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We perceive a stable, continuous world despite drastic changes of retinal images across
saccades. However, while persistent objects in daily life appear stable across saccades,
stimuli flashed around saccades can be grossly mislocalized. We address this puzzle
with our recently proposed circuit model for perisaccadic receptive-field (RF) remap-
ping in the lateral interparietal area (LIP) and frontal eye fields (FEF). The model uses
center-excitation/surround-inhibition connections to store a relevant stimulus’ retinal
location in memory as a population activity. This activity profile is updated across each
saccade by directional connections gated by the corollary discharge (CD) of the saccade
command. The updating is a continuous backward (against the saccade) shift of the
population activity (equivalent to continuous forward remapping of the RFs), whose
cumulative effect across the saccade is a subtraction of the saccade vector. The model that
correctly updates persistent stimuli, and flashes well before and after saccades, produces
the observed forward and backward translational mislocalization for flashes around the
saccade onset and offset, respectively, because of insufficient and unnecessary cumulative
updating after the saccade, caused by visual response latency and sluggish CD time
course. We confirm the model prediction that for perisaccadic RFs measured with flashes
before the saccades, the forward remapping magnitudes across the saccades are smaller
for later flashes. Our work suggests that transsaccadic perception is stable because the
presaccadic retinal position of an object is updated to match the postsaccadic (reafferent)
retinal position of the same object, and that the brain uses “unaware” decoders which
do not distinguish between different origins of neurons’ activities.

RF remapping | aware and unaware decoders | memory mislocalization | efference copy |
double-step saccade

We make several saccades per second to look at different parts of a scene for high-resolution
processing. Across a saccade the retinal image changes drastically, yet the world appears
stable and continuous to us. Two main mechanisms have been proposed to explain this
phenomenon of transsaccadic visual stability (TSVS): i) the brain combines eye-position
signals and retinotopic inputs to construct craniotopic (head-centered) representations
(1-4), and ii) the brain uses corollary discharges (CDs) of saccade commands to “com-
pensate” for saccade-induced retinal changes (5-8). These mechanisms appear to contrib-
ute to transsaccadic space perception at long- and short-time scales, respectively (9, 10).
Here, we focus on the CD mechanism because we would like to link its detailed, trans-
saccadic operations to the short-time-scale phenomenon of perisaccadic perceptual mis-
localization. We consider saccades under the head-fixed condition so that the display
screen for stimuli is craniotopic.

The original proposal of the CD mechanism is that the CD of a saccade cancels the
retinal image motion produced by the saccade (5). A related observation is saccadic sup-
pression: During saccades, visual perception (particularly of magnocellular stimuli such
as motion) is impaired (11), and correspondingly, some visual neurons have reduced
responses or reversed directional tuning (12, 13). There is evidence that CDs contribute
to saccadic suppression (12), although less than forward and backward masking (14).
However, while cancellation and/or suppression of saccade-induced retinal motion may
contribute to TSVS, they are insufficient. Consider the double-step memory saccade task,
a standard demonstration of TSVS, in which subjects sequentially make saccades to two
successively flashed and disappeared targets (Fig. 1). In a craniotopic representation, the
position of the second target (diamond) does not change with the first saccade (the right-
ward black arrow, Fig. 14). However, in a retinotopic representation, since the first saccade
changes the retinal position of the second target (from the magenta to green arrow), the
brain must update the retinal position of the second target, by subtracting the saccade
vector, before making the second saccade (Fig. 1B). Canceling or suppressing the
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Fig. 1. Double-step memory saccade task: the updating of the second target
across the first saccade. (A) Craniotopic (screen) representation. After subjects
fixate on the cross, the cross disappears, and the square and diamond are
flashed successively. Subjects then sequentially saccade to the remembered
square and diamond positions. (B) Retinotopic representation across the
first saccade (back projected from the retina to the screen for comparison
with A). The cross and square are superimposed as they correspond to the
same retinal position, the fovea. The magenta and green arrows indicate
the diamond's retinotopic positions before and after the first saccade (the
rightward black arrow in A), respectively. The leftward black arrow indicates
that the diamond'’s retinotopic position needs to be updated backward by
subtracting the saccade vector.

saccade-induced retinal motion would not provide the required
updating. Moreover, the two saccades of this task can be made in
total darkness; in this case there is no retinal motion to cancel or
suppress but to make the second saccade, the brain still must
update the retinal location of the second target.

The discovery of the CD-driven receptive-field (RF) remapping
in LIP and FEF (6-8, 15-17) has inspired new proposals on how
the CD mechanism enables TSVS. The remapping refers to the
observation that around the time of a saccade, cells’ RFs (perisac-
cadic RFs or pRFs) shift in the saccade (forward) direction. Early
remapping studies focused on the fact that some cells show visual
responses at their future (postsaccadic) RF (fRF) locations, accom-
panied by reduced responses at the current (presaccadic) RF (cRF)
locations, even before the saccade onset. [A cell’s cRF and fRF are
just its ordinary RF well before and well after the saccade, respec-
tively; for a retinotopic cell, its cRF and fRF are offset by the
saccade size on the display screen but superimpose on the retina.
We use their screen (craniotopic) positions unless noted other-
wise]. This leads to the Preview Theory of TSVS (6, 18): On the
screen, a cell’s fRF before a saccade will become its actual RF after
the saccade. The activation of a cell by a stimulus in its fRF can
thus be considered as giving the cell a preview of what will be in
its RF after the saccade. Then, a comparison between the preview
response and the postsaccadic (reafferent) response can determine
whether the stimulus is the same or different across the saccade.

