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Damage to the primary visual cortex (V1) causes field defects in conscious vision, yet stimuli in the affected field may still guide saccades
and other visuomotor responses (“blindsight”). Chronic blindsight is well documented, but early postlesional saccade profiles to scotoma
stimuli remain poorly characterized. We mapped visuomotor functions in two macaques 3 to 4 weeks after a unilateral V1 lesion using
a perimetry-like saccade assay up to 35° eccentricity, with analyses of saccade direction and catch-trial baselines. Targets had either
unpredictable onset, as in clinical perimetry, or temporally cued onset. With unpredictable onsets, monkeys typically failed to initiate
movements toward the affected hemifield, and correct saccades to scotoma targets were rare. Temporal cueing increased saccade
initiation toward contralesional targets, including positions meeting conventional criteria for blindness, primarily as delayed saccades
with initial misdirection or multistep trajectories. A scotoma-related spatial bias, largely independent of the target, was evident in catch-
trial and misdirected saccades, whereas a minority of delayed (“out-of-time”) saccades reached toward the target location without meeting
the temporal criterion. Fine-grained saccade phenotyping may offer a sensitive marker of residual visuomotor processing after V1 damage
in monkeys and, potentially, humans.
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Introduction

Visual events can influence behavior even in the absence of subjective
visual experience. Damage to the primary visual cortex (V1) causes
clinical blindness in the retinotopic locations served by the damaged
tissue. However, patients can sometimes detect, localize, or discrimi-
nate stimuli they report not seeing when forced-choice procedures are
used (Poppel et al. 1973; Weiskrantz et al. 1974; Zihl and von Cramon,
1980). This dissociation between the absence of visual awareness
and residual visuomotor performance is referred to as “blindsight”
(Weiskrantz et al. 1974; Azzopardi and Cowey 1998; Van den Stock
et al. 2015; Danckert et al. 2019). Analogous dissociations have been
documented in nonhuman primates; macaques with V1 lesions can
still orient, reach, or move their eyes toward stimuli presented in
the affected visual field (Mohler and Wurtz 1977; Cowey and Stoerig
1995; Moore et al. 1995; Striemer, Chapman and Goodale 2009; Schmid
et al. 2010; Isa and Yoshida 2021). Because primate visual systems are
evolutionarily conserved and share homologous cortico-subcortical
pathways, macaque models provide a valuable framework for study-
ing how residual visual signals can guide action when the primary
geniculo-striate pathway is compromised (Armendariz et al. 2019;
Celeghin et al. 2019; Kletenik et al. 2022; Yu et al. 2024). Moreover,
a “precision” animal model of blindsight can also help disentangle
different accounts of postlesion compensation and recovery (Tamietto
and Morrone 2016; Fox et al. 2020).

A central challenge when studying blindsight in nonhuman pri-
mates is that conscious vision cannot be assessed through verbal
reporting, and subjects cannot explicitly deny perceiving stimuli to
which they respond (Overgaard 2011; Sahraie et al. 2013). Neverthe-
less, blindsight in macaques has been operationally defined as the
dissociation between visual judgments made under two paradigms:
an “uncued” detection task and a temporally “cued” detection task
(Moore et al. 1995; Yoshida and Isa 2015). In the uncued yes/no
paradigm (hereafter, “fixation-ON task”), targets occur unpredictably
across different locations in the visual field while the central fixation
remains present - a design analogous to clinical perimetry in humans.
Failure to orient is operationally interpreted as evidence of cortical
blindness and is used to delineate the scotoma. In the temporally cued
paradigm (hereafter “fixation-OFF task”), the target onset is signaled
by the fixation offset, encouraging a “guess-like” response even when
the target is not consciously perceived. The dissociation between the
two paradigms can be remarkable: with identical stimuli, the same
subject may perform at chance level (~50%) in an uncued yes/no
context, yet exceed 90% accuracy under forced-choice conditions that
compel a response, or show increased responding when a temporal
cue reduces uncertainty about target onset (Cowey and Stoerig 1995;
Azzopardi and Cowey 1997, 1998; Isa and Yoshida 2021).

