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HIGHLIGHTS

® Spatiotopic representations exist inhuman vision.
® Spatiotopic representations take time to build up.
® Spatiotopic reference-frame serves the stabilization of object positions in visual memory.

ARTICLE INFO ABSTRACT
Artic{e history: To interact rapidly and effectively with our environment, our brain needs access to a neural represen-
Received 1 August 2014 tation of the spatial layout of the external world. However, the construction of such a map poses major
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challenges, as the images on our retinae depend on where the eyes are looking, and shift each time we
move our eyes, head and body to explore the world. Research from many laboratories including our
own suggests that the visual system does compute spatial maps that are anchored to real-world coordi-
nates. However, the construction of these maps takes time (up to 500 ms) and also attentional resources.

K : . . . . . . . . .
S;{a/ tmi/gtrgls)ic representation We discuss research investigating how retinotopic reference frames are transformed into spatiotopic
Saccade reference-frames, and how this transformation takes time to complete. These results have implications

for theories about visual space coordinates and particularly for the current debate about the existence of
spatiotopic representations.

Spatial stability
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1. Introduction
Our eyes are constantly moving in a frequent series of small
jumps, called saccades, on average about 3 per second. The visual
image on the retina is therefore never really stable. However, we
* Corresponding author. almost never experience perceptual instability. The problem of
E-mail address: ec.zimmermann@fz-juelich.de (E. Zimmermann). visual stability across saccade eye movements has a long history
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Fig. 1. (A) Graphical illustration of setup used to study spatiotopy with adaptation. Subjects fixated loosely on the fixation point FP for 3000 ms, viewing an adapter grating
patch (0.8 ¢/°, vignetted within Gaussian window of o =3.5°) tilted at +15° or —15°. The saccade target (ST) was then presented, to which subjects saccaded on extinction
of the fixation point: either at onset of the saccade target, or 500 or 1000 ms later. (B) The test target came on 300 ms after extinction of the fixation point, always at least
30 ms after the eyes had landed. 300 ms after extinction of fixation point the test patch was presented for 51 ms in the spatiotopic, the retinotopic, or the control position,
and subjects indicated the direction of tilt of the test patch. (C) Timecourse of events in a trial for all target preview durations. In the 0 ms target preview duration condition
the saccade target appeared simultaneously with fixation point offset. In the other two conditions the saccade target was shown either 500 ms or 1000 ms before fixation
point offset. (D) Tilt-aftereffect for the full-adaptation (blue), retinotopic (purple), spatiotopic (orange) and control (gray) conditions, as a function of preview duration of
the saccade target, averaged over all subjects. Error bars represent +1 SEM. (E) Normalized tilt-aftereffect results for the three eye-movement conditions (color-coding as
for B). Aftereffect magnitude was divided by each subject’s full-adaptation magnitude, then averaged over subjects. Error bars represent =1 SEM. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

and has fascinated many researchers, stretching back to Al Hazen
[44], Sherrington [1] and Helmholtz [2] (see [3] for recent review).
Helmholtz [2] was the first to suggest a concrete mechanism for the
stability, that a copy of the saccade motor command, later termed
efference copy [49] or corollary discharge [66] could update the
visual system of the upcoming saccade.

Two groundbreaking electrophysiological studies identified
areas which might deliver signals of this type. First, Duhamel
et al. [4] found that in lateral intraparietal cortex, neurons respond
shortly before a saccade to stimuli presented to positions that will
fall in the receptive field after the saccade is made (thereby “antic-
ipating” the effect of the saccade). These receptive-field shifts are a
likely candidate for the mechanism that transfers visual informa-
tion from the pre- to the post-saccade position, thereby facilitating
visual stability. How exactly the shift — in the same direction of the
saccade - facilitates stability is not that obvious, but goes beyond
the scope of this review. The reader is referred to Burr and Mor-
rone [45] for a discussion of how the important aspect of the shift
in receptive fields may be the return to resting state, allowing a
transient spatiotopy. Another ground-breaking discover came from
Sommer and Wurtz [5], who reported evidence showing that the
efference copy signal may be carried along the pathway ascending
from the brainstem through the thalamus to the frontal eye fields.
This efference copy signal may in principle be sufficient to create a
spatiotopic representation from the retinotopic visual input, along
the lines suggested by Burr and Morrone [45]. A spatiotopic repre-
sentation maintains visual space in gaze-invariant coordinates - at
least transiently - thereby compensating for the retinal displace-
ment during each saccade.

