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For visual localization to remain accurate across changes of gaze, a signal representing the position of the eye in the orbita is needed to
code spatial locations in a reference frame that is independent of retinal displacements. Here we report evidence that the localization of
visual objects in space is coded in an extraretinal reference frame. In human subjects, we used outward saccadic adaptation, which can be
induced artificially by a systematic displacement of the saccade target. This form of oculomotor plasticity is accompanied by changes in
spatial perception, thus highlighting the relevance of saccade metrics for visual localization. We tested the reference frame of outward
adaptation for reactive and scanning saccades and visual localization. For scanning saccades, adaptation magnitude was drastically
reduced at positions distant from the adapted eye position. Changes in visual localization showed a very similar modulation of eye
position. These results suggest that scanning saccade adaptation is encoded in a nonretinotopic reference frame. Eye position effects for
reactive saccade adaptation were smaller, and the induced mislocalization did not vary significantly between eye positions. The different
modulation of reactive and scanning saccade adaptation supports the idea that oculomotor plasticity can occur at multiple sites in the
brain. The findings are also consistent with previous evidence for a stronger influence of scanning saccade adaptation on the visual

localization of objects in space.

Introduction

To keep sensorimotor coordination accurate, the brain must
compensate for the permanent changes of the retinal image re-
sulting from changes in eye, head, and body position. Visual and
motor targeting is directed toward locations in space, but gaze
position is changed with every saccadic eye movement, on aver-
age three times per second. To stabilize spatial localization, reti-
nal information must be combined with knowledge about the
current position of the eye. Saccade targeting can be adaptively
adjusted by artificially displacing the saccade target while the eye
moves (McLaughlin, 1967; Hopp and Fuchs, 2004; Pélisson et al.,
2010). Oculomotor plasticity is paralleled by changes in visual
localization that shift the apparent position of visual objects in
space (Bahcall and Kowler, 1999; Awater et al., 2005; Bruno
and Morrone, 2007; Collins et al., 2007). Saccadic adaptation-
induced distortions of visual space have been found even during
fixation, suggesting a common mechanism for saccade and visual
targeting (Moidell and Bedell, 1988; Schnier et al., 2010; Zimmer-
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mann and Lappe, 2010). Modifications in saccade targeting must
occur at multiple sites of the oculomotor pathways because dif-
ferent types of saccades (e.g., reactive or scanning saccades) show
different adaptation behavior (Erkelens and Hulleman, 1993;
Deubel, 1995a; Fujita et al., 2002; Collins and Doré-Mazars, 2006;
Alahyane et al., 2007; Cotti et al., 2007; Zimmermann and Lappe,
2009). Reactive saccades are visually driven eye movements
whose target localization is guided by visual input. Visual dis-
placement vectors are principally sufficient to code target posi-
tion in this case. Sequences of eye movements like scanning a
visual scene can require a more complex coding of target posi-
tions. Changes in visual localization reflect the selective adapt-
ability of different saccade types: The adaptation of scanning
saccades induced mislocalization for flashed as well as for station-
ary objects. Reactive saccade adaptation, however, selectively af-
fected flashed objects (Zimmermann and Lappe, 2009).

The reference frame of saccade adaptation so far has been
tested only for reactive saccade adaptation. It was found that
adaptation at eye positions around the straight-ahead direction
transferred strongly to saccades starting at eccentric eye posi-
tions, suggesting a retino-centered coding of saccade adaptation
in which the amount of adaptation depended only on the dis-
placement vector of the eye (Semmlow et al., 1989; Frens and van
Opstal, 1994; Deubel, 1995a; Albano, 1996; Noto et al., 1999;
Havermann et al., 2010). However, inward adaptation at eccen-
tric eye positions did not transfer completely to saccades starting
from a central eye position, suggesting an eye position-dependent
modulation for inward adaptation of reactive saccades (Haver-
mann et al., 2010).
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Figure 1.  The experimental procedure used for examining the effect of eye position on
reactive saccade amplitudes. A-D, Position of the fixation point (FP) and the saccade target in
the four corners of the screen. The fixation point was shown for 1000 ms. Simultaneously with
the extinction of the fixation point, the saccade target appeared and the subject was required to
perform a saccade. Then, the next fixation point appeared. In preadaptation and postadapta-
tion trials, the positions at which the fixation points appeared were pseudorandomly selected.
In adaptation trials, the fixation point always appeared in the bottom left corner and the sac-
cade target appeared either rightward or upward. The arrow indicates the direction of the
saccade and was not shown on the screen.