The behavioral phenomenology of blindsight and its relation to
postlesion circuit dynamics remain incompletely understood. Three
issues are especially relevant for interpreting visuomotor behavior
after V1 damage and can be productively addressed in macaques by
exploiting the dissociation between uncued yes/no and cued response
paradigms. First, the temporal course of residual visuomotor functions
is poorly characterized in the early postlesion period. In macaques,

recovery of stimulus-guided saccades toward the affected hemifield
often requires several weeks (Mohler and Wurtz 1977; Yoshida et al.
2008), and behavioral testing begins only after performance has
stabilized, typically months after the lesion (Cowey and Stoerig 1995;
Schmid et al. 2010; Isa and Yoshida 2021). The residual capacities
differ greatly depending on the developmental age of the lesion
(Tinelli et al. 2013; Warner et al. 2015; Mundinano et al. 2018;
Bourne et al. 2024).

Much less is known about the period immediately after a lesion
is acquired in adulthood. One possibility is that V1-independent
pathways rapidly compensate, supporting behavioral strategies used
before the consolidation of longer-term plastic reorganization. Recent
work in humans underscores the importance of this early window
(Saionz et al. 2020). In patients studied during the subacute period
after occipital stroke, perimetrically blind regions could still support
measurable visual discriminations, including motion discrimination
and contrast sensitivity, that were largely absent in chronic patients
if left untrained. Moreover, training initiated subacutely was
substantially faster, more effective, and more spatially generalizable
than the same training initiated later. These observations make the
early postlesion period especially informative for distinguishing
between preexisting V1-independent contributions and postlesion
circuit reorganization and remodeling as sources of residual behavior
(Tamietto and Morrone 2016; Fox et al. 2020).

Second, the spatial ecology of residual visuomotor functions has
often been assessed over a limited portion of the visual field, with
an emphasis on parafoveal and mid-peripheral targets, potentially
underestimating the importance of the visual periphery in natural
orienting. Peripheral vision may be particularly important for rapid
responses to sudden events, looming, self-motion stabilization, and
continuous updating of head/body orientation (Mikellidou et al. 2017).
Recent evidence challenges the assumption that the principles under-
lying central and eccentric vision are equivalent. For example, eccen-
tric vision recruits partially distinct computations and relies more
strongly on subcortical contributions that remain available after V1
injury (e.g., via superior colliculus and thalamic relays), as well as on
distinct cortical nodes in the dorsal stream (Mohler and Wurtz 1977;
Hasson et al. 2002; Kaas and Lyon 2007; Fattori et al. 2009; Schmid
et al. 2010; Kinoshita et al. 2019; Barbot et al. 2021). Therefore, a wide-
field approach examining visual loss also in the far periphery may be
essential to capture a fuller spatial profile of early residual orienting
and different modes of natural behavior.

Third, visually guided saccades involve distinct components, includ-
ing target detection and selection, evidence accumulation, motor plan-
ning and initiation, and trajectory control. Each of these processes
could be variably impacted by V1 damage and may recover differently.
Area V1 provides a prominent, topographically organized projection
to the superior colliculus, which influences saccade generation and
cortical oculomotor networks (Hafed et al. 2023). Standard scoring
metrics that reduce oculomotor responses to “hit vs. miss” or end-
point deviation from target location may overlook subtle informative
patterns embedded in non-normative saccades. Specifically, atypical
eye movements, such as delayed saccades, initial misdirections fol-
lowed by corrections, or multistep/curved trajectories, are generally
treated as noise or classified as errors (Mohler and Wurtz 1977; Moore
et al. 1995). A more nuanced approach to “saccade phenotyping”
may instead reveal non-uniform, graded, or spatially specific residual
visuomotor transformations early after V1 lesion.
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The present study addresses these issues by conducting dense,
wide-field mapping of saccadic behavior in 2 macaques tested within
1 month (3 to 4 weeks) after a unilateral V1 lesion. We employed a
perimetry-like “fixation-ON” task to define field defects under unpre-
dictable target onsets, and a fixation-OFF task in which fixation offset
served as a temporal cue to target appearance. Although this differs
structurally from forced-choice procedures (in which the subject
selects among simultaneously presented alternatives), both share the
aim of encouraging a response when the target is not consciously
perceived, and temporal cueing has historically been used alongside
forced-choice procedures to reveal blindsight in humans (Péppel
et al. 1973; Weiskrantz et al. 1974) and monkeys (Mohler and Wurtz
1977; Cowey and Stoerig 1995; Moore et al. 1995; Schmid et al. 2010;
Isa and Yoshida 2021). Targets were sampled across eccentricities
up to 35°, covering parafoveal, mid-peripheral, and far-peripheral
locations. Crucially, we quantified both canonical, direct saccades
and multiple classes of atypical oculomotor responses, including
direct but late saccades that failed to meet reward criteria, saccades
with initial trajectory deviations from the target, and compound,
multistep, or curved trajectories, and saccades during target-absent
catch trials.