If the effects of saccades are compensated for “on-line” by a
mechanism that effectively annuls to image motion created by the
saccade, as argued above, is there any need for any other form
of spatiotopic representation, one that remains solid in external
rather than retinal coordinates? Many researchers (e.g. [3,6]) have
argued that this form of representation may not be necessary, that
all that is needed is a locally updated retinotopic representation.
However, whether or not they are theoretically necessary, there is
much evidence from various sources for the existence of spatiotopic
representations within the human visual system.

In this review we use the term “spatiotopic representation”
when we speak about encoding of object positions invariant to reti-
nal displacements induced by saccades. In principle, a spatiotopic
representation can encode object positions in a head-centered, a
body-centered or an external world-centered reference frame. The
experiments we describe in most cases do not distinguish between
the various supra-retinal reference frames (except that of Fig. 2).
We therefore mostly use “spatiotopic” to refer to every represen-
tation that survives the retinal shifting of a saccade.

We discuss evidence for long-term spatiotopic representations
in the human brain, and go on to describe how these are built up
slowly over time. As the build-up renders these mechanisms too
slow to bridge the perisaccadic gap, it is unlikely they are involved
in on-line stability. It would seem more likely that their purpose
may be to encode objects in external space coordinates for a longer-
lasting representation of the world, probably necessary to allow
interactions with the world. The novel aspect that we stress in this
review is that this long-term spatiotopy does not happen imme-
diately, but takes time, and probably also attentional resources, to
build up.

2. Trans-saccadic visual adaptation

Visual adaptation has proven to be a powerful method to study
trans-saccadic spatiotopic representations in humans [54]. Adap-
tation produces visual aftereffects, which can remain for some
seconds after adaptation, sufficient to interpose an eye-movement
and study the reference frame of their selectivity. For example, after
subjects inspect a tilted adapter stimulus for some seconds, the
tilt of a subsequently presented probe stimulus will appear shifted
away from that of the adapter stimulus. The trick of trans-saccadic
adaptation is to adapt tilt in a specific position in external space
(see Fig. 1A), and then require the subject to make a saccade before
presenting the test: this dissociates the spatiotopic position of the
adapter stimulus from its retinotopic position (see Fig. 1B).

David Melcher has pioneered this kind of method and used
several visual features including contrast, tilt, form and faces
[54]. He found that the spatiotopic aftereffect strength increased
with the complexity of the visual feature tested: there was very
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Fig. 2. (A) Positions of the fixation point (FP) and the saccade target (T1) for the adaptation procedure. During execution of the saccade, the saccade target jumped in the
outward direction. (B) Positions of the fixation point and the saccade targets (T1 and T2) in the “spatiotopic condition.” Subjects fixated on the fixation point until saccade
target T1 appeared and then made a saccade to T1. From T1 they had to initiate a saccade to T2. (C) Effect of adaptation on the amplitude of the horizontal saccadic vector
of the second saccade in the double-step sequence, expressed as the difference in average amplitude before and after adaptation. Error bars represent the standard error of
the sample mean. Adaptation occurs in the spatiotopic (and full) conditions, but not in the retinotopic conditions. (D) Effect of head-turn on adaptation-induced horizontal
saccade amplitude changes of the second saccade in the double-step sequence. Horizontal saccades were adapted with the head facing the screen center, and test trials were
collected with the head turned 9. leftward (purple) or rightward (orange). The adaptation remained spatiotopic with head turns. Error bars represent the standard error of
the sample mean. (E) Mean shift in saccade landing position for the 3 overlap durations during adaptation in the spatiotopic condition. Shifts of saccades performed to targets
presented for 50 ms are shown in blue, and shifts of saccades performed to targets presented for 500 ms are shown in red. Error bars represent SE. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of the article.)

little spatiotopy for contrast (thought to be mediated primarily
in V1); intermediate effects for orientation (probably reflecting
V4 activity); and strong effects for face adaptation (presumably
IT). However, others failed to replicate these results [7,8,53]. The
reasons for the failure to replicate are far from clear.