In the present study, we investigated the reference frame for
outward adaptation of reactive and scanning saccades and the
associated changes in visual localization. Consistent with earlier
studies (Niemeier and Karnath, 2003; Zimmermann and Lappe,
2009), we expected that targeting of scanning saccade adaptation
is coded in an extraretinal reference frame, which would predict
reduced adaptation if the retinal position of the saccade target
matches the adapted retinal position but the spatial position of
the saccade target has changed. Changes in visual localization
should show the same dependency on eye position.

Materials and Methods

To test the influence of eye position on saccade adaptation, we measured
saccades with a fixed required amplitude size at different positions on the
screen. Before adaptation, the combination of fixation point and saccade
target was presented in every corner of the screen. In saccade adaptation
trials, the targets were presented in only one of the four screen corners.
This was the training location where adaptive motor learning was in-
duced by an intrasaccadic target displacement. After 180 adaptation tri-
als, targets were again shown in every corner of the screen. This method
allowed us to determine the amount of adaptation transfer to saccade
targets at different screen positions. Reactive and scanning saccades were
studied in separate sessions. In each session, saccades were adapted in an
outward direction and a localization task was included before and after
adaptation. We chose adaptation in an outward direction because this
condition induces strong changes in visual localization (Zimmermann
and Lappe, 2010). To avoid visibility of the screen borders, we covered
the display monitor with a transparent foil that reduced the luminance by
~2 log units.

Reactive saccades. A trial started with the presentation of a fixation
point (1 X 15 luminance, 0.06 cd/m? red color) on which the subject
established and maintained fixation. Figure 1 shows the positions of the
fixation point and the saccade target in each of the four corners. Fixation
points were shown either in the bottom left corner of the screen (12.5° to
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Figure 2.  The experimental procedure used for examining the effect of eye position effects
on scanning saccade amplitudes. A-D, Position of the scan pathin the four corners of the screen.
Atrial started with the presentation of a fixation point (FP). When the subject pressed the space
button on the keyboard, four targets were shown, which were permanently visible. When the
scanning targets were presented in the top part of the screen, the subject had to scan the targets
in a clockwise manner. When the targets were presented in the bottom part of the screen, the
subject scanned the targets in a counterclockwise manner. Thus, the last saccade of each scan
path was a rightward saccade for which adaptation was induced. When the execution of the last
saccade was detected, all four saccade targets stepped 5° in an outward direction. The arrow
indicates the direction of the saccade and was not shown on the screen.

the left of and 14° below the screen center) (Fig. 1C), in the bottom right
corner of the screen (horizontal position at screen center and 14° below
the screen center) (Fig. 1 D), in the top left screen corner (12.5° to the left
of and 14° above the screen center) (Fig. 1A), or in the top right screen
corner (horizontal position at screen center and 14° above the screen
center) (Fig. 1B). After 1000 ms, the fixation point was turned off and a
saccade target appeared simultaneously. The saccade target always ap-
peared 15° to the right of the fixation point. After 1200 ms, the saccade
target was extinguished, and the next fixation point appeared in one of
the four screen corners. In 55 preadaptation trials, saccades were per-
formed 5 times in each of the three test screen corners and 15 times in the
training location in a pseudorandom order. Trials 56 -325 were adapta-
tion trials. In these trials, the fixation point always appeared in the bot-
tom left corner of the screen. In two-thirds of all adaptation trials, the
saccade target was presented 15° to the right of the fixation point. In
one-third of the adaptation trials, the saccade target was presented 15°
above the fixation point to avoid subjects anticipating the next saccade
target location. These trials were pseudorandomly intermixed with the
other adaptation trials and were not used for analysis. Saccade adaptation
was induced following the paradigm of McLaughlin (1967). Gaze posi-
tion was measured online. When the eye tracker detected that the eye had
traveled 2.5° along the path of the saccade, the saccade target was dis-
placed 5° in the outward direction. In adaptation trials, the saccade target
was displaced to the right of its initial position. In trials 326—415, sac-
cades were again tested in all four corners of the screen. To determine the
amount of saccade adaptation, we calculated the median over the saccade
amplitudes from the pretrials and posttrials for each corner. Then, we
subtracted the median postadaptation amplitude from the median pre-
adaptation amplitude for each corner.