Although intuitively appealing, the Preview Theory has a few
difficulties. First, it requires cells whose pRFs remap completely
to their fRFs without responses at their cRFs (or any other posi-
tions) before saccades. Otherwise, the preview responses would
represent a mixture of stimuli in both the cRFs and fRFs, com-
plicating the postsaccadic comparison. Second, the theory requires
downstream stages that store the preview responses in memory
and then compare them with the postsaccadic responses later.
These memory and comparison stages have not been identified
(19). Finally, for the double-step memory saccade task mentioned
above, the flashed targets disappear before the first saccade, and
they do not reappear to generate postsaccadic responses for com-
parison with the preview responses.

https://doi.org/10.1073/pnas.2422911122

Later remapping studies revealed the details of the remapping
time course in LIP and FEF (8, 16). Although some cells respond
to stimuli in their fRFs before the saccades, on average cells’ pRFs
shift progressively from their cRF locations to near their fRF loca-
tions over time, from about 100 ms before the saccade to about
100 ms after the saccade. (The pRFs were measured with dots
flashed before the saccade onset.) The pRFs thus move through
intermediate locations instead of jumping from the cRFs to the
fRFs directly, posing further difficulties for the Preview Theory.
There is, however, an alternative solution for TSVS which focuses
on the stimulus location, not its features/contents (8). First note
that the perceived location of a given stimulus must be decoded
from the responses of many cells with different RF locations (pop-
ulation response), instead of from any individual cell’s responses
to different stimulus locations (spatial tuning or RF) (20). The
population response profile is the cells’ responses to the stimulus
as a function of their RF center locations. When the RFs remap,
positional decoders may consider the population response as a
function of either the cells’ remapped RF locations or the original
RF locations; we denote decoders with these alternatives as “aware”
and “unaware” decoders, respectively (20). Unaware decoders
always interpret cells’ responses as evidence for a stimulus in their
cRFs regardless of whether the responses indeed originate from
their cRFs or are remapped from elsewhere (Discussion). Under
the assumption of unaware decoders, the progressive forward shift
of pRFs is equivalent to a progressive backward shift of the corre-
sponding population response over the same time and distance
(the saccade size) (20). This backward shift of the population
response effectively subtracts the saccade vector from a stimulus’
presaccadic retinal position to produce its correct postsaccadic
retinal position (Fig. 1B).

The entire remapping time course must be driven by CDs
because the stimuli for measuring the pRFs are flashed before the
saccade onset and there are no additional reafferent contributions
to the pRFs during or after the saccade (8). This implies that the
entire pRF remapping time course, including the portion after the
saccade, can be viewed as predictive, and that what is remapped is
the memory representations of the flashed stimuli. Then, to imple-
ment the above updating theory in a circuit model, we need a set
of connections to maintain in memory the population response
representing the retinotopic position of a flashed stimulus, and
another set of connections, gated by the CD of a saccade, to shift
the population response, across the saccade, to the updated position.
We proposed the required connectivity patterns when modeling
RF remapping in LIP and FEF (8). There are actually two types of
RF remapping: the forward (or predictive) remapping discussed
above and attentional (or convergent/compressive) remapping,
which is RF shifts toward attended loci such as the saccade target
or the fixation point (8, 21-23). Inspired by related models for
orientation-tuning dynamics (24, 25), we explained attentional
remapping with symmetric, center-excitation/surround-inhibition
connections among cells tuned to different retinotopic locations
(red curve of Fig. 24). This so-called Mexican-hat connectivity pat-
tern is consistent with interactions among cells in LIP (26) and FEF
(27), and also provides attractor dynamics for maintaining responses
in memory (28, 29). We explained forward remapping with
CD-gated directional connections (blue curve of Fig. 24) that prop-
agate responses backward from cells’ fRFs to their cRFs (8, 16).
‘These two sets of connections form a complete circuit for transsac-
cadic spatial updating to achieve TSVS (8). Fig. 2B illustrates the
updating of the second target across the first saccade of the
double-step task (Fig. 1). The circles represent different cells’ cRF
centers (in retinotopic coordinates). The second target (diamond)
appeared at the magenta cell’s cRF center, evoking a population
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Fig. 2. Acircuit model for RF remapping and population-response updating across saccades. (A) Recurrent connection strengths among model LIP/FEF cells as
a function of the difference between the cells’ preferred retinotopic positions (cRF centers). Symmetric, center-excitation/surround-inhibition connections (red)
form memory for a flashed stimulus, and directional connections (blue, for rightward saccades) are gated by CDs to update the memory. (B) Schematic of the
backward updating of the second target (diamond) across the first saccade of the double-step task of Fig. 1. Circles indicate a few cells’ cRF center locations in
retinotopic coordinates. The subject will make a saccade which will bring the diamond, now in the cRF of the magenta cell, into the cRF of the green cell. The
diamond appears at the cRF center of the magenta cell, evoking a population response among nearby cells (red curve above the magenta cell) which is sustained
by the symmetric connections (red curve in panel A) as a memory. This population memory response is shifted backward (black arrow) as a traveling wave when
the CD activates directional connections between cells whose RF centers are between the magenta and green cells (blue lines), driving the cells as if the diamond
had appeared in their cRFs, ultimately arriving at the green cell, which now will respond to the stimulus in its fRF on the screen. As the wave progresses, the
intermediate cells will be activated with progressively longer delays, as observed in the forward remapping time course (8, 16).

response among the nearby cells (the red curve above the magenta
cell) which is sustained by the center/surround connections (red
curve in Fig. 24 not drawn in Fig. 2B to avoid clutter) as a memory.
Across the first saccade, this response profile is continuously shifted
backward by the CD-gated connections (blue curve in Fig. 24 and
blue lines in Fig. 2B) to become a population response among the
cells around the green cell (the red curve above the green cell),
representing the updated retinotopic position of the second target.
The total shift accumulated over time is equivalent to a subtraction
of the saccade vector.