We have recently confirmed and extended Melcher’s work by
showing that the spatiotopic tilt adaptation takes time to build up
[9-11]. We presented the saccade target but asked subjects to delay
saccade initiation until the fixation point disappeared (see Fig. 2C).
In this way we systematically varied the viewing duration of the
saccade target before saccade execution. We found that the magni-
tude of spatiotopic aftereffect increased as a function of the saccade
target preview duration. Whereas the magnitude of both the retino-
topic and full aftereffect decrease with preview duration (reflecting
the fact that aftereffects decline over time), the magnitude of the
spatiotopic aftereffect increases with preview (Fig. 2D). When we
normalize the magnitude of the retinotopic and spatiotopic effects
to the full-adaptation effects (factoring out the effect of aftereffect
decay), we see that the magnitude of the spatiotopic aftereffect
increases greatly with target preview, by a factor of about three
(Fig. 2E).

Trans-saccadic spatiotopic aftereffects have also been revealed
with other adaptation techniques, such as adaptation to motion.
However, not all motion adaptation studies show spatiotopy.
For example, Wenderoth and Wiese [12] and Knapen et al. [67]
reported that the classic motion aftereffect is purely retinotopic,
agreeing with the original description by that the effect “moves
with the eyes” so the adjacent rocks (not in correspondence
with the waterfall) are seen to move upwards. Turi and Burr
[13] confirmed that the classical motion aftereffect is selective in
retinotopic coordinates, but went on to test the positional motion
aftereffect (PMAE), the change in apparent position after adaptation
to motion. They argued that this aftereffect is a more likely candi-
date for spatiotopic coding, as it seems to be processed at higher
levels of the cortical hierarchy after color and luminance motion
signals are combined [14]. They showed that the positional motion
aftereffect is indeed coded almost entirely in spatiotopic coordi-
nates. This is interesting, as it suggests that the spatiotopic map
that can be disrupted by motion adaptation is one that represents
the position of the moving object, rather than just the velocity.

The adaptation technique has also evidenced spatiotopic selec-
tivity for the perception of duration. Adaptation to fast-moving
grating causes a subsequently displayed stimulus appear to be of
shorter duration [15], even when the change in apparent speed is

compensated for. By interspersing a saccade between the adapta-
tion and test, we have shown that this adaptation too, is almost
entirely spatiotopic [57]. Orientation, motion and duration are all
encoded in maps anchored in real-world coordinates.

Other evidence for spatiotopic maps for motion come from a
different technique, called “motion priming”. Under certain con-
ditions viewing motion the after-effects of viewing motion can
be position, causing the direction of subsequently viewed motion
stimuli to be biased in the same rather than opposite direction. These
effects are typically referred to as “priming”, and are thought to
occur at higher levels than the negative adaptation aftereffects.
Ong et al. [16] have shown that these motion-priming effects,
unlike the motion aftereffect, are spatiotopic. Yoshimoto et al. [17]
performed a more extensive study, where they manipulated the
stimuli to produce either positive priming or negative aftereffects,
in the same experimental conditions. They confirmed Ong et al.
[16] in showing that positive priming was strongly spatiotopic,
while negative aftereffects were observed in retinotopic coordi-
nates. Importantly, however, Yoshimoto et al. [17] measured the
timecourse of the buildup of the effects, and showed that the spa-
tiotopic effect occurred only when the period between adapter and
test stimulus was delayed more than 600 ms, proving strong confir-
mation for the idea that the spatiotopic representation takes time
to build up.

The evidence for along-term spatiotopic map is very compelling.
These maps are not static snapshots, but rich with information
about position, motion and time.

