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bstract

Saccadic eye movements are used to quickly and accurately orient our fovea within our visual field to obtain detailed information from various
ocations. The accuracy of these eye movements is maintained throughout life despite constant pressure on oculomotor muscles and neuronal
tructures by growth and aging; this maintenance appears to be a product of an adaptive mechanism that continuously accounts for consistent
ost-saccadic visual error, and is referred to as saccadic adaptation. In this paper, we present a new paradigm to test saccadic adaptation under
ircumstances that more closely resemble natural visual error in everyday vision, whereas previous saccadic adaptation paradigms study adaptation
n a largely restricted form. The paradigm achieves this by positioning a stimulus panel atop an identically colored background relative to the gaze
osition of the participant. We demonstrate the paradigm by successfully decreasing participants’ saccadic amplitudes during a common visual
earch task by shifting the stimulus panel in the opposite direction of the saccade by 50% of the saccadic amplitude. Participants’ adaptation reached

pproximately 60% of the 50% back-shift during the adaptation phase, and was uniformly distributed across saccadic direction. The adaptation
ime-course found using the new paradigm is consistent with that achieved using previous paradigms. Task-performance results and the manner in
hich eye movements changed during adaptation were also analyzed.
2007 Elsevier B.V. All rights reserved.
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Saccadic eye movements, which are used to rapidly orient our
ovea within our visual field, are quite accurate to their intended
argets (Becker, 1989; Kowler and Blaser, 1995). This accuracy
s maintained despite constant influence on extraocular muscles
nd neuronal structures by growth and aging (Munoz et al., 1998;
arabi et al., 1984). This saccadic plasticity appears to be, in

art, a product of a continuous mechanism that evaluates the
isual error between post-saccadic gaze position and intended
aze position (Noto and Robinson, 2001; Wallman and Fuchs,
998). If this post-saccadic visual error remains consistent over
ultiple saccades, a form of motor learning slowly adjusts the

accadic system towards a smaller visual error. This adjusting
f the saccadic system is referred to as saccadic adaptation.

Robust saccadic adaptation has been demonstrated in humans
nd monkeys using natural visual error involving weakened or
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

amaged extraocular muscles (e.g., Abel et al., 1978; Kommerell
t al., 1976; Optican and Robinson, 1980) as well as induced
isual error by trans-sacadically displacing the target of the
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accade (e.g., Deubel et al., 1986; McLaughlin, 1967; Noto et
l., 1999). McLaughlin (1967) introduced a paradigm to test
accadic adaptation by laterally displacing the target of a sac-
ade towards the starting location of the saccade while the
accade was in flight. Such displacements of the saccadic tar-
et are possible since human vision is effectively suppressed
uring saccades (e.g., Brooks and Fuchs, 1975; Matin, 1974;
iggs et al., 1974; Riggs et al., 1982). Consequently, after
articipants have finished a saccade under this paradigm, it
ppears to them as though their saccade had overshot the tar-
et, which would then, given sufficient visual error, induce a
econd, corrective saccade to foveate the displaced target. In
his way, McLaughlin was able to demonstrate a significant
accadic amplitude reduction after only 5–10 saccades. Many
xperiments since have used McLaughlin’s paradigm to further
tudy saccadic adaptation. In addition to amplitude reduction,
mplitude increases (Deubel et al., 1986; Noto et al., 1999)
nd directional changes (Deubel, 1987; Noto et al., 1999) have
paradigm for studying continuous saccadic adaptation, J Neurosci

een demonstrated using variations of McLaughlin’s paradigm.
nterestingly, researchers have also shown that one saccadic vec-
or can be adapted independent of other saccadic vectors, given
hat the vectors involved are sufficiently distinct (Deubel et al.,

dx.doi.org/10.1016/j.jneumeth.2007.10.022
mailto:tgaraas@gmail.com
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986; Deubel, 1987; Miller et al., 1981; Semmlow et al., 1987;
eisfeld, 1972).
The paradigm used to demonstrate the aforementioned adap-