We also showed that the same circuit can update retinotopic
positions of persistent stimuli across saccades (8). However,
although persistent objects in daily life appear stable across sacca-
des, we mislocalize brief stimuli flashed around saccades, relative
to those flashed well before or after the saccades, a phenomenon
known as perisaccadic perceptual mislocalization (30-32). The
errors can be as large as many degrees of visual angle. If such errors
occurred in daily life, our perception would be disturbingly unsta-
ble as objects would appear displaced after each saccade and then
return to their correct positions when reafferent retinal inputs
reach perception. Perisaccadic mislocalization has two compo-
nents, a translational (or shift) component along the saccade axis
and a convergent (or compressive) component toward the saccade
target (31, 33). The convergent component is smaller and larger,
respectively, in the absence and presence of a postsaccadic visual
reference, such as a ruler (34). The translational mislocalization is
in the saccade direction (forward) around the beginning of the
saccade, and disappears, or sometimes reverses the direction (back-
ward), around the end of the saccade (31, 32, 34).

We argued previously that RF remapping alone cannot explain
the observed mislocalization (20). We now demonstrate that under
additional and reasonable assumptions, our circuit model of RF
remapping, which correctly updates persistent stimuli (and stimuli
flashed well before or after saccades) for TSVS, will produce the
observed translational mislocalization for stimuli flashed around
the time of the saccade. We focus on translational mislocalization
because convergent mislocalization is likely related to attention, a
process distinct from transsaccadic updating and TSVS (8, 22, 35)
(Discussion). The model makes testable predictions, and we con-
firmed one of them by reanalyzing our previous single-unit data
from LIP and FEF (8). Our work clarifies, at the circuit level, the
relationships among the physiological properties of RF remapping,
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the functional requirement of transsaccadic space updating, and
the psychophysical observations of perisaccadic mislocalization,
with implications on the nature of positional decoders used in the
brain. The work suggests that translational mislocalization is really
postsaccadic memory mislocalization of perisaccadically flashed
stimuli. We presented the results previously at a conference (36)
and as a preprint (37).

Results

We consider a typical paradigm for perisaccadic perceptional mis-
localization: A subject makes a horizontal 12° saccade from an
initial fixation point at -6° relative to the screen center to a target
at +6° relative to the screen center while a probe stimulus is flashed
at various times relative to the saccade onset; the location of the
probe stimulus is reported after the saccade. Fig. 14 can be rein-
terpreted as a configuration for measuring mislocalization, with
the cross and square representing the initial fixation and target
positions, respectively, and the diamond representing the flashed
probe stimulus. For translational mislocalization the location
of the flash does not matter; we assume the flash is at the screen
center (0°) and its retinotopic position changes with the eye
position at the time of the flash. For horizontal saccades, we
need to consider only the horizontal spatial dimension in our
simulations.

The circuit model consists of a one-dimensional array of LIP/
FEF units representing the horizontal retinotopic space (8). The
units receive feedforward inputs originating from the retina and
are recurrently connected to receive lateral input from each other.
A flashed spot on the retina can be viewed as a delta function in
space and time. When this input reaches the recurrent, LIP/FEF
units, we represented it as a Gaussian function in space and a
gamma function in time to account for the intervening low-pass
spatiotemporal filtering which produces spatial smear and tem-
poral delay. The recurrent connections among the units are trans-
lationally invariant (38) and can be divided into two sets. The first
set follows a symmetric, center-excitation/surround-inhibition
pattern among units tuned to different retinotopic positions
(Fig. 24, red curve). The second set is antisymmetric, directional
connections gated by the CD of the saccade command with excita-
tion and inhibition in the backward and forward directions,
respectively (Fig. 24, blue curve for rightward saccades). Since the
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Downloaded from https://www.pnas.org by COLUMBIA UNIVERSITY on May 19, 2025 from |P address 209.2.227.154.

4 of 10

physiological data show that forward RF remapping starts about
100 ms before the saccade onset and continues up to 100 ms after
the saccade offset, we chose a similarly broad CD time course
(Fig. 3, third row). The details of the model and its parameteriza-
tion can be found in Methods; the model works with many differ-
ent combinations of parameters (8).

We first considered the case when the stimulus is flashed 295
ms before the saccade onset (Fig. 34; flash time indicated by the
green line in the third panel). Despite delay from the retina to
LIP/FEF (39), the input reaches the LIP/FEF units (first panel;
red curve, third panel) before the start of the CD signal (black
curve, third panel). This input pattern is processed by the sym-
metric recurrent connections to produce a population response
profile that stores the stimulus retinotopic position as a memory
(second panel) (8). We used the center-of-mass location of the
response profile at a given time as the decoded retinotopic posi-
tion of the stimulus at that time (red curve, fourth panel). When
the saccade CD emerges, the memory response profile, and thus
the decoded position, is updated backward by the CD-gated
directional connections. We chose the CD strength such that
the final, cumulative updating after the saccade is equal to the
negative saccade vector (from retinotopic 6° to -6°, a total of
-12°). Although the sluggish CD time course creates a mismatch
between the ideal and the actual updating time courses, the
finally updated retinotopic position, which stabilizes about

>
vy

150 ms after the saccade offset (or 200 ms after the saccade onset),
is accurate.

We next simulated how the same model responds to the stim-
ulus flashed at the saccade onset (Fig. 3B). Because of the response
delay from the retina to LIP/FEF and the CD signal starts before
the saccade onset, by the time the input reaches the LIP/FEF units,
it has missed much of the CD time course. Consequently, the
cumulative backward updating of the memory response profile
after the saccade is far short of the saccade size, resulting in a
positional error in the forward direction (Fig. 3B).