3. Functional magnetic resonance imaging studies

Other techniques besides psychophysics have demonstrated
spatiotopy in primate cortex. Back in 1993, Galetti, Battaglini and
Fattori [47] described a small proportion of neurons in area V6 of
the monkey with a craniotopic spatial selectively. Duhamel and
Bremmer [46] later reported a similar craniotopic selectivity in
area VIP of the monkey. Spatiotopic representation (particularly of
motion) in humans has recently also received strong support from
neuroimaging studies. D’Avossa et al. [55] showed that the BOLD
response of cortical area MT was selective in spatiotopic rather than
retinotopic coordinates, and Crespi et al. [58] went on to show spa-
tiotopy not only in MT, but much of parietal cortex, including MST,
LO, V6 and even V4.

Perhaps the most interesting aspect is that the spatiotopic
response depends very strongly on subjects paying attention to the



284 E. Zimmermann et al. / Behavioural Brain Research 275 (2014) 281-287

stimuli [61]. When subjects were required to perform an atten-
tionally demanding task at the center of screen (the origin of the
retinotopic coordinate system), rather than being free to attend
to the stimuli, the spatiotopic response reverted to a retinotopic
response. Areas of the dorsal stream (MT, MST, LO and V6), which
were clearly spatiotopic in passive viewing, became clearly retino-
topic when attention was directed to fovea. This agrees well with
work by Gardner et al. [18], who also reported retinotopic BOLD
responses for the entire visual cortex when attention was directed
to the fovea.

These results show that not only does spatiotopy take time
to build up, it requires attentional resources to do so. Much evi-
dence suggests that attention is allocated in spatiotopic coordinates
[19-21,42]. However, the research has been controversial. Mathot
and Theeuwes [52] reported evidence for the initial coding of inhi-
bition of return to be retinotopic, becoming spatiotopic over time,
which also finds support in Golomb et al. [22,23]. However, while
Pertzov et al. [20] and Hilchey et al. [24] presented evidence for
spatiotopic IOR at much shorter post-saccadic intervals than were
tested by Math6t and Theeuwes [52]. This raises the fascinating
possibility of an important link between attention and the cre-
ation of spatiotopy. It is possible that attention is necessary for the
buildup of spatiotopy, and how long it takes to build up depends
critically on the attentional resources available. It may be that
attention anticipates spatiotopy in some sense, before the spa-
tiotopic representation is well formed. As it is well-known that
there exists a close link between attention and eye movements, it
is not unreasonable that the two should work together to produce
spatial maps.

That BOLD responses are selective in external coordinates does
not in itself prove that those areas have a functional spatiotopic
selectivity. The origin of the BOLD signal is not well understood,
and the possibility that it reflects modulatory feedback from higher
areas, rather than the primary response of neurones in the area
being scanned, cannot be ruled out. It is therefore imperative that
the imaging studies be backed up by solid psychophysics showing
that observers can integrate information across saccades, and use
this to improve performance.

We have also investigated the buildup of spatiotopic maps with
an fMRI-adaptation paradigm [25], which takes advantage of the
fact that the repeated presentation of a stimulus results in a reduc-
tion in the BOLD amplitude responding to that stimulus [26,27].
We placed the adapter to the right of fixation (as in Fig. 2A), which
will stimulate only the left visual cortex. After adaptation, subjects
made a rightward saccade to the saccade target, so a probe stimu-
lus presented at the same spatiotopic position should activate the
right visual cortex. Although the adaptor and probe stimulate dif-
ferent cortexes, we found clear fMRI-adaptation to a probe shown
in the spatiotopic location as the adaptor in visual areas V1-V4. We
suggest that the remapping signal, originating in lateral intrapari-
etal cortex [4], transports the feature information from the adapter
activity across the hemispheres.

4. Spatiotopic saccade adaptation

One important function of a long-term spatiotopic map may be
for the planning of saccades. In saccade sequences the oculomo-
tor system needs to know where the first saccade went, in order to
perform the second saccade accurately. Adaptation, which we have
seenis such an efficient tool for studying visual perception, can also
be used to modify saccade vectors. Systematic displacements of the
saccade target during execution of the saccade leads to an adaptive
change in saccade amplitudes ([59,51]). Either inward or outward
adaptation can be induced, depending on the direction of the tar-
get displacement. However, the two types of adaptation are quite

different in several respects [28]. Only outward adaptation trans-
fers to pointing movements [48] and to visual perception [29,30].
Semmlow et al. [31] showed that with outward adaptation spatial
positions were adaptable irrespective of the amplitude of saccades
to these locations.