Scanning saccades. Scanning saccades were performed to four perma-
nently visible targets. Scanning saccades were tested in the four corners of
the screen (Fig. 2). The subject scanned the four targets (1 X 1; lumi-
nance, 0.06 cd/m?; red color) in clockwise order starting at the fixation
point. The targets of the last saccade in the scan path in each corner were
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placed such that they matched the positions of the corresponding targets
in the reactive saccade sessions. These saccades were used for analysis.
The starting point of the last saccade of the scan path in the top left corner
of Figure 2 was at a screen position of 15° to the left of and 14° above the
screen center. At the same screen position, the fixation point in the
reactive saccade sessions was presented as shown in the top left corner of
Figure 2. The subject established fixation on the fixation point and to
start the trial when ready by pressing the space button on the keyboard.
Then, with the next frame, four saccade targets were visible. When gaze
had arrived on the last target, the subject pressed the mouse button to end
the trial. Then, the next fixation point appeared in one of the four screen
corners. In 40 preadaptation trials, saccades were tested 10 times in each
corner in a pseudorandom order. Trials 41-220 were adaptation trials. In
the adaptation trials, saccade targets always appeared in the bottom left
corner of the screen. Saccade adaptation was induced when the last sac-
cade of the scan path, a 15° rightward saccade, was performed. When the
eye tracker detected that the eye had traveled 2.5° along the path of the
saccade, the saccade target was displaced 5° in the outward direction. In
adaptation trials, the saccade target was displaced to the right of its initial
position. In the last 90 trials, saccades were again tested in all four corners
of the screen.

Localization procedure. A localization task was included in reactive
saccade adaptation sessions and in scanning saccade adaptation sessions.
Localization was tested five times in each corner. In a localization trial,
the fixation point was presented in green color. Green fixation points
signaled to the subjects to keep fixation during the whole trial and to
avoid any eye movement. The fixation point was shown for 1000 ms.
After the fixation point was extinguished, the screen was blank for 100
ms. Then a small bar (0.3° X 4°, luminance 0.2 cd/m?) was flashed for 20
ms. The bar was flashed 15° to the right of the fixation point at the same
position where the saccade target was presented in saccade trials. When
the bar was turned off, the screen was blank again for 500 ms. Then, a
mouse pointer appeared, which the subject used to indicate the perceived
position of the bar. The pointer appeared 1000 ms after the saccade near
the bottom of the screen at a randomly assigned horizontal position
between 35° and 40°. Localization trials in which the eye tracker detected
an eye movement were not used for analysis. The localization error was
calculated as the deviation of the mouse click position from the position
where the bar was presented. To determine the amount of mislocaliza-
tion, we calculated the median over the localization errors from the pre-
trials and posttrials for each corner. Then, we subtracted the median
postadaptation localization error from the median preadaptation local-
ization error for each corner. When the fixation point was red, the subject
performed a saccade.

Sequence of trials. In preadaptation sessions, saccade amplitudes and
localization were tested in each corner five times. In addition to these
trials, we measured 15 trials in the training location to obtain a stable
baseline for the estimation of saccade adaptation. Thus, in total, 55 pre-
trials were measured. These were followed by 180 adaptation trials. Only
in reactive saccade adaptation sessions were the adaptation trials pseu-
dorandomly intermixed with 90 trials in which the saccade target was
presented at another position to reduce predictability of the saccade
target location. In 180 postadaptation trials, saccade amplitudes (10 trials
in each corner) and localization (10 trials in each corner) were tested
again. Also, 100 adaptation trials in the training location were included to
avoid deadaptation induced by the intermixed test trials. The postadap-
tation trials were ordered in 20 blocks of nine trials each. One block
consisted of three test trials, containing either the saccade or the localiza-
tion task in one of the four screen corners pseudorandomly selected and
six adaptation trials in the training location. Trials within one block were
pseudorandomly ordered. To determine the amount of saccade adapta-
tion, we calculated the median over the saccade amplitudes from the
pretrials and posttrials for each corner. Then, we subtracted the median
postadaptation amplitude from the median preadaptation amplitude for
each corner.

Saccade latencies. We used latency differences as a test of whether we
were successful in eliciting different saccade types. Saccade latencies in
reactive saccade sessions were calculated as the time interval between
onset of the saccade target and detection of the saccade. Since in the
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scanning saccade sessions, all saccade targets are visible from the trial
start, saccade latency was calculated as the time interval between fixation
onset on the fixation point and detection of the saccade. Latencies were in
the normal reactive saccade range with 193.53 * 10.3 ms averaged across
subjects. Reactive saccade adaptation did not modify saccade latencies:
Latencies of saccades before and after adaptation were almost identical
(before adaptation: 192.64 = 10.19 ms; after adaptation: 194.42 * 10.41
ms). Scanning saccade latencies were much higher with 444.22 = 72.35
ms averaged across subjects. Saccade latencies were somewhat smaller
after adaptation (before adaptation: 462.84 * 80.79 ms; after adaptation:
425.60 = 63.90 ms). To test whether reactive and scanning saccade la-
tencies were significantly different, we conducted a two-way repeated-
measures ANOVA with saccade type (reactive/scanning) and adaptation
state (preadaptation/postadaptation) as factors. A significant main effect
of saccade type (F = 15.3, p = 0.04) confirmed that we were successful in
eliciting different saccade types in the different conditions.