We then considered the case when the stimulus is flashed at the
end of the saccade (Fig. 3C). Because the flash occurs when the eye
has almost stopped moving, ideally there should be little updating
of the retinotopic position of the stimulus. However, despite the
response latency, the input to the LIP/FEF units still catches a tail
part of the sluggish CD time course, and consequently the memory
response profile is shifted backward slightly, producing a small
positional error in the backward direction (Fig. 3C).

Fig. 44 summarizes the cumulative backward updating of the
flash’s retinotopic position after the saccade as a function of the
flash time relative to the saccade onset (red curve, 7op panel). Its
difference from the ideal cumulative updating (purple curve, 7op
panel) is the mislocalization (black curve, Bottom panel), which
explains the translational component of the observed perisaccadic
mislocalization. To explore the effect of the response latency from
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Fig. 3. The circuit model explanation of translational mislocalization of stimuli flashed around saccades. The saccades are 12° rightward from -6° to +6° and
the flashes are at 0° relative to the screen center. The gray shades indicate the 50-ms saccade duration. The three columns are the simulation results for the
flash at (A) 295 ms before saccade onset, (B) saccade onset, and (C) saccade offset, respectively. The first and second rows show the heatmaps of the input to,
and output from, the LIP/FEF units as a function of the units’ retinotopic RF positions (y axis) and time (x axis). The horizontal space is shown vertically to be
consistent with Fig. 4 and the convention used in many mislocalization studies. The third row shows the temporal relationships of the flash on the retina (green),
the input of the flash to the LIP/FEF units (red), and the CD signal (black), with the peaks normalized to 1. The delay from the retinal flash to the peak of LIP/FEF
inputis 40 ms. The fourth row shows the time course of the eye position (black) in the craniotopic coordinate (relative to the screen center), and the ideal (purple)
and actual (red) updating of the flash’s position (green dot) in the retinotopic coordinate (relative to the fovea/fixation). The actual updating curves (red) are the
center-of-mass of the output population responses in the second row. The ideal updating has the inverted shape of the eye position trace. The final differences
(vertical arrows) between the cumulative actual and ideal updating after the saccade (any time after about 200 ms) are the mislocalization. The upward and
downward arrows indicate forward and backward mislocalization for flashes at the saccade onset and offset, respectively.
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obtained with (A) the same parameters as in Fig. 3, (B) the delay from the retinal flash to the peak of LIP/FEF input increased by 20 ms (to 60 ms), and (C) the
CD profile delayed by 20 ms (equivalent to decreasing the retina-to-LIP/FEF delay by 20 ms). The Top row shows the actual (red) and ideal (purple) cumulative
updating of the flash'’s retinotopic position after the saccade, and the Bottom row shows their difference, the postsaccadic memory mislocalization. The ideal
cumulative updating is the negative of the eye-position change from the time of the flash to the end of the saccade. The /nset in (C) compares the three actual
updating curves (red solid, dotted, and dashed), which are only separated by 20 ms, for the three cases.

the retina to LIP/FEE we shifted the gamma temporal response
profile rightward by 20 ms so that the delay from retinal flash to
the peak LIP/FEF input increases to 60 ms. As can be seen from
the results in Fig. 4B, the forward and backward mislocalization
of the flashes around saccade onset and offset becomes larger and
smaller, respectively, with the longer input delay. This is expected
because a longer input delay increases the missed portion of the
CD time course which makes the backward updating of the flash
around the saccade onset even more insufficient (i.e., larger for-
ward mislocalization) and the unnecessary updating for the flash
around the saccade offset smaller (i.e., smaller backward mislocal-
ization). Conversely, if we reduce the response latency, or equiv-
alently, if the CD profile is later than what we assumed in Fig. 34,
then the forward and backward mislocalization for the flashes
around the saccade onset and offset will become smaller and larger,
respectively (Fig. 4C). (The red updating curves in the three panels
of Fig. 4 are shifted from each other by only 20 ms; the /nser in
panel Cshows them together to emphasize their differences.) One
way to manipulate the response latency is to change the stimulus
contrast or size (Discussion). Overall, the simulations are consistent
with the observation that the forward mislocalization around the
saccade onset is usually larger in magnitude, and more robust
across studies, compared with the backward mislocalization
around the saccade offset (30, 32, 34).

We finally applied the same model to a persistent stimulus and
the result is shown in Fig. 5. The final, cumulative updating of its
retinotopic position after the saccade is accurate, similar to the
updating of the flash well before the saccade in Fig. 34 (see also
ref. 8). This result ensures that for a persistent stimulus with a
fixed position in the world, its presaccadic retinotopic position is
updated to the postsaccadic retinotopic position that agrees with
the reafferent retinal input position from the same stimulus after
the saccade. We suggest that this agreement achieves TSVS for
persistent objects in daily life.

Our model makes a few predictions (Discussion), one of which
is the updating curves (red) in the Bottom row of Fig. 3 and the 7op
row of Fig. 4. They show that the later the flash, the smaller is the
magnitude of the backward updating of the population response
to the flash. It is particularly interesting to focus on flashes before
the saccades because their retinotopic positions should all be

PNAS 2025 Vol.122 No.21 2422911122

updated backward by the saccade size (purple curves at -12° before
0 time in Fig. 4) but the actual updating magnitude gets smaller as
the flash gets closer to the saccade onset. This is equivalent to the
prediction that for perisaccadic RFs measured with flashes before
the saccades, the remapping magnitudes are smaller for later flashes
(20). We reanalyzed our previously published single-unit data from
LIP and FEF (8) to test this prediction. We first compiled the
distributions of the perisaccadic flash time relative to the saccade
onset for the LIP cells and FEF cells (Fig. 6D). Since the median
times for both areas are around -100 ms and the red curves of Fig. 4
suggest that flashes earlier than ~100 ms are fully (-12°) or almost
fully updated whereas later flashes start to show insufficient updat-
ing, we used the 100 ms time to divide a given cell’s trials at each
probe location into early and late categories. Finally, we applied the
same procedure as in ref. 8 to determine the time course of the pRF
remapping magnitude but for the early and late trials separately.
Since the remapping direction is largely forward from around sac-
cade onset to about 350 ms afterward (S Appendix, Fig. S1), we
focused on this period. The remapping magnitude is the distance
between a cell’s pRF center (determined from its responses in a
50-ms window centered at a given time) and its cRF center, and
the time is measured relative to the saccade onset (regardless of the
response onset times). [We did not use a time relative to the stim-
ulus or response onset because forward shift depends on saccade
CD:s (40). We previously used times relative to the stimulus onset
as well as to the saccade onset when studying both forward and
attentional (convergent) remapping (8)].

