2359-2367. [PubMed: 10927121]

Robinson FR, Fuchs A, Noto C. Cerebellar Influences on Saccade Plasticity. Annals of the New York
Academy of Sciences. 2002; 956:155-163. [PubMed: 11960801]

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Herman et al.

Page 18

Robinson FR, Noto CT, Bevans SE. Effect of visual error size on saccade adaptation in monkey. J
Neurophysiol. 2003; 90:1235-1244. [PubMed: 12711711]
Scudder CA, Batourina EY, Tunder GS. Comparison of two methods of producing adaptation of
saccade size and implications for the site of plasticity. J Neurophysiol. 1998; 79:704-715.
[PubMed: 9463434]
Semmlow JL, Gauthier GM, Vercher JL. Mechanisms of short-term saccadic adaptation. J Exp
Psychol Hum Percept Perform. 1989; 15:249-258. [PubMed: 2525598]
Shadmehr R, Smith M, Krakauer JW. Error correction, sensory prediction, and adaptation in motor
control. Ann Rev Neurosci. 2010; 33:89-108. [PubMed: 20367317]
Shafer JL, Noto CT, Fuchs AF. Temporal characteristics of error signals driving saccadic gain
adaptation in the macaque monkey. J Neurophysiol. 2000; 84:88-95. [PubMed: 10899186]
Shelhamer M, Clendaniel R. Sensory, motor, and combined contexts for context specific adaptation of
saccade gain in humans. Neurosci Lett. 2002a; 332:200-204. [PubMed: 12399014]
Shelhamer M, Clendaniel RA. Context-specific adaptation of saccade gain. Exp Brain Res. 2002b;
146:441-450. [PubMed: 12355272]
Smith, EL, 3rd. Optical treatment strategies to slow myopia progression: Effects of the visual extent of
the optical treatment zone. Exp Eye Res. 2013. (in press), http://dx.doi.org/10.1016/j.exer.
2012.11.019
Sommer MA, Wurtz RH. Brain circuits for internal monitoring of movements. Annu Rev Neurosci.
2008; 31:317-338. [PubMed: 18558858]
Srimal R, Diedrichsen J, Ryklin EB, Curtis CE. Obligatory adaptation of saccade gains. J
Neurophysiol. 2008; 99:1554-1558. [PubMed: 18234985]
Straube A, Deubel H. Rapid gain adaptation affects the dynamics of saccadic eye movements in
humans. Vision Res. 1995; 35:3451-3458. [PubMed: 8560811]
Straube A, Fuchs AF, Usher S, Robinson FR. Characteristics of saccadic gain adaptation in rhesus
macaques. J Neurophysiol. 1997; 77:874-895. [PubMed: 9065856]
Takikawa Y, Kawagoe R, Itoh H, Nakahara H, Hikosaka O. Modulation of saccadic eye movements
by predicted reward outcome. Experimental Brain Research. 2002; 142:284-291. [PubMed:
11807582]
Todorov E. Stochastic optimal control and estimation methods adapted to the noise characteristics of
the sensorimotor system. Neural Comput. 2005; 17(5):1084-108. [PubMed: 15829101]
Vergilino-Perez D, Findlay JM. Between-object and within-object saccade programming in a visual
search task. Vision Res. 2006; 46:2204-16. [PubMed: 16494920]
Wallman J, Fuchs AF. Saccadic gain modification: visual error drives motor adaptation. J
Neurophysiol. 1998; 80:2405-2416. [PubMed: 9819252]
Warabi T, Kase M, Kato T. Effect of aging on the accuracy of visually guided saccadic eye movement.
Annals of Neurology. 1984; 16:449-454. [PubMed: 6497354]
Watanabe K, Lauwereyns J, Hikosaka O. Effects of motivational conflicts on visually elicited saccades
in monkeys. Experimental Brain Research. 2003; 152:361-736. [PubMed: 12904939]
Wei K, Kérding K. Relevance of error; what drives motor adaptation? J Neurophysiol. 2009; 101:655—
64. [PubMed: 19019979]

Wolpert DM, Kawato M. Multiple paired forward and inverse models for motor control. Neural Netw.
1998; 11:1317-1329. [PubMed: 12662752]

Wong AL, Shelhamer M. Sensorimotor adaptation error signals are derived from realistic predictions
of movement outcomes. J Neurophysiol. 2011a; 105:1130-40. [PubMed: 21123665]

Wong AL, Shelhamer M. Saccade adaptation improves in response to a gradually introduced stimulus
perturbation. Neuroscience letters. 2011b; 500:207-11. [PubMed: 21741440]

Xu-Wilson M, Zee DS, Shadmehr R. The intrinsic value of visual information affects saccade
velocities. Experimental Brain Research. 2009; 196:475-481. [PubMed: 19526358]

Zee DS, Optican LM, Cook JD, Robinson DA, Engel WK. Slow saccades in spinocerebellar
degeneration. Archives of neurology. 1976; 33:243-51. [PubMed: 1083233]

Zimmermann E, Lappe M. Eye position effects in oculomotor plasticity and visual localization. J
Neurosci. 2011; 31:7341-8. [PubMed: 21593318]

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.


http://dx.doi.org/10.1016/j.exer.2012.11.019
http://dx.doi.org/10.1016/j.exer.2012.11.019

Herman et al. Page 19

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Herman et al.