ations begins by having participants foveate a centrally located
arget. After some time, the central target is extinguished and a
ew target is presented, usually between 10◦ and 15◦ eccentric-
ty, to which the participants are then supposed to saccade. Once
he participant’s saccadic eye movement has reached a prede-
ned criterion (e.g., a specific saccadic velocity), an adaptation
tep is triggered (e.g., a 3◦ step towards the starting location of
he saccade). When this procedure is repeatedly administered,
he induced visual error causes participants to slowly adjust their
accadic amplitude or direction to compensate for the adapta-
ion step. Adaptation time constants using this paradigm usually
ange between 5 and 50 saccades (Miller et al., 1981). For exam-
le, Miller et al. (1981) demonstrated adaptation to a single
arget resulting in a time constant of six saccades and adap-
ation to six targets resulting in a time constant of 57 saccades.

hile McLaughlin’s paradigm is able to demonstrate signifi-
ant adaptation to one or more predefined saccadic vectors, the
onditions of the paradigm make it unrealistic for studying adap-
ation from natural causes. For instance, it is customary under
his paradigm to only apply the adaptation step to the first target-
ng saccade, while all other saccades (e.g., corrective saccades)
re allowed to be executed normally. This type of situation seems
uite unlikely to occur naturally, as natural visual error would
ikely be present for all saccades, including corrective saccades.
onsequently, interactions between saccadic vectors are largely

gnored. Moreover, it is rare that we would make saccades of
he same amplitude and direction many times in a row. It is
qually unlikely that the only purpose of our saccades would be
o foveate a location without interest in its inspection; as usually,
here is another purpose behind any saccade, such as looking for
ur keys or reading.

In this paper, we present a new saccadic adaptation paradigm
hat does not use the standard, trans-saccadic adaptation step,
ut instead induces post-saccadic visual error by continuously
hifting a gaze-contingent stimulus panel. Under this paradigm,
nstead of the target jumping instantly to a predetermined posi-
ion during a participant’s saccade, the target will continuously
ransition from its pre-saccadic position to its post-saccadic posi-
ion based on a simple calculation involving the participant’s
aze position throughout the saccade. Rather than speaking in
erms of an adaptation step, we introduce the term adaptation
hift to illustrate the deviation from the standard paradigm. Since
articipants’ vision is effectively suppressed during the saccade,
articipants in our paradigm should not perceive the movement
f the items during their saccades, but only the resulting visual
rror. This manner of inducing post-saccadic visual error is quite
ifferent from previous paradigms, and a thorough account of
hese differences and their implications is given in Section 3 of
his paper.

To demonstrate this new paradigm, we tested participants’
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

daptation using a pair of simple equations to calculate the
osition of the stimulus panel such that a 50% back-shift (i.e.,
uring the saccade, the display was shifted towards the starting
ocation by 50% of the saccadic amplitude) was induced while
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articipants performed a simple visual search task. For the task,
articipants were asked to search a display of visual items for the
resence of a pre-specified target item during an initial, adap-
ation, and recovery phase. The final phase is referred to as a
ecovery phase, as participants are, in effect, recovering their
ormal saccadic amplitudes.

. Method

.1. Participants

The experiment was performed with the assistance of ten
niversity students from the University of Massachusetts Boston
ho were paid a $10 honorarium for their participation. All
articipants had normal or corrected-to-normal vision.

.2. Apparatus

Stimuli were presented on a 21-in. Dell P1130 monitor using
he resolution 1024 × 768 and a refresh rate of 120 Hz. Par-
icipants sat approximately 33 cm from the screen resulting in a
orizontal and vertical viewing angle of 57.5◦ and 44.9◦, respec-
ively. Eye movements were recorded using the SR Research Ltd.
ye-Link II eye-tracker system. The average error of visual angle

n this system is 0.5◦, and its sampling frequency is 500 Hz. Dur-
ng the adaptation phase of the experiment, a gaze-contingent
timulus panel was used to induce the post-saccadic visual error.
he parameters of the gaze-contingent stimulus panel were set
uch that the stimulus panel would shift counter to participants’
accades by 50% of the amplitude of the saccade. The maxi-
um delay between participants’ eye movements and the display
ovement was approximately 11 ms. Participants’ responses

n the discrimination task (see below) were recorded using a
andset, commonly referred to as a gamepad.