We have investigated the coordinate system of saccadic adap-
tation with a memory-guided, double-saccade task [32], following
previous studies of eye position effects [32,33,43]. Subjects
observed two saccade targets (see Fig. 2A and B), and were required
to memorize the position of the second saccade target T2, which
was extinguished before initiation of the saccade sequence. Then
they made a two-saccade sequence: the first to the visible target
T1, then to target T2 only when the target T1 disappeared. The
interleaved first saccade to the visible target T1 served to disso-
ciate the spatiotopic from the retinotopic location of saccade target
T2. These trials were tested after saccades had been adapted either
ininward or in outward direction. Significant adaptation was found
in the full-adaptation condition, where the targets were shown in
the same position as during induction of adaptation (lef-most bar
of Fig. 2C). If adaptation is linked to the position in external space,
adaptation should occur also in the spatiotopic condition. This was
indeed the case. Adaptation was observed only in the spatiotopic,
but not in the retinotopic nor in the neutral control condition. A
neural representation of visual space, not referenced to retinal coor-
dinates, could in principle be encoded in head-centered coordinates
or indeed in external space. We have tested the possible involve-
ment of head-centered coordinates by changing the head rotation
of the subjects in between the adaptation and the test phase. In this
experiment no adaptation was found in the condition that would
have proven a head-centered coding of visual space. Again, only the
spatiotopic condition yielded significant adaptation (see Fig. 2D).

In a follow-up study, one of us investigated the time-course of
the build-up of this spatiotopic representation [34], using a very
similar paradigm: the saccade target T2 was presented either for
50 or 500 ms. Subjects were again instructed to perform the sac-
cade to target T2 when the target T1 disappeared, which could be
either immediately with appearance of target T2 (0 ms) or 250 ms
or 500 ms later. For targets presented for 500 ms, the spatiotopic
adaptation strength increased as a function of saccade delay dura-
tion (Fig. 2E, red symbols and lines). However, for targets presented
for 50 ms, no spatiotopic adaptation was observed (shown in blue
color). Spatiotopic buildup thus again depends on presentation
duration of the target. It occurred only when overlap saccades
(considered voluntary saccades) were adapted. This is consistent
with previous evidence for separate adaptability of reactive and
voluntary saccades [28], and may be part of an explanation for
the involvement of different neural mechanisms. The spatiotopic
coding of the saccade target was seen only for outward adapta-
tion, which-as mentioned above-transfers to visual perception.
We therefore suggest that the spatiotopic representation is a visual
phenomenen, rather than residing in the motor system.

Levy-Benchton et al. [35] recently replicated these results and
showed that multiple reference frames are involved in saccade
adaptation. They tested different saccade types in either complete
darkness or in darkness but with an LED-simulation of the monitor
frame. Double-step memory guided saccades showed spatiotopic
adaptation only when the LED-frame was visible. Adaptation of
double-step memory guided saccades therefore seems to be coded
in allocentric coordinates, relative to an external reference object.
Single-step memory-guided saccades showed spatiotopic adapta-
tion irrespective of the presence of the LED-frame. Visually-guided
single-step saccades did not show any spatiotopic adaptation at all.
This latter finding suggests that the standard reference frame for
visually-guided saccades is retinotopic. Spatiotopic effects emerge
when sequence planning or memory guidance is involved in sac-
cade generation. This further strengthens the hypothesis that the
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Fig. 3. (A) Timecourse of events in the orthogonal double step task where the saccade targets T1 and T2 were presented either for 60 ms (upper panel) or 500 ms (lower
panel). (B) Mislocalization of probe dots at onset of first saccade. The start of each arrow represents baseline localization from 100 ms before onset of the first saccade. The
arrowhead indicates peak mislocalization at first saccade onset. Error bars indicate the horizontal and vertical SEM of the baseline and the peak mislocalization. (C) Spatial
distribution of mislocalization at second saccade onset. Same conventions as (B). (D) Average compression magnitude (0 is maximum, 1 minimum) in trials with different

presentation duration of the saccade targets T1 and T2 (between 60 and 500 ms). Data were averaged across subjects and trials. Errors are SE of the mean.

spatiotopic component is connected to a visual representation
rather than the motor system.