Participants. Nine subjects (two male, seven female; one author, eight
naive subjects; mean age = 23 years) participated in all of the experi-
ments. All subjects were students from the psychology department of the
University Mimnster and had normal or corrected-to-normal vision.
Subjects gave informed consent. All subjects underwent all experi-
mental conditions. The experiments were performed along the prin-
ciples in the Declaration of Helsinki.

Results

The influence of eye position on the magnitude of reactive and
scanning saccade adaptation and on adaptation-induced mislo-
calization was tested. All sessions were run in complete darkness
to avoid localization being influenced by visual landmarks. Visual
localization was tested after adaptation of reactive and scanning
saccades. Both localization and saccade amplitudes were tested in
each session to compare the effects of eye position. Each subject
performed each session two to four times until sufficient data for
statistical analysis were collected. Data from these sessions were
pooled for each subject. Gain values for saccade amplitudes were
obtained by first calculating the median saccade amplitude of the
preadaptation trials separately for saccade amplitude data from
all four screen corners. Then, all saccade amplitude data from all
trials in every corner of the screen were divided by the specific
median saccade amplitude. Similarly, all visual localization data
were divided by the specific median localization. In the following,
single-subject median values are reported with the lower and
upper quartiles. We calculated mean adaptation and mean mis-
localization when averaging across subjects. These mean values
were tested for normal distribution with a Kolmogorov—Smirnov
test before calculating the ANOVA.

Eye position effects on reactive saccade adaptation and
mislocalization
Figure 3 shows saccade amplitudes over a single session of reac-
tive saccade adaptation in the outward direction. The saccade
adaptation training location was in the bottom left corner of the
screen (the according saccade adaptation curve is shown in Fig.
3C). In 55 preadaptation trials, saccades were tested in all four
corners of the screen in pseudorandom order. Median saccade
gain in the preadaptation trials of saccades performed in the
training location of the bottom left corner was by definition
100% (96.5%; 104.3%) for this subject (Fig. 3C). Localization of
bars briefly flashed at 15° to the right of the fixation point while
the subject fixated was also tested in all four corners of the screen.
In the training location, the localization gain for the subject in
Figure 3 was 100% (96.5%; 103.2%).

From trial 56, saccade adaptation was induced with an intrasa-
ccadic target displacement of 5°. The target was displaced in an
outward direction (i.e., to the right of its initial position). Trials
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326—-415 were postadaptation trials. In
the postadaptation trials, saccades were
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To determine the effect of eye position 100 .%
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changed to 106% (104.5%; 111.9%); and in 110¢
the top right corner (Fig. 3B), it changed to
106% (104.2%; 108.3%). Similarly to the 100+
saccade amplitudes, localization gain was
shifted in the direction of adaptation. In the 90
training location (Fig. 3C), localization gain 80"
changed to 109% (103.6%; 112.9%).

Localization gain change differed at 70
other positions on the screen: In the bot- 0
tom right corner (Fig. 3D), the gain re-
duced to 107% (99.8%; 110.9%); in the
top left corner (Fig. 3A), it increased to Figure 3.

111% (108.1%; 113.4%); and in the top
right corner (Fig. 3B), it reduced to 104%
(102.6%; 106.6%).

The amount of reactive saccade out-
ward adaptation averaged over all subjects
is shown in Figure 4. The diameter of each
inner circle (in black) represents the mean adaptation magnitude
in the corresponding corner of the screen. The difference between
the diameter of the outer circles and the diameter of the inner
circle reflects the size of the SE. Magnitude of reactive saccade
adaptation is shown in Figure 4 A. Average saccade gain change in
the training location in the bottom left corner was 109 = 1%.
Adaptation magnitude of saccades tested at other screen posi-
tions was reduced, as can be seen by the smaller size of the circles.
In the bottom right screen corner, mean saccade gain change was
103 = 1%; in the top left corner, it was 107 = 2%; and in the top
right corner, it was 107 = 1%. Subtracting the median postadap-
tation saccade amplitude by the median preadaptation saccade
amplitude gave the following amounts of adaptation: 1.47 = 0.2°
for the bottom left corner, 0.6 = 0.15° for the bottom right cor-
ner, 1.11 % 0.24° for the top left corner, and 0.7 = 0.27° for the
top right corner. A one-way ANOVA confirmed a significant eye
position effect for reactive saccade outward adaptation (F = 4.97,
df = 3; p = 0.009).