Consistent with classic blindsight paradigms in chronic V1-
damaged macaques (Moore et al. 1995), temporal cueing in the
“fixation-OFF” task increased saccade initiation toward contralesional
locations, primarily by converting “misses” into atypical responses
(delayed or initially misdirected saccades). Critically, the ON-OFF
dissociation was most apparent when we quantified atypical saccades
(e.g., long-latency, misdirected, and multistep/curved trajectories),
revealing spatially structured residual visuomotor influences that
would be overlooked by conventional correct/miss scoring. Together,
these findings indicate that within weeks of V1 injury, residual
V1-independent visuomotor signals and oculomotor biases toward
scotoma boundaries can still shape saccade initiation and coarse
orienting across the scotoma, even though precise and timely
guidance remains impaired and qualitatively different from chronic
blindsight.

Materials and methods
Subjects

Two adult male rhesus macaques (Macaca mulatta; 7 to 10 kg; referred
to here as M1 and M2) participated in this study. The animals were
implanted with a custom polyetherimide headpost, secured with
ceramic screws and dental acrylic to stabilize head position during
training and recording (Vanduffel et al. 2001).

All procedures complied with the EU Directive 2010/63/EU and
were approved by the KU Leuven Animal Ethics Commuittee (protocol
number P173/2020). Animal housing and handling followed the rec-
ommendations of the Weatherall report. Monkeys were group-housed
in enriched cages with a minimum volume of 16 to 32 m3, promoting
social interactions and locomotor behavior, at the KU Leuven Med-
ical School primate facility. Environmental enrichment items, such
as wood, ropes, toys, and foraging devices, were provided, and the
animals were kept on a 12-h light/dark cycle with either natural or
monitored artificial light. Animals received standard primate chow,
supplemented daily with fruit and other foods such as vegetables,
bread, and dried fruit. Food was available ad libitum; water and

Cerebral Cortex, 2026, Vol. 36, Issue9 | 3

fluid access followed facility and experimental protocols, with task-
related fluid earned as a reward during experimental sessions based
on performance.

Data from the two animals involved in this experiment have been
reported previously under different identifiers (M60 and M61; here
M1 and M2, respectively).

Unilateral V1 lesion

A unilateral, partial aspiration lesion of the right V1 was per-
formed under aseptic conditions, guided by pre-operative T1-
weighted structural magnetic resonance imaging (MRI; 3D MPRAGE
sequence; TR=2,700 ms; TE =3.41 ms; in-plane FOV =104 x 128 mm;
matrix =260 x 320; slices = 208; flip angle « =9°; TI=882 ms) (Fig. 1A).
Anesthesia was induced with ketamine (Nimatek, 100 mg/ml;
10 mg/kg~! im.) and medetomidine (Domitor, 1 mg/ml; 4.2 mg/kg~!
im.) and maintained with propofol (Propovet, 10 mg/ml; 10 to
12.5 mg/kg/hour iv.). Vital parameters (heart rate, SpO,, end-tidal CO,
and body temperature) were continuously monitored throughout the
procedure.

Following a ~4 cm occipital craniotomy, the dura was incised, and
the cortex was aspirated along the dorso-caudal parts of the oper-
culum and the dorsal bank of the calcarine fissure, while sparing
the foveal representation (~0-2° eccentricity), as confirmed by post-
surgical MRI (Fig. 1A). After the lesion, the dura was sutured, the bone
flap was replaced and secured, and the overlying skin was closed.