Panels A-C of Fig. 6 show the average results from LIP, FEE
and the two areas combined, respectively. The mean remapping
magnitudes are indeed greater for the early-flash trials (red) than
for the late-flash trials (blue) most of the time. To avoid accumu-
lation of type I errors of multiple comparisons, we performed a
single ANOVA test with the early-late categories and eight non-
overlapping time bins as repeated-measure factors (because a given
cell’s remapping values under these 2 x 8 conditions are not inde-
pendent) and the brain area as a predictor. First, there is no signif-
icant difference between LIP and FEF [F(1) = 0.85, P = 0.36],
which justifies pooling the data of the two areas. Second, there is
a significant difference between the early and late categories [F(1)
= 6.3, P = 0.013] confirming our prediction. The difference is
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Fig. 5. Transsaccadic updating of a persistent stimulus by the circuit model.
The model parameters and the presentation format are the same as those
for Fig. 3A except that the stimulus is always on at the screen center and
its input to the LIP/FEF units is delayed by 40 ms (first row). The cumulative
updating of the stimulus’ retinotopic position after the saccade (e.g., after
200 ms) is accurate.

small; this is expected because the flash time distributions peak
around 100 ms before the saccades, and among the late half trials,
not many had the flashes close to the saccade onset (Fig. 6D) when
the most deficient remapping/updating occurs (Fig. 4). The phys-
iological experiment was not designed for this test but we still
found the predicted effect. Third, there is a significant difference
across the time bins [F(7) = 61, P= 8.5 x 10”7]. Indeed, the initial
increase of the remapping magnitudes for all the curves indicates
the gradual forward shift of the pRFs with time (8). Finally, there
is no significant interaction between the early-late category and
the time bins [F(1, 7) = 0.68, P = 0.69]. The early- and late-trial
curves overlap sometimes, which is 7oz predicted by the model.
The lack of significant interaction suggests that the overlaps likely
reflect the noise in the data. The noise effect must be increased by
splitting trials into the early and late categories but decreased by
pooling the LIP and FEF data. On the other hand, the early- and
late-trial curves have overlap for both LIP and FEF about 120 ms
after the saccade onset. Whether or not this point reflects some
real physiological processes not captured by the model requires
further investigation.

https://doi.org/10.1073/pnas.2422911122

Discussions

We argued previously that RF remapping alone cannot explain
the observed perisaccadic perceptional mislocalization (8, 20).
First, when converting RF remapping into the corresponding
population response for positional decoding, it is unclear whether
the decoders should consider the population response as a func-
tion of each cell’s remapped RF position (pRF center), thus aware
of the remapping, or the original RF position before the remap-
ping (cRF center), thus unaware of the remapping. The aware
case produces no shift of the population response, and the una-
ware case produces a backward shift of the population response.
Second, there is a mismatch between remapping studies and
mislocalization studies: The former present perisaccadic stimuli
before the saccade onset and measure RF shifts at different times
across the saccade whereas the latter present a stimulus at differ-
ent times across the saccade and measure its perceived position
after the saccade. In this paper, we demonstrate that under some
additional assumptions, which address the above two issues, the
circuit model that uses CD-driven remapping/updating to
achieve TSVS can explain the translational component of the
observed mislocalization.

Our first assumption is that the forward remapping of retino-
topic RFs is the sole mechanism for transsaccadic space representa-
tion over a few hundred ms around a saccade. This assumption is
used in our simulations above as we decoded stimulus position
solely from the updated retinotopic responses without considering
craniotopic contributions. The assumption is consistent with the
evidence that the CD-based remapping/updating mechanism
operates even before a single saccade, and the eye-position-based
craniotopic mechanism is inaccurate for at least 150 ms after a
saccade (41). The assumption also implies that the brain must use
unaware positional decoders with which the forward RF remap-
ping is equivalent to the backward shift (updating) of the corre-
sponding population response to achieve TSVS (20). In contrast,
with aware decoders, forward RF remapping is not equivalent to
a backward shift of the population response and cannot be the
mechanism for transsaccadic space updating.

To see the difference between aware and unaware decoders
intuitively, consider the green cell in Fig. 2B which can be acti-
vated by either 1) the stimulation of its cRF or 2) the stimulation
of the magenta cell’s cRF and then the lateral propagation of the
activity from the magenta cell to the green cell via the CD-gated
directional connections. For unaware decoders, the green cell’s
activity is always evidence for a stimulus positioned at its ¢cRF
regardless of where that activity originates. For aware decoders,
however, the green cell’s activity is evidence for a stimulus posi-
tioned at the green and magenta locations for the two cases, respec-
tively. In other words, unaware decoders treat a cell as a fixed,
labeled line whereas aware decoders “know” the origin of a cell’s
activity and interpret it accordingly. Obviously, it would be much
easier for the brain to implement unaware decoders than aware
decoders but ultimately, this is an empirical issue to be settled by
future experiments. Adaptation aftereffects provide indirect evi-
dence for unaware decoders because aware decoders would know
the adaptation-induced change of neuronal responses and could
null the aftereffects in principle (42—44). Similarly, experiments
showing perceptual shifts of position after inducing RF shifts in
the absence of eye movements support the use of unaware decoders
in the brain (45, 46).