.3. Materials

Displays were created using very similar target and distracter
tems (average luminance 22.0 cd/m2) atop a black background
0.2 cd/m2) as shown in Fig. 1a. In order to facilitate the analysis
f saccadic adaptation, items were designed so that participants
ad to foveate them in order to determine if they were a target or
istracter item. Items measured approximately 1.4◦ in diameter
nd were composed of a circle intersected by four colored lines of
qual length positioned at 0◦, 90◦, 180◦, and 270◦, respectively.
he target item was identical to the distracter items except that

wo of the lines on the target item were of the same color, whereas
he distracter items contained lines of four different colors. The
olors present on each item were randomly chosen from four col-
rs, which were pink (CIE chromaticity coordinates: x = 0.348,
= 0.229), light brown (x = 0.378, y = 0.386), blue (x = 0.254,
= 0.264), and green (x = 0.296, y = 0.480). The four colors were
hosen to attract approximately equal amounts of visual atten-
paradigm for studying continuous saccadic adaptation, J Neurosci

ion based on a recently proposed, spherical color space of
accadic selectivity in visual search (Xu et al., 2007). Half of
he displays contained three distracter items and one target item,
nd the other half contained four-distracter items. The four items

dx.doi.org/10.1016/j.jneumeth.2007.10.022
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Fig. 1. (a) An example display shown to participants during the visual search
task. In the actual trials, the items were colored and the background was black. (b)
Example mechanics of the gaze-contingent display presented during the visual
search task. An example saccade (black arrow) is shown starting at “S1” and
ending at “E1”. The black box and items represent the stimulus panel from (a)
as it would have been seen by a participant while fixating S1, and the grayed box
and items represent the stimulus panel from (a) as it would have been seen by a
participant while fixating E1. The separation between the expected location of the
intended item after the saccade (black item near E1), and the actual location of the
intended item after the saccade (gray item halfway along the example-saccade
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rrow), represents the adaptation shift for the example saccade. An example
orrective saccade is also shown (gray arrow), which would also overshoot the
ntended item, as the display would also shift during this saccade.

n each display were randomly placed on a 28.6◦ × 28.6◦ area,
hich we refer to as the stimulus panel (Fig. 1a). The minimum
istance between items was 12.5◦. The displays were randomly
enerated, and each participant was subject to the same set of
isplays.

.4. Procedure

Prior to the start of a session, each participant was given
pecific instructions about the task. Participants were also fitted
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

ith the eye tracker headpiece and given a quick calibration
ask at this time. They then completed three consecutive phases
omposed of 75 trials during the initial phase, 225 trials during
he adaptation phase, and 75 trials during the recovery phase;

t
t
−
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articipants were not pre-notified of phase switches. Participants
ere asked to search through the items as quickly and accurately

s possible to determine if a target item was present in the display
nd to press one button on the gamepad if a target item was
resent or press another button if no target item was present.
mmediately following a participant’s response, a sound was
layed that indicated whether a correct or incorrect response was
ade. Prior to the start of the next trial, participants performed
simple drift correction of the eye tracker by foveating a small
rey disc presented at the location of their fixation during the
utton press.