Perioperative analgesia and care included meloxicam (Metacam,
5 mg/ml; 0.2 mg/kg~! im., for 3 days), buprenorphine (Vetergesic,
0.3 mg/ml; 0.01 mg/kg~! i.m,, for 3 days), dexamethasone (Rapidexon,
2 mg/ml; 0.5 mg/kg~! im., for 7 days), and cefazolin (Kefzol, 1 g;
50 mg/kg~! im, for 15 days). Daily monitoring confirmed contra-
lesional visual deficits alongside excellent overall health. Additionally,
qualitative behavioral assessments in the home cage immediately
after surgery (e.g., presentation of small objects and gradual hand
movements entering the lower left visual quadrant from the periph-
ery) were consistent with contralesional visual field loss.

Experimental setup

Experiments took place in a dark, sound-attenuated room. Monkeys
were trained using operant conditioning and positive reinforcement
to perform visually guided saccade tasks while head-fixed in a natural
“sphinx” posture in a custom-made primate chair (Vanduffel et al.
2001; Fig. 1B). Visual stimuli were displayed on a 54-inch LCD monitor
(1,920 x 1,080; 60 Hz; Dell) placed 31 cm from the eyes, enabling
stimulation and response mapping across a broad field of view up to
70° in diameter.

Eye position was continuously recorded from the right eye using
an infrared corneal reflection system (Iscan, MA, USA; sampling rate
120 Hz) (Fig. 1B). The eye-tracking camera was mounted directly
below the screen and centered on the tracked eye. Stimulus presenta-
tion, behavioral event detection, and reward delivery were controlled
and synchronized with custom hardware and software to ensure
precise temporal alignment and coregistration of all trial events. The
screen background was set to RGB (128, 128, 128), corresponding to
approximately 47.7 cd/m? on the calibrated display. Saccade targets
were white circular stimuli, 0.5° in diameter, set to RGB (255, 255,
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Figure 1 Experimental design and task structure for saccade mapping after unilateral V1 lesion. A) Axial and coronal T1-weighted MRI slices showing
right-hemisphere V1 aspiration lesion in M1 (top) and M2 (bottom). The blue contour indicates the prelesion boundary of V1 gray matter, and the white
contour indicates the postlesion boundary on the lesioned hemisphere. B) Schematic of the experimental setup. Dotted lines indicate eye-to-screen
and eye-to-camera (ISCAN eye-tracker) distances, allowing mapping of a ~70°-wide visual field. C) Trial sequence for the fixation-OFF (top) and fixation-
ON (bottom) tasks. After a variable fixation period (450 to 1,200 ms), a 0.5° white dot served as a peripheral target during the target period (1,000
to 1,500 ms). In the fixation-OFF task, target onset was temporally cued by the simultaneous offset of the fixation dot (all trials were target trials). In
the fixation-ON task, the fixation point remained visible throughout the trial, and target onset was unpredictable; catch trials were interleaved (20%).
Red dashed traces illustrate the expected gaze movements; the blue drop indicates reward delivery contingent on meeting the task criteria for the

respective trial type.

255), corresponding to 130 cd/m?. The fixation point was also set to
RGB (255, 255, 255).

Behavioral tasks

Behavioral testing was conducted both before and approximately
3 weeks after the unilateral V1 lesion (pre- and postlesion testing
durations: M1, about 2 weeks; M2, around 1 week). Two visually
guided saccade paradigms were used (Fig. 1C): (i) an uncued yes/no
detection task with unpredictable target onset (fixation-ON task), and
(ii) a temporally cued task in which target onset coincided with the
disappearance of the central fixation spot (fixation-OFF task). Aside
from the presence or absence of the temporal cue (and catch trials;
see below), task structure and stimuli were identical across paradigms
(Fig. 10).