5. Compression

Trans-saccadic visual stability is frequently studied by probing
visual perception shortly before, during or shortly after the exe-
cution of saccade eye movements. In this line of research, visual
stimuli are presented for only a few milliseconds around the time
of saccade initiation, and subjects indicate the apparent position of
the probe stimulus after the saccade is finished. Studies conducted
in complete darkness found that probe stimuli presented in the
perisaccadic range were mislocalized in the direction of the saccade
(e.g.[50,60]). This shift has been taken as evidence for a remapping
process, which transports visual information to the post-saccadic
fixation location [61]. However, when visual references are avail-
able, perisaccadic stimuli are perceived compressed towards the
saccade target ([36,37,62]).

We recently confirmed the visual influence on compression by
asking subjects to perform saccades onto an empty screen, thus
eliminating all visual references close to the saccade landing posi-
tion [25]. In this condition compression magnitude was greatly
reduced compared with normal saccades to a visual target. We
then tested compression in a double-step paradigm, to investigate
the reference frame of the memory representation, which stores
the visual target [63]. In the classical double-step paradigm, two
saccade targets are shown briefly, and subjects are required to
sequentially perform saccades to the two targets [38,39]. Unlike
in saccade adaptation, where the second target step starts contin-
gently to saccade execution, all saccade targets are switched off
before the first saccade is executed. The oculomotor system thus
must rely on a memory representation of the targets to perform the
saccades correctly, particularly the second saccade, as the retinal
image will have moved by then. We tested perisaccadic mislocaliza-
tion in a double-step paradigm, where subjects first had to execute
a vertical and then a horizontal saccade. We presented the saccade
targets either for 60 ms or for 500 ms. In both cases subjects were
allowed to initiate the saccade sequence only once the targets had
disappeared (see Fig. 3A).

Perisaccadic compression magnitude at the time of the first sac-
cade is symbolized by the length of the arrows in Fig. 3B. The
saccade was performed vertically from the fixation point (FP) to
the saccade target (T1). There was strong compression parallel to
the saccade path but also a component of orthogonal compression.
Surprisingly, at the time of the second saccade, no compression was

observed. It therefore seems that the very short target presentation
duration of 60 ms was not sufficient long enough to store the visual
signal of the second target in a format which is updated at the time
of the second saccade. When we repeated the task with a saccade-
target duration of 500 ms, compression was much stronger at the
time of the second saccade. We calculated a compression index
(where zero means total compression, one means none) to com-
pare mislocalization magnitude for the 60 ms and the 500 ms target
presentation duration (Fig. 3D). Compression obviously is stronger
with 500 ms target duration than 60 ms. Consistent with the results
from the spatiotopic saccade adaptation experiments, these results
suggest that a spatiotopic component is involved in the memory of
the second saccade target.

6. Suppression of displacement

A classical test of visual stability across saccade eye movements
is the saccadic suppression of displacement paradigm (SSD) [40,41].
In that paradigm subjects are asked to perform a saccade, and while
the saccade is still in flight, the saccade target is shifted slightly
to the left or to the right. Since motion perception sensitivity is
degraded at the time of saccades [56], subjects cannot rely on
the motion signal to judge the displacement direction. Subjects
perform poorly in this task, with displacements up to 30% of the
saccade amplitude size going undetected. However, blanking the
saccade target during the saccade and presenting it 250 ms after
saccade end in a displaced position leads to a massive improvement
in displacement detection [41]. These findings largely motivated
the formulation of the “reference object theory”, which states that
a particular object is selected as the saccade target and perceives
preferential perceptual processing. After the saccade is finished
this object will be sought by the system. If an object matching the
selected one is found it will become the reference object and the
system maintains the visual stability assumption.