Page 20

baseline adapt post

Gain (ratio of saccade amplitude to target step-size)

12°

Z(Ens

Figure 1.
Illustration of gain change during saccade adaptation. A typical intrasaccadic step (I1SS)-

adaptation session. Saccade gain is slightly bellow 1 in the baseline-phase, where there are
no ISSs. In the adapt-phase, gain decreases progressively to an asymptote. Note that
adaptation is incomplete. In the post-phase, where there are again no I1SSs, gain
progressively increases toward the baseline level.
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Figure 2.
Schematic of the Sensory Prediction Error (SPE, magenta) concept. Whether considering the

“normal” saccades (green) used in many studies of saccade adaptation induced by
intrasaccadic target steps (ISSs, dark red), or the “part-way” saccades (blue) used by Bahcall
& Kowler (2000), the resulting SPE is unchanged, despite a large difference in the retinal
error (orange), thanks to offsetting by the sensory prediction (purple). Note that the SPE and
the ISS are shown as identical in this example because: (1) the illustrated sensory prediction
does not account for noise in the pre-saccade estimate of target eccentricity, and (2) the
internal estimate of saccade amplitude (on which the sensory prediction must also rely) is
illustrated as accounting for the saccadic execution noise, which it cannot. In actuality, the
SPE would vary in magnitude relative to the ISS as a result of both noise sources.
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Figure 3.
The effect of prediction errors on saccade adaptation. Targets were always extinguished

upon saccades made to them. In two experiments, during Session 1, targets were either re-
illuminated in their original position if the saccade was larger than the running median
saccade amplitude (as illustrated by the light versus dark shading of the Large-On
distribution, inset), or re-illuminated if the saccade was smaller than the median saccade
amplitude (Small-On, inset). Hence, theoretically, there was no prediction error in Session 1
as the target reappeared in its original position. In Session 2 of each experiment, the target
was re-illuminated on the same trials as in Session 1 (irrespective of landing position) and at
a displaced position to recreate the exact pattern of retinal errors experienced in Session 1,
but now with prediction errors. Percent adaptation was much greater in Session 2 across the
seven subjects (circles), as shown by the group averages (dark gray lines) and the 95%
confidence intervals (lighter gray boxes). Data replotted from Collins and Wallman 2012
with permission.
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Figure 4.
Saccade adaptation is selective for target identity. A- lllustration of the temporal sequence of

the protocols used in Madelain et al. 2010. After a primary 10deg step, on saccade detection
the target (a green circle in this example) could 1) step-back by 2deg and be replaced by a
distractor (left panel) or 2) remain in place, a distractor appearing 2deg on its left (right
panel). B- Individual saccade gains and lowess smoother for a single subject in 3 conditions.
Red: Step-back condition, with the appearance of a distractor at the initial target location.
Blue: Conventional step-back condition, without the appearance of a distractor. Green: No
step-back of the target, but distractor appearing on the left of the target. The gray zone
indicates the adaptation phase. Figure reproduced from Madelain et al. 2010 with permission
(copyright: Association for Research in Vision and Ophthalmology, ARVO ©).
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Figure 5.

Effects of natural scene backgrounds and/or targets displaced during saccades. Mean and
standard deviation of the percent change of gain for each subject in the 4 experiments of the
study from Madelain and collaborators (2013): Background displaced - Target static (BdTs),
Background static - Target displaced (BsTd), Background displaced - Target displaced
(BdTd) and Background displaced - Target extinguished (BdTe). Figure reproduced from
Madelain et al. 2013 with permission (copyright: Association for Research in Vision and
Ophthalmology, ARVO ©).

Exp Eye Res. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny Vd-HIN

1duosnuey Joyiny vd-HIN

Herman et al.

Gain

0.9

0.8

0.7 =

Page 25

[=1 Flickering Target (No ISS)
¥ steady Target (ISS)

———— ==

___..,_.__._

Random

T T T T T T 1

0 100 200 300 400 500 550
Trial Number

Baseline Blocked

Figure 6.
Contextual saccade adaptation driven by purely visual properties of the target. The

individual saccade gain for each trial (dots) in one experiment in a representative subject are
plotted with their moving averages (+/— 95% confidence intervals, shaded curves) for each
context. On each trial, the target was either a flickering spot (luminance switching between
two values at 5 Hz), or a non-flickering spot target. In the Blocked phase, 3—10 consecutive
trials were of one target type, before switching to the other target context; in the Random
phase, target contexts switched randomly trial-to-trial. After the Baseline phase, one target
type always stepped backwards during saccades (ISS), and the other type did not (No ISS).
The gradually separating curves show the build-up of contextual adaptation to the target
types: subjects learned to associate the visual context into their movement gain. Data
replotted from Herman et al. 2009 with permission.
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