Our second assumption is that in perceptual mislocalization
experiments, the reported position of a flash is not decoded from
the responses when they first reach LIP/FEF, but rather from the
responses 4ffer the saccade, i.e., at the time of the report. For
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Fig. 6. Testing the model prediction that for pRFs measured with flashes before the saccades, the forward remapping magnitudes are smaller for later flashes.
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the saccade size. The shaded region around each mean curve indicates +1 SEM. (D) The distribution of the flash onset time relative to the saccade onset for the
LIP and FEF cells. The numbers of the cells are n = 104 and 113 for LIP and FEF, respectively.

example, Fig. 34 shows that when a stimulus is flashed well before
a saccade, the decoded position before the saccade onset would
predict a backward mislocalization (20), but the decoded position
after the saccade shows no mislocalization. Alternatively, we could
assume that the reported perception is the time average of the
decoded screen position of the flash up to the report time. Note
that the ideal retinotopic curves (purple) in the Bortom row of
Fig. 3 correspond to the correct, fixed flash position on the screen
(the screen center). Thus, the mislocalization predicted by the
alternative assumption is simply the average difference between
the actual (red) and ideal (purple) curves in Fig. 3. This average
would be zero (no mislocalization), positive (forward mislocaliza-
tion), and negative (backward mislocalization), respectively, for
the flashes well before the saccade, around the saccade onset, and
around saccade offset, similar to the results in Figs. 3 and 4. Again,
future studies are needed to evaluate these assumptions. Our work
suggests that perisaccadic perceptual mislocalization is actually
postsaccadic memory mislocalization of perisaccadically flashed
stimuli, lending further support to the notion that perceptual
decoding often occurs in working memory (47, 48).

Our final assumption is that persistent stimuli (and similarly,
brief stimuli flashed well before saccades) are updated correctly
across saccades without mislocalization (20, 49). This can be
viewed as a definition of TSVS because, as we noted earlier, it
ensures that for an object with a fixed position in the world, its
presaccadic retinotopic position is updated to the postsaccadic
retinotopic position that agrees with the reafferent retinal input
from the same object after the saccade. Subjects may have indi-
vidual biases in positional judgments unrelated to saccades, but
those biases simply set the baseline against which perisaccadic
mislocalization is determined. We thus did not consider such
biases in our model.

In addition to the above assumptions, we also incorporated the
following two facts into the model. First, the forward remapping
in LIP and FEF has a sluggish time course that starts a little before
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the saccade onset and ends a little after the saccade offset (8). We
assumed a correspondingly sluggish CD signal to drive the remap-
ping/updating in the model. Second, there is a response latency
from the retina to the remapping/updating stages such as LIP/
FEF (16). We implemented the delay via low-pass temporal fil-
tering and/or a hard time shift (50). Because of the sluggish CD
signal and the visual response latency, stimuli flashed at the saccade
onset, whose retinotopic position should be updated backward by
the saccade size after the saccade, would miss part of the CD time
course, leading to insufficient backward updating and hence for-
ward mislocalization. Stimuli flashed at the saccade offset, whose
retinotopic position should not be updated, might still catch the
tail of the CD time course, producing an unnecessary backward
updating or backward mislocalization.

As we already noted, our model predicts that for pRFs measured
with flashes before the saccade, the forward remapping magnitudes
are larger for eatlier flashes. We reanalyzed our previous single-unit
data from LIP and FEF and confirmed this prediction (Fig. 6).
This result also partially explains the observation that the final
forward remapping magnitude after the saccade is a little smaller
than the saccade size (8) as some of the flashes for measuring pRFs
must have missed part of the CD time course. [An additional expla-
nation is that RFs of LIP and FEF cells are not strictly retinotopic
(4)]. Another prediction of the model is that when the response
delay from the retina to the stages of updating (LIP/FEF) is
increased, the forward and backward translational mislocalization
of flashes around the saccade onset and offset will become larger
and smaller, respectively (Fig. 4). This could be tested by varying
stimuli’s contrast and size: Stimuli with greater contrast and optimal
size should have shorter response latency and therefore produce
larger forward and smaller backward translational mislocalization
of flashes around the saccade onset and offset, respectively. There
is also a corresponding physiological prediction: For stimuli flashed
at the same time right before the saccade, those evoking
shorter-latency responses should have larger forward remapping
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magnitudes. Although our circuit model is one-dimensional and
one directional, which is sufficient for simulating mislocalization
during rightward saccades, it can easily be expanded to two spatial
dimensions with different saccade directions (8).

Many ingredients of our model have been proposed previously
but to our knowledge, they have never been integrated into a
circuit model of RF remapping and TSVS to explain perisaccadic
mislocalization. Early studies posit that during a saccade, the brain
has a sluggish estimate of the eye position that first leads but then
lags the actual eye position, producing forward and backward
mislocalization around the saccade onset and offset, respectively
(30, 31). However, the only known cortical representation of eye
position (separable from the position of a saccade target) is the
proprioceptive representation of eye position in Area 3a (51), aris-
ing from sensors in the eye, and lags the actual eye position by an
average of 60 ms (52). Pola (53) shows that when latency and
persistence of visual responses to flashed stimuli are considered, a
delayed but otherwise veridical eye-position estimate can account
for the translational mislocalization. Teichert et al. (49) demon-
strate that with physiological temporal filtering of visual inputs,
the eye-position estimate that eliminates mislocalization for per-
sistent stimuli produces translational mislocalization for flashed
stimuli. Although we also include a sluggish signal (CD) and
temporal filtering/delay, our model does not use an estimate of
the eye position but instead, updates the stimuli’s retinotopic posi-
tion, across saccades. More importantly, our model and the pre-
vious models assume that mislocalization arises from the stimulus
memory affer the saccade and the eye-position estimation during
the saccade, respectively. In a preprint, Berreby and Krishna (54)
also used our circuit model (8, 36, 37) to explain mislocalization
(see ref. 37 for a discussion of the 2023/2024 versions of their
preprint). Our results cannot be derived from the forward RF
remapping alone (20) but depend on the assumptions and facts
discussed above.