Stimuli and sampling of visual space

In both tasks, monkeys fixated on a central white dot (0.5° diameter)
and performed saccades to a peripheral target identical in size and
color. Target locations were sampled across 7 eccentricities (5° to
35°, in 5° steps) and 12 polar angles (30° steps). Due to constraints
of the setup (eye-screen distance and eye-tracker placement), three
upper-field positions could not be reliably tested (30° and 35° on the
upper vertical meridian, and 35° at the polar angle 30° clockwise
from the upper vertical meridian), resulting in 81 target locations.

Target positions were presented randomly with uniform sampling, so
each location was tested the same number of times within a session
(typically 5 times for M1 and 25 times for M2). Fixation-ON and
fixation-OFF sessions were alternated on the same day to minimize
confounds arising from time and motivational state. Across animals,
the dataset included at least 40 (M1) and 30 trials per location (M2) in
each task, both pre- and postlesion.

Temporal cueing and catch trials

In the fixation-OFF task (Moore et al. 1995; Fig. 1C, top), the fixation
dot disappeared when the peripheral target appeared, providing an
explicit temporal cue for saccade initiation; all trials included a target
(i.e, no catch trials). In the fixation-ON task (Yoshida et al. 2008;
Yoshida and Isa 2015; Takakuwa et al. 2023; Fig. 1C, bottom), the
fixation dot remained visible throughout the trial, making target onset
temporally unpredictable. Target trials were interleaved with catch
trials (no target presented; 20% of trials).

Trial structure and performance criteria

Each trial began after a 500 ms inter-trial interval, with the onset of
the central fixation dot. Monkeys were required to maintain fixation
within a central virtual window (~3° x 3°) for a randomly variable
interval (450 to 1,200 ms) to prevent timing-based anticipation (fixa-
tion period, Fig. 1C). Trials were aborted and discarded if fixation was
broken during this period.
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Figure 2 Behavioral outcome categories based on initial trajectory and
response timing. Representative single-trial eye trajectories illustrating
the four behavioral categories. Correct (A, blue), Out-of-time (B, green),
Misdirect (C and D, yellow), and Misses (E, red). In each panel, the central
open circle marks the fixation position, the colored dot marks the target
location, the colored segment shows the first saccade (the segment used
to compute angular deviation, AD), and the black trace shows the full
gaze trajectory from fixation break to the end of the trial (including any
corrective movement). Shaded sectors illustrate the £15° AD criterion
relative to the fixation-to-target vector; first saccades falling within this
sector are classified as direct (AD < 15°; A and B), whereas those falling
outside are classified as misdirected (AD >15°; C and D). Panels C and
D show two common misdirect outcomes distinguished by task-defined
response type: a misdirect trial that ultimately reaches the target and
one that fails to reach the target within the response constraints. Misses
(E) denote trials with no initiated eye movement within the response
period. The water-drop symbol indicates a reward delivered when the
trial meets the task’s criteria.

On target-present trials, following the fixation period, a peripheral
target appeared and remained visible for a randomly variable dura-
tion of 1,000 to 1,500 ms (target period, Fig. 1C). Reward was delivered
only if the monkey satisfied all three criteria within the same trial:
(1) initiated an eye movement within the first 1,000 ms after target
onset (response period), (ii) reached the target window within 200 ms
after leaving the central fixation window, and (iii) then maintained
gaze on the target window for at least 200 ms. Target windows were
scaled with eccentricity (~3° x 3° for eccentricities 5° to 20°; ~4° x 4°
for eccentricities 25° to 35°). Trials where any of these criteria were not
met were unrewarded and classified according to the four behavioral
categories defined in subsection Behavioral Outcome Categorization
(Fig. 2): out-of-time responses (Fig. 2B), when the initial saccade was
direct but failed to reach the target window within 200 ms; misdi-
rected responses, when the initial saccade deviated from the target
direction by >15° (Fig. 2C and D); and misses (Fig. 2E), when no eye
movement was initiated within 1,000 ms after target onset.

In fixation-ON catch trials, no peripheral target was presented
after the fixation period. Fixation breaks during the corresponding
response interval were treated as failed catch trials and subsequently
used to estimate a target-independent saccade baseline. The labels
“misdirect” and “miss” refer to task-defined reward outcomes;
the final behavioral categories used for trajectory phenotyping
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additionally incorporated first-saccade direction and angular devi-
ation, as described below.