The magnitude of adaptation-induced mislocalization is
shown in Figure 4 B. Average mislocalization gain change in the
training location in the bottom left corner was 104 = 1%. Mislo-
calization in the remaining screen positions was reduced simi-
larly to the decrease of saccade adaptation magnitude at other
screen positions. In the bottom right screen corner, mean mislo-
calization gain change was 104 £ 1%; in the top left corner, it was
104 * 3%; and in the top right corner, it was 105 = 1%. Subtract-
ing the median postadaptation localization amplitude by the me-

100 200 300 400 0
trial number

100 200 300 400
trial number

Example saccade amplitudes and localization error from a session in which reactive saccades were adapted. The
saccade adaptation training location was in the bottom left corner of the screen. 4, B, D, Preadaptation and postadaptation
reactive saccade amplitudes tested at the corresponding screen locations (open dots). Filled dots indicate preadaptation and
postadaptation visual localization. €, Adaptation curve for reactive saccades performed in the training location (open dots) and
preadaptation and postadaptation visual localization (filled dots). The black solid lines indicate the median saccade amplitude and
the black dashed lines indicate the median localization error of preadaptation and postadaptation trials.

Reactive saccades

B Mislocalization

A Adaptation

Figure 4. A, Magnitude of reactive saccade adaptation at the four eccentricities averaged
over all subjects. B, Magnitude of reactive saccade adaptation-induced mislocalization at the
four eccentricities averaged over all subjects. The diameter of each inner circle represents the
adaptation magnitude at the corresponding screen position. The difference between the diam-
eter of the outer circles and the diameter of the inner circles represents the SE of the sample
mean at each corresponding screen position. Adaptation magnitude was calculated as the
difference between median amplitude sizes from preadaptation and postadaptation trials.

dev. from baseline [deg]

dian preadaptation localization amplitude gave the following
amounts of mislocalization: 0.63 = 0.39° for the bottom left cor-
ner, 0.57 * 0.26° for the bottom right corner, 0.61 = 0.39° for the
top left corner, and 0.77 % 0.47° for the top right corner. Mislo-
calization induced by reactive saccade outward adaptation did
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increase of saccade gain was smaller
at other positions: In the bottom right

A B corner (Fig. 5D), it was 107% (102.3 =
130¢ . 109.7%); in the top left corner (Fig. 5A),
it was 105% (102.8 = 108.9%); and in
120 o o ° the top right corner (Fig. 5B), it was
110/ ®e (% g O S Q9 ce  102% (96.2 = 110.6%). In addition, lo-
[ye; ﬁ%% Sy ° o calization gain was shifted in the direc-
100} % * * °,0 0 tion of adaptation. In the training
— * o location (Fig. 5C), localization gain was
54 90| : 8- >C), n g
o, o 115% (105.9%; 124.7%). Similarly to
c 80¢ Y the saccade gain, this shift was smaller at
© o other positions on the screen: In the bottom
(o) 70 right corner (Fig. 5D), it was 113% (110.9%;
g c D s 120.6%); in the top left corner (Fig. 5A), it
© 130¢ b was 106% (103.5%; 110.5%); and in the top
8 right corner (Fig. 5B), it was 102% (99.1%;
@  120: ¢ . 110.1%).
» 4 - The amount of scanning saccade out-
110: i oY i ; j
® O—@-D ward adaptation averaged over all subjects
100¢ L (@ o Oo is shown in Figure 6. Results from scan-
° ° ning saccade adaptation sessions are
90} shown in Figure 6 A. Average adaptive sac-
80 e ° R ° cade gain change in the training location
in the bottom left corner was 110 * 1%.
70— ‘ ‘ ‘ ‘ s ‘ ‘ Mean gain change of saccades tested at
0 100 200 300 0 100 200 300 other screen positions was reduced, as can
trial number trial number be seen by the smaller size of the circles. In
the bottom right screen corner, mean sac-
Figure 5.  Example saccade amplitudes and localization from a session in which scanning saccades were adapted. Data derive cade gain change was 107 = 1%; in the top

from the same subject as in Figure 3. The saccade adaptation training location was in the bottom left corner of the screen. 4, B, D,
Preadaptation and postadaptation scanning saccade amplitudes tested at the corresponding screen locations (open dots). Filled
dots indicate preadaptation and postadaptation visual localization. C, Adaptation curve for scanning saccades performed in the
training location (open dots) and preadaptation and postadaptation visual localization (filled dots). The black solid lines indicate
the median saccade amplitude and the black dashed lines indicate the median localization error of preadaptation and postadap-

tation trials.