During the trials, the presence of the stimulus panel was
ot apparent to participants because both the panel background
nd screen were black. In the initial and recovery phases of
he experiment, the stimulus panel described above was cen-
ered on the screen. During the adaptation phase however, the
timulus panel was positioned relative to participants’ gaze posi-
ion using the following calculations: x = 512 − (gx − 512)/2 and
= 384 − (gy − 384)/2 where gx and gy, respectively, represent
articipants’ horizontal and vertical gaze position in pixels from
he upper-left corner of the screen, and x and y, respectively,
epresent the corresponding horizontal and vertical position for
he center of the stimulus panel, also in pixels. For example,
ig. 1b shows the position of the stimulus panel under two dif-
erent gaze positions, S1 and E1. The first gaze position (S1) is
ocated at the center of the screen (gx = 512, gy = 384) and corre-
ponds to the first position of the stimulus panel (black box and
tems; x = 512, y = 384), which is also centered on the screen.
his condition can be viewed as the ‘home’ condition, that is, a
creen-centered gaze position corresponds to a screen-centered
timulus panel. The black arrow from S1 to E1 represents an
xample saccade directed toward the item located at E1. During
his faux saccade, the stimulus panel is continuously shifted from
ts initial position when the participant was fixating S1 (black
ox and items; gx = 512, gy = 384; x = 512, y = 384) to its new
osition when the participant is fixating E1 (gray box and items;
x = 756, gy = 576; x = 390, y = 288). Since the stimulus panel is
aze-contingent and designed to counter participants’ saccades
y 50% of their amplitude, during the saccade from S1 to E1,
hich has an amplitude of 13.6◦ rightward and 11.4◦ downward,

he display was smoothly shifted 6.8◦ leftward and 5.7◦ upward.
he consequence of this shift is that during the subsequent fix-
tion, participants perceive that they have overshot the item. A
ample corrective saccade is also indicated in Fig. 1b as a gray
rrow, which would also overshoot the intended item since the
isplay is also shifting during this saccade.

.5. Data collection

For easier reference, we will refer to the item nearest the
anding location of the saccade as the intended target of the sac-
ade. The amount of adaptation measured during the trials was
nly computed for saccades that fit three specific criteria. One;
paradigm for studying continuous saccadic adaptation, J Neurosci

he saccade’s starting and landing locations were not nearest to
he same item. Two; the post-saccadic visual error was between

20% and 20% during the initial phase, or between −20% and
20% during the adaptation phase or between −60% and 10%

dx.doi.org/10.1016/j.jneumeth.2007.10.022
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uring the recovery phase. Visual error is calculated using the
ormula:

isual error =
(

Saccadic amplitude

Correct amplitude
− 1

)
× 100

where Saccadic amplitude is the amplitude of the saccade
nd Correct amplitude is the amplitude needed to correctly
oveate the target. Three; the direction of the saccade did not
eviate by more than 15◦ from the direction of the intended
tem from the saccade’s starting point. These criteria were
esigned to restrict analysis to saccades that were made strictly
rom one item to another, which we refer to as scanning
accades; saccades that have a starting and landing location
hat are nearest the same item are referred to as corrective
accades.

. Results and discussion

Following the experiment, participants reported they were
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

omewhat “confused” by the initial imposition of the adaptation
hift, but additionally reported that after running a few trials
hey had regained visual stability (i.e., they did not perceive
he motion of the display at all). This could likely be avoided

d
s
t
f

ig. 2. Eye movement during the initial phase (a), adaptation phase (b), and recove
ray arrows represent corrective saccades. Although during the adaptation phase, al
very gaze position during the trial, displayed items represent only the locations befor
ntended items as seen from the start of the scanning saccade made to it are shown a
ocation are shown as gray items (only applicable for the adaptation phase).

ig. 3. (a) Amplitude and direction for all scanning saccades of a single participant (
he equation listed in Section 3 averaged across every 10 trials; these values are given
s in black) as well as the mean visual error for all 10 participants (thick black line w
 PRESS
ence Methods xxx (2007) xxx–xxx