Early remapping studies found that some cells responded to
stimuli in their fRFs even before the saccade onset (6, 15). Because
the detailed RF profiles were not measured, it is unknown whether
these cells’ pRFs completely shifted from their cRF to fRF locations
(i.e., a center-to-center shift equal to the saccade vector) before the
saccade. Given the large RF sizes, a partial shift would also be
consistent with the data. If the complete RF shift did occur before
the saccade [and the cells’ RFs return to their normal, retinotopic
locations after the saccade (4)], then the cells’ pre- and postsacca-
dic RF locations on the screen would be identical and, in this
sense, the cells would be transiently craniotopic (55). However,
later, more detailed RF measurements in LIP and FEF showed
that near-complete forward shift occurred much later, about 100
ms after the saccade on average (8), a finding used in this paper.
Future studies are needed to examine whether transient craniotopy
is a mechanism for TSVS in other brain areas.

RFs that progressively shift forward in space over time across
saccades (8, 16) are spatiotemporally oriented (20, 55-58). Thus,
forward-remapping cells (with nonlinearities after spatiotemporal
filtering) may be viewed as CD-dependent, high-speed motion
detectors which detect saccade-induced retinal motion. The pro-
cess computes spatiotemporal correlations of retinal inputs and
may determine the correspondence between pre- and postsaccadic
retinal images to achieve TSVS. However, it is unclear how to
apply this motion model to brief stimuli flashed well before sac-
cades as there is no saccade-induced retinal motion. In contrast,
our updating model can properly update the memory activities of
such stimuli from their pre- to postsaccadic retinotopic locations
[Fig. 34, (8)]. For persistent stimuli, the motion model needs to
account for the retina-to-LIP/FEF delay because it depends on
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saccade-induced retinal motion whereas the updating model is
largely unaffected by the delay [Fig. 5, (8)] because it updates the
activities already reached LIP/FEF before saccades. Additionally,
the sluggish remapping time course that starts before and ends
after the saccade (8) implies that forward-remapping cells are
tuned to speeds smaller than the saccade-induced retinal speeds,
and the motion model must tolerate this mismatch during motion
detection. The two models are not mutually exclusive, and both
mechanisms may contribute to TSVS of persistent stimuli in the
real world.

While most studies found forward mislocalization for stimuli
flashed around the saccade onset, two studies reported backward
mislocalization instead (59, 60). A key difference between these
two studies and the rest is that the former provided veridical
feedback of the flash position at the end of each trial whereas the
latter did not. Why the feedback does not just eliminate or reduce
the forward mislocalization but somehow overcompensates to
produce the backward mislocalization is an open question. One
possibility is that subjects might exaggerate the difference
between the perceived stimulus position and the feedback posi-
tion, as in many perceptual repulsion phenomena (47, 61), which
could lead to overcompensation through the feedback-driven
learning.

We focused on the translational component of perisaccadic
mislocalization. How, then, can the convergent or compressive
component of the mislocalization be explained? We previously
analyzed how various factors may affect convergent vs. divergent
mislocalization (20), but if we assume that the brain uses unaware
decoders, as we argued above, then we only need to consider
attentional enhancement of responses around the saccade target,
and convergent (compressive) RF shifts toward the target (atten-
tional RF remapping). [The notion that attentional RF remapping
increases the cell density covering the attentional locus is only true
under the aware-decoder assumption (20)]. The attentional
enhancement of responses alone “pulls” stimulus-evoked popula-
tion responses toward the target whereas the attentional RF remap-
ping alone “pushes” the population responses away from the target.
The net effect of the two factors could be either convergent or
divergent mislocalization depending on their relative strengths
and the stimulus distance from the target (20). However, the two
factors may not be independent: Attentional response modulation
at the target may produce attentional remapping toward the target
(8), and their quantitative relationship depends on the parameters
of the center/surround connections. Additionally, different studies
found very different strengths of attentional remapping (8, 22).
Moreover, there are also psychophysical reports of perceptual
repulsion away from attentional loci, namely, divergent mislocal-
ization (62-64). Finally, attentional allocation to the target may
vary with time across saccades (8). Further studies are needed to
resolve these issues.

Mislocalization of flashed stimuli similar to perisaccadic mislo-
calization has been produced by simulating saccade-like retinal
motion but without the actual saccade (65, 66). Such motion
induced mislocalization of flashed stimuli in the absence of eye
movements is known as the flash-lag effect (67, 68). This raises the
possibility that perisaccadic mislocalization and the flash-lag effect
might share similar underlying mechanisms (20, 49). Interestingly,
motion can enhance lateral connections, in the motion direction,
among cells tuned to different positions via spike timing—dependent
plasticity (46), similar to the CD gated lateral connections in our
model. If the motion-enhanced connections are the mechanism for
predictively updating the retinotopic positions of moving stimuli,
then a circuit model similar to ours might explain the flash-lag
effect. Future studies will hopefully clarify the relationships between
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different mislocalization phenomena and improve our understand-
ing of neural mechanisms of space perception.