not change significantly at different eye positions, as revealed
by a one-way repeated-measures ANOVA (F = 0.842, df = 3;
p = 0.482).

Eye position effects on scanning saccade adaptation and
mislocalization

Saccade amplitudes over a single session of scanning saccade ad-
aptation in outward direction are shown in Figure 5. Data are
from the same subject as in Figure 3. The saccade adaptation
training location was the bottom left screen corner (the according
saccade adaptation curve is shown in Fig. 5C). The first 40 trials
were preadaptation trials. Scanning saccades were tested in all
four positions on the screen in pseudorandom order. The last
saccade of each scan path was analyzed. Median saccade gain in
the preadaptation trials of saccades performed in the training
location of the bottom left corner (Fig. 5C) had a gain of 100%
(94.5%; 111.7%; gray points) for this subject. Intermixed with the
saccade trials were trials in which the subject localized bars that
were briefly flashed 15° to the right of the fixation point. The
localization gain for the subject in Figure 5 was 100% (96.7%;
103.6%; black points). From trial 41 onward, the saccade target in
the top right corner was displaced 5° in the outward direction to
the right of its initial position. Trials 220-325 were postadapta-
tion trials in which saccade gain was tested in all four corners of
the screen. In the postadaptation trials, median saccade gain in
the training location (Fig. 5C) was 114% (109.5 = 117.6%). The

left corner, it was 105 * 1%; and in the top
right corner, it was 102 = 2%. Subtracting
the median postadaptation saccade am-
plitude by the median preadaptation
saccade amplitude gave the following
amounts of adaptation: 1.54 * 0.09° for
the bottom left corner, 1.11 * 0.15° for
the bottom right corner, 0.98 % 0.23° for the top left corner, and
0.39 = 0.25° for the top right corner. Significant eye position effects
on scanning saccade adaptation were confirmed by a one-way
repeated-measures ANOVA (F = 5.151, df = 3; p = 0.007). A very
similar result was observed for mislocalization after adaptation of
scanning saccades, which is shown in Figure 6B. Average gain
change of mislocalization was highest in the training location (109 =
2%) and declined at the other screen positions: In the bottom right
screen corner, mean mislocalization gain change was 106 * 2%; in
the top left corner, it was 103 = 2%; and in the top right corner, it was
101 = 1%. Subtracting the median postadaptation localization am-
plitude by the median preadaptation localization amplitude gave the
following amounts of mislocalization: 1.2 = 0.27° for the bottom left
corner, 0.82 % 0.25° for the bottom right corner, 0.33 = 0.22° for the
top left corner, and 0.21 = 0.25° for the top right corner. For mislo-
calization induced by scanning saccade outward adaptation, signifi-
cant eye position effects were confirmed by a one-way repeated-
measures ANOVA (F = 4.294, df = 3; p = 0.016).

To compare eye position modulation on reactive and scanning
saccade adaptation, we calculated a two-way repeated-measures
ANOVA with saccade type (reactive/scanning) and screen positions
(all four corners) as factors. A significant main effect for screen po-
sitions (F = 5.053, df = 3; p = 0.07) confirmed eye position effects
on saccade adaptation. Eye position modulated scanning saccade
outward adaptation stronger than reactive saccade outward adapta-
tion, as revealed by a significant interaction effect (F = 4.53, df = 1;
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Scanning saccades
A Adaptation

Figure 6. A, Magnitude of scanning saccade adaptation at the four eccentricities averaged
over all subjects. B, Magnitude of scanning saccade adaptation-induced mislocalization at the
four eccentricities averaged over all subjects. The same conventions are used as in Figure 4.

B Mislocalization

dev. from baseline [deg]

p = 0.02). For mislocalization magnitude, a two-way repeated-
measures ANOVA was conducted with saccade type (reactive/scan-
ning) and screen positions (all four corners) as factors. Also for
mislocalization, an effect of eye position was revealed by the signifi-
cant main effect of screen position (F = 5.199, df = 3; p = 0.008).