ltogether by using a smaller adaptation shift (e.g., 25% of the
accadic amplitude). A plot of saccadic eye movements for a
ingle trial and participant during the initial phase (Fig. 2a),
daptation phase (Fig. 2b), and recovery phase (Fig. 2c) is given
n Fig. 2. The plot of saccadic eye movements for the initial
hase (Fig. 2a) shows that the landing locations of scanning
accades (black arrows) are very near their intended item (black
tems). In the plot of eye movements for the adaptation phase
Fig. 2b) however, the stimulus panel is gaze-contingent and the
ocation of the intended item prior to a saccade is different from
he location of the intended item after a saccade (gray items).
he saccadic eye movements in Fig. 2b demonstrate exactly how
articipants overshoot their intended target due to the adaptation
hift; the subsequent corrective saccades (gray arrows) to foveate
he displaced target are also illustrated in Fig. 2b. Finally, fol-
owing the adaptation phase, participants should have partially
djusted their saccadic amplitudes to the imposed visual error
uring the adaptation phase, which, as shown in Fig. 2c, causes
heir saccades to fall well short of the intended item. Fig. 2c also
paradigm for studying continuous saccadic adaptation, J Neurosci

emonstrates that adaptation has additionally occurred for short
accades (i.e., corrective saccades) as it takes up to two correc-
ive saccades following the initial scanning saccade to effectively
oveate the target.

ry phase (c). Following Fig. 1, black arrows represent scanning saccades and
l items in the stimulus panel appeared at different locations corresponding to
e and after the associated scanning saccade made to them. The locations of the
s black items, and the locations of the intended item as seen from the landing

P1) made during the adaptation phase. (b) The visual error as calculated using
for each of the 10 participants (thin gray lines, except for participant P1 which

ith data points).

dx.doi.org/10.1016/j.jneumeth.2007.10.022
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.1. Analysis

Fig. 3a shows a plot of the amplitudes and directions of all
canning saccades made by a participant (P1) during the adap-
ation phase, and Fig. 3b shows the results from plotting the
isual error of scanning saccades that were identified using the
riteria outlined in Section 3 in all three phases for all 10 partic-
pants as well as the mean visual error for all participants. If we
ook at the data from the initial trials, we see that participants
ollectively tend to undershoot the target location by approx-
mately 5%. This is in line with what we would expect as it
as been theorized that the saccadic system is naturally slightly
ypometric (Henson, 1978; Hopp and Fuchs, 2004; Miller et
l., 1981). No significant difference in the visual error measure
as found between the first half of trials (5.4% undershoot),

eferred to as early trials, and the second half of trials (4.4%
ndershoot), referred to as late trials, during the initial phase,
(9) = 1.26, p > 0.1. Fig. 3b also clearly demonstrates that par-
icipants do in fact adapt over time to the induced visual error
i.e., the 50% back-shift) during the adaptation phase, as partici-
ants went from overshooting the target by 81.7% during the first
en trials to overshooting the target by 43.5% during the last ten
rials. In this phase, the visual error measured during the early tri-
ls (67.2% overshoot) is significantly greater than that measured
uring the late trials (48.4% overshoot), t(9) = 10.79, p < 0.001.
inally, Fig. 3b shows that participants also recover their nor-
etric saccadic amplitudes over time during the recovery phase.
hey went from undershooting the target by 38.9% during the
rst ten trials to undershooting the target by 15.3% during the

ast ten trials, and that participants undershoot the target sig-
ificantly more during the early trials (16.0% undershoot) than
uring the late trials (11.3% undershoot) of the recovery phase,
(9) = 8.97, p < 0.001. From this data it appears that recovery
ollows a similar course of change as adaptation because in the
rst 75 adaptation trials, participants went from overshooting
y 81.7% to overshooting by 61.6% (a difference of 20.1%),
nd during the 75 recovery trials, participants went from under-
hooting by 38.9% to undershooting by 15.4% (a difference of
3.5%).

As previously mentioned, it is possible for saccades to be
dapted independently if their directions or amplitudes are suf-
ciently different. However, nearby adapted saccadic vectors

ikely still influence each other depending on their similarity
Hopp and Fuchs, 2004). We tested for any such influence by
veraging the post-saccadic visual error every 45◦ (see Fig. 4)
or participants during their last 25 trials of the adaptation phase;
ig. 4a and b, respectively, show the directional distribution of
isual error and the corresponding scanning saccades for all 10
ndividual participants as well as the mean for all participants.
espite some differences between directions for single partici-
ants, no pattern of influence, such as the mutual inhibition of
daptation in opposite directions, could be evidenced from our
ata. The differences between individual participants are not
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

urprising, as it has been previously reported that adaptation can
ary significantly between participants (Hopp and Fuchs, 2004).