Methods

Circuit Model. We simulated a one-dimensional array of 360 LIP/FEF units cov-
ering 180° of horizontal retinotopic space, each unit governed by the equations:

au(x, t) ' ’
= u(x, t) + ZX,W(X,X Jr(x' t)dx +1(x, b),

r(x, t) = max(u(x, t), 0),

where u(x, t) and r(x, t) represent, respectively, the membrane potential and fir-
ing rate of the unit at location and time (x, t), z is the membrane time constant,
Wx, x') is the recurrent connection strength from neuron at x" to neuron at x
and depends on (x — x’) only, and / is the feedforward inputs to LIP/FEF which
originate from the retina. W(x, x’) is a sum of two parts: 1) symmetric, center-
surround connections modeled as a weighted difference between two Gaussians:

2
G (X' X, O-exc) - JinhG (X' X', Cinh ) where G(Xr X, c)= <_ (XZ_:Z) )’ and

exc ll

2) directional connections gated by the saccade CD, with the excitation and
inhibition in the backward and forward directions of the saccade, respec-
tively. For the simulations in this paper, we let J,,, = 0.165, 6, = 6° J;, =
0.1, 6, = 9.6°. For rightward saccades, we modeled the CD-gated connec-
tions as the antisymmetric, spatial derivative of the first Gaussian part of the

center-surround connections: ch(t)%':'am) where the CD gating factor

2
Jyt) = Jyn exp [— 2 (%) ] and t, is the mid time of the saccade
duration assumed to be 50 ms. For the simulations in Fig. 4C, we shifted J (1)
to the right by 20 ms. We let 6.4 = 60 ms, J4,, = 0.97.The blue curve of Fig. 24
shows the maximum directional connections when t = t,.. Note that we previously
used a CD time course that matches the saccade duration because we trained
neural networks to do ideal updating of retinotopic positions (8). Here we used
a sluggish CD time course that matches the average RF remapping time course
in LIP/FEF and is broader than the saccade duration.

We considered both flashed and persistent visual inputs. A spot flashed on
retina is filtered both spatially and temporally when it reaches LIP/FEF so we
modeled its input to LIP/FEF units as a spatial Gaussian function and a temporal
gamma function:

I(x,t) = J,,G(x, %0, 0, )f (t,a, b),

1 -
f(t,a,b) ZbE?(a)t 19 t/b,

where x, is the retinotopic position of the flash, and a and b are the shape and scale
parameters, respectively. Translational mislocalization does not depend on the flash
position. For the plots, we arbitrarily assumed a flash position of 0 in the screen coor-
dinate; its retinotopic position varies with the eye position and is +6°and —6° before
and after the 12° saccade, respectively. We let 5, = 4°,J,, = 4,a = 6,b =8 ms s0
the delay from the retinal flash to the peak of the LIP/FEF input is (a — 1)b = 40 ms.
For the simulations in Fig. 4B, we added an additional delay of 20 ms by shifting the
gamma function to the right by 20 ms so the total delay is 60 ms. We also considered
apersistent stimulus turned on long before the saccade onset and stayed at the screen
center throughout. During the saccade, the Gaussian spatial profile of this input to
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the LIP/FEF units changes its retinotopic position according to the eye position and
in the simulation (Fig. 5), this change is delayed by 40 ms to account for the visual
response latency.

Analysis of LIP and FEF Single-Unit Data. We reanalyzed our LIP and FEF
single-unit data in a published study (8) to test the prediction that for pRFs meas-
ured with flashes before the saccades, the forward remapping magnitudes are
smallerfor later flashes. The details of the experimental design and data collection
and analysis can be found in that publication. Briefly, we recorded single units
from monkeys' LIP and FEF while they performed a delayed saccade task. For
each unit, we measured its RFs from four different time periods (current, delay,
perisaccadic, and future) by flashing a probe stimulus at one of the array locations
in each period of each trial, and denote the RFs so measured as the cell's cRF, dRF,
pRF, and fRF, respectively. For the current purpose, we focused on the cells' RFs
measured from the perisaccadic period (pRFs) and compared the remapping of
the pRFs derived from the trials with early and late flashes. We used the same
104 LIP cells and 113 FEF cells that passed our screening procedure under the
saccade-onset alignment of repeated trials, and their cRFs and fRFs (8). For their
pRFs, we previously excluded trials whose perisaccadic probe onset was after the
saccade onset (8). Here, we used a slightly more stringent criterion by excluding
trials whose probe offset was after the saccade onset. We compiled the distribu-
tions of the perisaccadic flash onset time relative to the saccade onset for all the
LIP cells and all the FEF cells separately. Fig. 6D shows the results by dividing the
time range of each brain area into 40 bins. Since the median times for both areas
are around —100 ms relative to the saccade onset and the red curves of Fig. 4
suggest that flashes earlier than —100 ms are close to fully updated whereas later
flashes start to show insufficient updating, we used the —100 ms time to divide
a given cell's trials at each flash location into early and late groups. Because of
the relatively small number of trials at each flash location, the trials for some
locations of some cells may all belong to the early or late group. We used Matlab's
scatteredInterpolant function with the "natural” method to fill in the missing
mean responses at those locations. We then applied the same procedure as in ref.
8 to determine the time course of the pRF remapping but for the early and late
trials separately (Fig. 6 A and B). Since the prediction we tested is about forward
remapping, we examined the remapping direction (as well as magnitude) in LIP
and FEF over an extended period from —50 to 400 ms relative to the saccade
onset (S Appendix, Fig. S1). The remapping direction is largely forward between
0and 350 ms in both LIP and FEF, so we used this period in Fig. 6.

Data, Materials, and Software Availability. Single-unit data have been
deposited in Mendeley Data (DOI: 10.17632/2p5vhm2w8n.1) (69). Previously
published data were used for this work (10.17632/wéy53574zp.1) (70).
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