Discussion

Orbital eye position modulated the magnitude of reactive and
scanning saccade adaptation and the associated mislocalization.
These results demonstrate that saccade adaptation is not coded in
purely retinal coordinates. If saccade adaptation relies on a reti-
notopic reference frame, adaptation magnitude should remain
constant at all tested orbital positions. But this clearly was not the
case: The amount of reactive saccade adaptation was reduced
when saccades were adapted at one eye position and then tested at
another. Much more so, the results from scanning saccade adap-
tation reveal a clear involvement of an extraretinal reference
frame. Adaptation magnitude decreased strongly at different eye
positions. This effect was most pronounced when horizontal and
vertical eye positions were simultaneously changed. The reduc-
tion of adaptation magnitude for scanning saccades was signifi-
cantly stronger than for reactive saccades. This is consistent with
earlier studies that found selective adaptability of reactive and
scanning saccades (Deubel, 1995b; Collins and Doré-Mazars,
2006; Zimmermann and Lappe, 2009) and a stronger influence of
scanning saccade adaptation on visual localization (Collins and
Doré-Mazars, 2006; Cotti et al., 2007; Zimmermann and Lappe,
2009). For scanning saccades, eye position effects were found for
adaptation and for mislocalization. For reactive saccade adapta-
tion, however, eye position modulated adaptation but not mislo-
calization. Eye position effects for reactive saccades were weaker
than for scanning saccades (as confirmed by the two-way
ANOVA); thus, it is very likely that they were not sufficiently
strong to induce significant effects for mislocalization. The rea-
son adaptation but not mislocalization showed significant effects
is probably the somewhat higher scatter for localization than for
adaptation (Fig. 4). Because localization was tested during ocular
fixation, mislocalization phenomena that occur briefly before
and during execution of a saccade (Ross et al., 2001; Melcher and
Colby, 2008) are not related to the present results. Also, the mod-
ulation of visual mislocalization magnitude by orbital eye posi-
tion was very similar to the modulation of saccade adaptation by
orbital eye position. This result reinforces earlier evidence for a
common mechanism of saccade and visual targeting (Collins et
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al., 2007; Zimmermann and Lappe, 2009, 2010). If visual local-
ization relies on motor metrics, any changes in motor metrics
should be paralleled by homogeneous localization changes in vi-
sual perception. This common mechanism must be in a structure
that receives signals representing eye position.

Which role might eye position play in localization? In the
absence of visual landmarks, the visual system needs a position
code to assess and maintain the locations of objects in space. A
computationally efficient strategy is to use oculomotor metrics
(i.e., the vectors of those saccades that would be performed to the
same object) as code for spatial position. A visual position code
uninformed of motor metrics would run into the problem of
misalignment, resulting eventually in inaccurate motor behavior.
Our data, however, demonstrate that when motor metrics are
artificially changed, visual perception is instantaneously modi-
fied according to the new motor behavior. A neural implementa-
tion might consist of a connection of a motor map that codes eye
position with a visual map coding visual objects’ features. In this
way, visual features would be structured by eye positions that
were required to bring the spatially corresponding visual features
into the fovea. If the metrics of the motor map experience mod-
ulations at eccentric eye positions, these changes must necessarily
be reflected in the spatial perception of the visual objects. Indeed,
in our data, changes in visual localization were modulated by
eye position similarly to modulations in saccade adaptation
magnitude.