Participants’ saccadic adaptation can also be seen by the
ffect it has on their basic eye-movement variables. Fig. 5

m
D
i
p

ith data points) visual error averaged for every 45◦ during the last 25 trials
f the adaptation phase. (b) The individual and mean percentages of scanning
accades averaged for every 45◦ during the adaptation phase.

emonstrates how the distribution of saccadic amplitudes
hanges over the course of the experiment. The white curve
hown in Fig. 5 presents the distribution of saccadic ampli-
udes during the initial phase, and from this, we can identify
wo primary amplitude intervals that dominate the distribution.
irst is the large percentage of saccades with very small ampli-

udes (less than 2.8◦), which represents corrective saccades
corrective region). Next, is the “hill” of saccades with larger
mplitudes (14◦ through 23◦), which represents scanning sac-
ades (scanning region). The effects of saccadic adaptation are
paradigm for studying continuous saccadic adaptation, J Neurosci

ost pronounced in the changes that occur to these two areas.
uring the first third of the adaptation phase, the scanning region

s nearly obliterated due to the incursion of a greater number of –
reviously unnecessary – corrective saccades, which is embod-

dx.doi.org/10.1016/j.jneumeth.2007.10.022
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ig. 5. Percentage of saccades at different saccadic amplitude intervals during
hase, final third of the adaptation phase, and recovery phase; each period repre

ed as the widening of the corrective region (from less than 2.8◦
o less than 8.4◦). As the remaining two thirds of the adapta-
ion phase pass, the scanning region is progressively rebuilt in
ontrast to the shrinking of the corrective region, indicating that
orrective saccades become fewer and shorter. As we would
xpect, the scanning region is also shifted towards shorter sac-
ades during the adaptation phase as a direct consequence of
articipants’ saccadic adaptation. Finally, during the recovery
hase, the scanning region is shifted back towards longer sac-
ades as participants recover their normetric saccades; however,
slightly wider corrective region that is absent during the initial
hase still remains as evidence that corrective saccades are still
eeded.

A two-way analysis of variance with phase (initial trials vs.
daptation trials vs. recovery trials) and time (early trials vs.
ate trials) as within-subject factors was used to analyze trial
ccuracy, which is the percentage of trials responded to cor-
ectly, and trial duration, which is the time between trial onset
nd trial cessation. Trial accuracy varied minimally, but signifi-
antly across phase (initial: 91.6%; adaptation: 95.2%; recovery:
3.9%), F(2, 18) = 5.16, p < 0.05, but not across time (early:
2.9%; late: 94.2%), F(1, 9) = 1.10, p > 0.10. Response times,
hich were computed only for correctly classified, target-absent

rials, varied significantly across phase (initial: 5020 ms; adapta-
ion: 4879 ms; recovery: 4173 ms), F(2, 18) = 4.68, p < 0.05, and
ere significantly longer for early trials (4941 ms) than late tri-

ls (4441 ms), F(1, 9) = 7.85, p < 0.05. Improvements in response
ime appear to stem from two primary sources: a practice effect
nd an adaptation effect.

. General discussion
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022

In this study we introduce a new paradigm aimed at exam-
ning saccadic adaptation under conditions more akin to those
f natural saccadic adaptation. This is accomplished by con-
inuously shifting a gaze-contingent stimulus panel during each

p
s

u

nitial phase, first third of the adaptation phase, second third of the adaptation
75 trials.

accade made by participants. The position of the stimulus is cal-
ulated using a pair of simple equations that relate the current
aze position to the current stimulus panel position. Conse-
uently, the target of a given saccade does not instantly jump
s with previous saccadic adaptation paradigms, but instead,
moothly transitions to its post-saccadic position. However,
ince participants’ vision is effectively suppressed during a sac-
ade, participants do not perceive the smooth motion of the
isplay, but only the resulting visual error.