Trials in which a misdirected first saccade was followed by
corrective movements that ultimately entered the target window were
not classified as correct in the subsequent trajectory-based analyses.
Such trials were extremely rare (M1: 0.02% of scotoma-target trials;
M2: 0.01%), and their contribution to the overall pattern of results
is negligible. The 200 ms criterion, together with first-saccade-based
classification, therefore serves a dual purpose: it rewards timely target
acquisition and minimizes the possibility that performance reflects
intact-field target detection following an initial saccade away from
fixation.

Data analysis

Eye-trace preprocessing and velocity-based analysis

Eye position signals (x and y coordinates) were converted from raw
eye-tracker units to degrees of visual angle using a geometric cali-
bration derived from task data. Specifically, for each target location,
we computed the median gaze position when the eye was within
the corresponding target acceptance window, and we fit a polyno-
mial mapping from these gaze samples to the targets’ known screen
coordinates. The resulting transformation was applied to all eye traces
to express gaze in degrees of visual angle.

Instantaneous eye velocity was computed from the calibrated x-y
traces, and velocity magnitude at each time (v (t)) was defined as:

V() = /vx (0% + vy (B>

where vy (t)is the horizontal component of eye velocity at time t
expressed in degrees/second (°/s), computed as the time derivative of
horizontal position x (t), and vy (t)is the vertical component.

Based on velocity magnitude, each trial’s eye trace was segmented
into three movement regimes: fixation (<20°/s), slow movement (20
to 100°/s), and saccade (>100°/s).

Definition of the initial saccade and endpoints
The onset of the initial saccade was defined as the moment when the
eye first exited the central fixation window (i.e., fixation break). For
trials in which the gaze eventually entered the target window, the
saccade endpoint was defined as the last eye position within the target
area, corresponding to the moment when velocity dropped below the
saccade threshold (100°/s) near the target location.

Notably, the eye often executed multiple movements and did not
reach the target in all trials. To ensure consistent classification across
all trial outcomes, analyses of the initial trajectory geometry were
restricted to the first saccadic segment, defined as the trajectory from
the fixation break until the first time velocity dropped below 100°/s,
regardless of where the eye landed.

Angular deviation analysis and trajectory classification
To determine whether the initial saccade was oriented toward the
target, we measured how closely its direction matched the ideal target
vector.

1) “Ideal direction”. For each target-present trial, we defined a
reference vector from the saccade onset position (at the fixation
break) to the target location, along the ideal straight-line path.
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2) “Instantaneous direction”. Along the first saccadic segment,
for each sampled eye position, we formed a vector from the
saccade onset to that sample point.

3) “Angular Deviation (AD)”. At each sample point, we computed
the angle between the instantaneous direction vector and the
ideal target vector. The trial’s AD was the average of these
angles across the first saccade segment.

Trials were classified as direct when AD <15° and misdirected
when AD > 15°. The 15° criterion tolerates the mild curvature typical
of normal visually guided saccades while identifying trials in which
the initial movement direction was clearly inconsistent with the target
direction.

The same threshold was applied uniformly across animals, tasks,
eccentricities, and visual-field locations. Because catch trials contained
no peripheral target and therefore no trial-specific target vector, they
were not submitted to target-relative AD classification and were ana-
lyzed separately in absolute directional space.

Behavioral outcome categorization

Each target-present trial was classified into one of four behavioral
categories, based on (i) the geometry of the first saccade (direct vs.
misdirected) and (ii) whether the response achieved timely target
acquisition within the task-defined temporal window.

1) “Correct” (Fig. 2A): The first saccade was direct (AD < 15°), and
gaze entered the target window within 200 ms of the fixation
break. This category includes both rewarded trials, in which
target fixation was maintained for >200 ms, and trials in which
the target was reached on time but fixation was not maintained
long enough for reward.

2) “Out-of-time” (Fig. 2B): The first saccade was direct (AD < 15°)
(i.e., directionally on target, but delayed or incomplete) but
failed to enter the target window within 200 ms after the
fixation break, indicating an initially target-directed response
that did not satisfy the temporal criterion for timely target
acquisition.