We have tested the idea of the spatiotopic build up dura-
tion with the SSD paradigm. Subjects fixated on a fixation point,
which was extinguished after 100 ms to remove visual references.
After a fixation period the saccade target was shown but subjects
were instructed to wait with saccade initiation until an acous-
tic go-signal. The time between saccade target presentation and
appearance of the go-signal was systematically varied to inves-
tigate the proposed build up duration. During saccade execution
the saccade target was displaced and subjects reported the direc-
tion after performance of the saccade. We also tested this task
in a condition where subjects fixated throughout the entire trial.
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Fig. 4. (A) Experimental setup for saccade and fixation trials. The black circles indicates eye position. The red squares indicate targets for fixation or saccades. A trial started
with subjects directing gaze to a fixation point. After 100 ms, the fixation point was turned off and subjects continued to maintain fixation on the blank screen. The saccade
target T1 appeared 1000 ms later. In the saccadee trials subjects saccaded to the target on auditory cue 0-500 ms after saccade target onset. As soon as the saccade was
detected, the saccade target was displaced either leftwards or rightwards (T2). At the end of the trial, the subject indicated the direction of the target displacement by key
press. In the fixation trials subjects maintained fixation at the position of the fixation point for the entire trial. T1 was displayed for 0-900 ms, and followed by 60 ms of
high-contrast mask (simulating the masking effect of the saccade). T2 was then displayed leftwards or rightwards of its original position and subjects reported the direction
of the shift by key press. (B) Displacement thresholds (geometric mean of thresholds, calculated separately for all subjects) for the saccade (shown in red) and the fixation
(shown in green) condition as a function of presentation duration. Saccade latencies were measured for all trials, and target presentation time binned into 100 ms bins. Error
bars represent standard error across subjects. The continuous curves show exponential fits to the data. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

In this condition the masking effects of the saccade was replaced
by a whole-field visual texture, which was presented for 50 ms.
Immediately after the disappearance of the mask the target was
shown displaced and subjects again reported the displacement.
Fig. 4B shows the perceptual thresholds of the target displace-
ment performance against preview duration of the saccade target.
In both conditions, in saccades (shown in red) and in fixation
(shown in green), performance increased, i.e. perceptual thresh-
olds decreased, as a function of the duration the saccade target was
seen before saccade initiation.

The results suggest that the visual system is well able to store
precise position information across saccades as long as a certain
amount of time is available to process the target position before
saccade initiation.

7. Concluding thoughts

In this article we have reviewed evidence for the existence of a
spatiotopic representation in human vision, which builds up over
time. The buildup duration is of the order of 320-1000 ms, depend-
ing on the experimental situation. The buildup of the spatiotopic
representation occurs when a delay is inserted between saccade
initiation and probe presentation, or when the period between sac-
cade end and probe presentation is delayed. This is consistent with
other reports in the literature, where spatiotopic memory effects
were seen when the probe was shown some hundred milliseconds
after saccade execution [17,42]. The long build-up duration, and
the finding that the build-up can also be triggered after the saccade
is finished, show that the spatiotopic representation we describe
here probably has little to do with the classical problem of keeping
vision stabile on each saccade.

We believe that this slower spatiotopic reference-frame serves
the stabilization of object positions in visual memory by creating
a longer-lasting scene representation that remains solid with the
environment. As the build-up is slow, at least 320 ms, it is likely
that the mechanism integrates over several saccades. Its function

therefore may be not to bridge information across saccade, but to
store object positions in a gaze-invariant visual memory represen-
tation. Our data from the suppression of displacement experiment
show that the spatial integration has the same timecourse during
fixation and when saccades were performed. This finding suggests
that the build-up of this spatiotopic representation does not depend
on the imminent execution of a saccade but seems to be created in
any case. We therefore link the long build-up duration to a visual
memory encoding rather than to a saccade-contingent computa-
tion.

Much research has demonstrated that separate visual systems
control visually-guided motor actions and cognitive scene rep-
resentations [64]. These systems code visual space in different
coordinate systems: whereas direct motor responses rely on an
egocentric reference frame, cognitive object representations are
mostly coded in external space coordinates [65,66]. The exper-
iments reviewed in this article demonstrate this dissociation of
reference frames for fast and delayed responses. They suggest
that retinotopic reference frames are transformed into spatiotopic
reference-frames, and that this transformation takes time. These
results have implications for theories about visual space coordi-
nates and particularly for the current debate about the existence of
spatiotopic representations.
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