To demonstrate the effectiveness of this new paradigm, we
resented an experiment in which participants’ saccades were
ubjected to 50% back-shift while they performed a simple
isual search task. In this way, we were able to successfully
educe participants’ saccadic amplitudes by 60% of the imposed
ack-shift. This is approximately equal to the adaptation elicited
sing previous saccadic adaptation paradigms. For example,
esmurget et al. (1998) introduced a 7.5◦ backstep during
articipants’ saccades to a peripheral target, and produced an
daptation of approximately 36% after around 30 saccades.
n our study, participants adapted to approximately 50% of
he 50% back-shift for a single 45◦ interval after around 40
canning saccades. Comparable adaptation time-courses have
een demonstrated in experiments similar to Desmurget’s (Hopp
nd Fuchs, 2004). One important difference between Desmur-
et’s experiment and ours is that Desmurget’s does not involve
daptation to multiple saccadic vectors, whereas our experi-
ent involved many saccadic vectors. However, the results from

ur experiment demonstrate that in general, participants adapt
venly across all directions. In addition to saccadic adaptation
easures, we found evidence that adaptation did have a signif-

cant effect on trial response time, as response times similar to
hose seen at the end of the initial phase could be found after
paradigm for studying continuous saccadic adaptation, J Neurosci

articipants had adapted to approximately 40% of the adaptation
tep.

Our experiment is not the first to study saccadic adaptation
sing multiple targets, but unlike previous experiments involv-

dx.doi.org/10.1016/j.jneumeth.2007.10.022
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ng multiple targets, our experiment allows participants to search
he targets in any arbitrary order, and furthermore, applies the
rans-saccadic shift to all saccades made. For instance, Deubel
1995) tested saccadic adaptation by asking participants to count
he number of full T’s in a rectangular arrangement of six items
hat were to be searched in a clockwise or counter-clockwise
rder. In this experiment, only the first saccade to each target
as subjected to the adaptation step. This type of setup, as with
cLaughlin’s paradigm, was effective for what was being stud-

ed, but is unrealistic for studying saccadic adaptation under
atural visual error.

This particular demonstration exhibits some of the unique
roperties of the new paradigm. First of all, since the stimu-
us panel location is dependent upon participants’ gaze position,
ll saccadic eye movements will be subjected to the adaptation
hift, including corrective saccades. Additionally, since the dis-
lay movement does not need to be calculated prior to testing, the
ask is not limited to a few, pre-calculated saccadic vectors, with-
ut which the experimentation of saccadic adaptation during this
ype of concurrent visual task would be infeasible. Additionally,
his new paradigm also has some other interesting features that
dd to its potential for studying saccadic adaptation under natural
isual error. For instance, in the demonstration experiment we
resented, the stimulus panel position was computed using two
imple calculations dependent upon the current gaze position;
owever, these calculations need not be so elementary and could
e used to elicit any number of adaptation shifts dependent on
any more variables. Furthermore, these calculations could be

etup to simulate real-world situations, such as injury to a spe-
ific extra-ocular muscle. For instance, a lateral rectus muscle
njury would likely hinder abducting eye movements, the effects
f which could be simulated using a slightly modified version
f the current equations.

Finally, the choice of positioning a stimulus panel further
llows the exploration of saccadic adaptation using much dif-
erent stimuli than traditionally used. For instance, given some
lever computer programming, this paradigm could be setup to
tudy saccadic adaptation using real-world scenes captured in an
mage or video file. Other interesting stimuli include real-time
endered 3D scenes, interactive displays, real-time video feeds,
nd many others.

Based on the current results, we believe that our paradigm
ffers certain unique advantages that could afford researchers a
ool for studying properties of saccadic adaptation that cannot
e studied under previous paradigms. Future research will be
imed toward exploiting the benefits of our paradigm.
Please cite this article in press as: Garaas TW, et al., A gaze-contingent
Methods (2007), doi:10.1016/j.jneumeth.2007.10.022
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