3) “Misdirect” (Fig. 2C and D): The first saccade was misdirected
(AD > 15°), often followed by additional movements. This
category included both trials that ultimately reached the target
window (C) and those that never did (D). Thus, trials were
classified according to the first saccadic segment rather than
the final endpoint of the full eye-movement sequence.

4) “Misses” (Fig. 2E): No saccade was initiated during the response
period (1,000 ms after target onset), and the monkey main-
tained central fixation.

This categorization enabled us to map response profiles across
the visual field and to quantify both canonical and atypical saccade
phenotypes separately from the purely reward-based (Fig. 2A and C)
and task-event labels (Fig. 2B and D).

Baseline target-independent saccade rate from catch trials

To estimate a lesion-related baseline of spontaneous (i.e., target-
independent) saccades, we analyzed catch trials (no target) from
postlesion fixation-ON sessions. For each monkey, we computed the
proportion of catch trials in which fixation was broken (i.e., the eye
left the central fixation window or a saccade was made outside it).

This proportion was taken as an estimate of the baseline target-
independent saccade rate (po) following the V1 lesion.

Test for target-evoked saccades above baseline in the
fixation-ON task

We then tested whether, in the postlesion fixation-ON condition,
targets at specific locations elicited saccades above pg. For each
target location (eccentricity x polar angle), target-present trials
were grouped into those eliciting saccades (Correct + Out-of-
time + Misdirect) versus those that did not (Miss). For each monkey
and target location, we tested whether the probability of generating
saccades when targets were presented (piarget) exceeded the baseline
target-independent saccade rate (pg) using a one-sided exact binomial
test (successes =target trials generating saccades; total=all target-
present trials). The resulting P-values were corrected across target
locations within each monkey using the Benjamini-Hochberg false
discovery rate (FDR, « = 0.05).

Bootstrap comparison of fixation-ON versus OFF tasks

To quantify local, target-specific differences in response profiles
between the fixation-OFF and fixation-ON tasks, we applied a
nonparametric bootstrapping procedure separately for each monkey;,
target location, and response category (Correct, Out-of-time, Misdirect,
Misses) (Python v3.12.2, incorporating SciPy v1.10.1, NumPy v1.24.3,
and Pingouin v0.5.3). We adopted a nonparametric bootstrap because
the response proportions were based on small, unequal trial counts
per location, often included categories at or near zero (e.g., correct
responses within the scotoma), and were compositional across
the four mutually exclusive categories. Under these conditions,
parametric tests that assume approximate normality or variance
homogeneity are unreliable, whereas resampling from the empirical
trial-level distribution requires no distributional assumptions and
preserves the dependence among response categories. For each target
location, we generated 1,000 bootstrap resamples by drawing trials
with replacement within each task condition, while preserving the
original number of trials per condition. For each bootstrap iteration,
we computed the response proportion for each category and then
calculated the paired difference (OFF-ON), yielding an empirical
distribution of task effects.

Two-sided 95% confidence intervals were obtained from the 2.5th
and 97.5th percentiles of the bootstrap difference distribution. Statisti-
cal significance was assessed using a two-sided bootstrap signed-rank
test with

p =2 xmin {P(A > 0),P(A <0}

where A denotes the bootstrap OFF-ON difference. As a standardized
effect size, we report

t = mean(A) /SE(A)

with SE (A) defined as the standard deviation of the bootstrap differ-
ence distribution.

Bootstrap-derived P-values were FDR-corrected (Benjamini—
Hochberg) across target locations. Analyses were first performed
for locations within the perimetrically defined scotoma and then
extended across the entire contralesional hemifield, regardless of
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fixation-ON performance, as a control and to generate full-field
statistical maps (see Supplementary Material).