Where in the sensorimotor transformation can such a con-
nection between visual and motor maps occur? Eye position gain
field modulations of visual signals have been found in the parietal
cortex (Andersen and Mountcastle, 1983; Andersen et al., 1985;
Galletti et al., 1993; Brotchie et al., 1995; Bremmer et al., 1998;
Snyder et al., 1998), the premotor cortex (Schlag et al., 1992;
Graziano et al., 1997; Mushiake et al., 1997; Graziano and Gross,
1998), and the frontal eye field (Balan and Ferrera, 2003; Cas-
sanello and Ferrera, 2007). These structures can principally de-
liver information about eye position. The neural locus of saccade
adaptation is not fully determined. In humans, differences in
adaptation between saccade types (Deubel, 1995a; Alahyane et
al., 2007; Cotti et al., 2007; Zimmermann and Lappe, 2009) and
also between adaptation directions (Ethier et al., 2008; Pan-
ouilleres et al., 2009; Zimmermann and Lappe, 2010) suggest that
oculomotor plasticity can occur at multiple stages of the oculo-
motor system. Electrophysiological studies in monkeys, however,
have found changes after saccade adaptation only in the oculo-
motor vermis of the cerebellum (Catz et al., 2008) and lower
brainstem structures. The cerebellum receives input from saccade-
targeting structures such as the superior colliculus and the frontal
eye field. Eye position information could be mediated via these
structures and induce gaze-dependent adaptation in the cerebel-
lum. Eye position signals have been found in different stages of
the oculomotor system: Saccadic dysmetria after cerebellar lesion
and inactivation are dependent on eye position (Ritchie, 1976;
Goldberg et al., 1993; Robinson et al., 1993). Ascending projec-
tions from the cerebellum to cortical areas might be relevant for
changes in visual and motor localization. Indeed, saccade adap-
tation was reduced in patients with lesions in the cerebral thala-
mus (Gaymard et al., 2001). Cerebellar projections to the parietal
cortex via cerebellothalamocortical pathways have been shown to
be functionally relevant for the adaptive control of eye move-
ments as well as for adaptation of visual localization (Prevosto et
al., 2010). Our results leave open the possibility that the adapta-
tion and mislocalization effects are functionally spatiotopic. In
our experiments, we manipulated eye position, but the saccade
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targets were presented at the same retinal position. Nonretino-
topic eye position encoding in spatiotopic coordinates has been
reported in single-cell recording studies for areas V6 and VIP
(Galletti etal., 1993; Bremmer et al., 1998). Functional spatiotopy
does not necessarily require neurons to encode information in
spatiotopic coordinates. Retinal encoding plus gaze modulation
would also lead to functional spatiotopy. Spatiotopic encod-
ing in human visual cortex is a matter of debate (Melcher and
Morrone, 2003; d’Avossa et al., 2007; Gardner et al., 2008;
Morris et al., 2010; Pertzov et al., 2010, 2011; Burr and Mor-
rone, 2011). It is an interesting question whether the nonreti-
notopic adaptation and the accompanied mislocalization are
coded in spatiotopic coordinates.

Other explanations than motor signals as position code for
visual perception are possible: First, the intrasaccadic target dis-
placement could induce changes separately in visual and motor
maps. To explain the similar modulation of visual and saccade
targeting by eye position, one would have to assume that gain
field neurons induce simultaneously comparable distortions in
the metrics of visual and motor maps. A further alternative is that
the effect of adaptation is purely visual and takes place solely in
visual structures, and that the adaptive changes in saccade ampli-
tude are a result of this visual adaptation. It is not unreasonable
that postsaccadic errors recalibrate visual maps to maintain vi-
sual stability. One would have to assume then that eye position
signals modulate visual areas. This hypothesis, however, is quite
speculative and is in contrast to the well documented changes in
motor areas following saccade adaptation (Hopp and Fuchs,
2004; Pélisson et al., 2010).

Several earlier studies measured eye position effects on reac-
tive saccade adaptation. A similar conclusion to ours was reached
by Semmlow et al. (1989), who adaptively increased saccade vec-
tors in one direction and tested saccades of many different sizes
and initial starting positions in the same direction. However,
since the tested saccades were performed in the same direction,
this method did not allow differentiation between a craniotopic
coding of target position and the retinal spread of adaptation to
saccades of differing sizes. Earlier studies that investigated inward
adaptation did not find eye position effects (Frens and van Op-
stal, 1994; Deubel, 1995a). Albano (1996) tested eye position de-
pendency of reactive saccade adaptation in inward and outward
adaptation at a very small range. Adaptation magnitude was re-
duced at some positions and not at others. None of these studies,
however, tested scanning saccades, which is the condition in
which we found the strongest effects. Consistent with our results,
however, other studies have demonstrated that it is possible to
adapt saccades with fixed vectors in inward and outward direc-
tions simultaneously if only the initial eye position is changed
(Shelhamer and Clendaniel, 2002; Alahyane and Pélisson, 2004;
Tian and Zee, 2010). Since in a purely retinotopic coding scheme,
simultaneous inward and outward adaptation should cancel each
other, these studies highlighted the use of eye position signals in
oculomotor plasticity.

We conclude that saccade targeting and visual localization rely
on a common position code that is modulated by eye position.
This extraretinal reference frame provides the coordinates for
oculomotor plasticity and for the associated metrics of visual
localization. A shared position code for saccade eye movements
and visual space perception ensures that modifications in oculo-
motor parameters are reflected in visual localization, thereby
avoiding the problem of misalignment between perceptual and
motor space.
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