Directional analysis of atypical saccades and catch-trial
saccades

To test whether atypical saccades carried directional information
about target location, we analyzed three classes of postlesion fixation-
ON saccades: Out-of-time responses, Misdirect responses, and sac-
cadesinitiated on failed catch trials (hereafter, “catch saccades”). Catch
trials, which contained no peripheral target, provided a benchmark
for non-target-driven oculomotor behavior. The three classes were
chosen because they span a continuum of expected target depen-
dence: from Out-of-time (directionally on target, but delayed or incom-
plete) through Misdirect (initial trajectory inconsistent with the target)
to catch saccades (no target on the screen).

Saccade-direction extraction

A uniform velocity-based pipeline was applied to all three response
classes in absolute directional space. Two-dimensional eye velocity
was computed from eye-position traces. Saccade onset was defined
as the first sample following a fixation break at which eye velocity
exceeded 100°/s. Saccade direction was computed as the angular
displacement between eye position at onset and eye position 50 ms
later, or at the end of the first velocity-defined segment if this occurred
earlier. Angles were obtained from the four-quadrant arctangent and
expressed as circular bearings In the range (0°, 360°), using the same
polar-angle convention as the stimulus grid. Trials in which no post-
fixation-break velocity-threshold crossing occurred, reflecting slow
ocular drift rather than a ballistic saccade, were excluded from the
directional analysis (M1: n=10; M2: n=10). This common pipeline was
necessary because catch saccades lack a target and therefore cannot
be analyzed using the target-relative angular-deviation procedure
described in subsection Angular Deviation Analysis and Trajectory
Classification.

Reference frames

Two reference frames were used. “Absolute direction” refers to
saccade bearings in screen-centered polar coordinates and is defined
for all three response classes. “Target-relative direction” was defined
only for target-present trials (Out-of-time and Misdirect) as the signed
circular difference between the saccade bearing and the target
polar angle on the same trial, with 0° indicating a saccade aimed
exactly at the target. Signed deviations were retained for circular
statistics, so that the mean resultant vector represented the average
directional offset from the target, while the mean resultant vector
length (R) quantified directional concentration. For linear summaries
(e.g., Mann-Whitney comparisons), absolute angular deviations
were expressed in degrees, with 0° and 180° serving as reference
points.

Global target-independent baseline (p)

The global false-alarm rate pp used in the initiation-rate analysis of
subsection Within-scotoma Saccade Initiation Exceeds the Aggregate
Catch-trial Baseline was defined separately for each monkey, as the
proportion of failed catch trials among all postlesion catch trials.
Because catch trials contained no assigned target location, pgy is an
aggregate target-independent baseline rather than a location-specific
false-alarm mabp.
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Tests of circular non-uniformity (within class)

Two complementary tests were used. The Rayleigh test (Rayleigh 1880;
Fisher 1993) evaluates deviations from circular uniformity against a
unimodal alternative. Rao’s spacing test (Rao 1976; Russell and Levitin
1995) detects non-uniformity without assuming unimodality and is
therefore sensitive to bimodal or multimodal structure; a relevant
feature given the broad and partly non-contiguous extent of the
scotoma, especially in M1 (Landler et al. 2018). Both tests were applied
to the absolute-space distributions of all three response classes. For the
two target-present classes (Out-of-time and Misdirect), these tests were
additionally applied in target-relative space.

Pairwise distribution comparisons (between classes)

Watson’s U2 test (Watson 1961, 1962), a rank-based nonparametric test
that does not require uniformity or unimodality, was used to compare
circular distributions. Within each monkey, U2 was computed for the
three pairwise comparisons between absolute-space distributions of
catch, Misdirect, and Out-of-time saccades, yielding six tests in total
(three pairs x two monkeys). Critical values were taken from Zar
(2010, Table B.43), P-values were obtained by interpolation, and values
at or below the table minimum are reported as P <0.001. The six
P-values were corrected for multiple comparisons using the
Benjamini-Hochberg FDR procedure (Benjamini and Hochberg
1995).

Bias toward the scotoma border (binomial

zone-proportion)
To assess whether saccades were overrepresented within predefined
angular regions abutting the scotoma, we applied one-sided binomial
tests against the geometric expectation derived from a uniform cir-
cular distribution. These tests were applied to Catch and Misdirect
saccades in absolute directional space (i.e., the two classes used to
characterize scotoma-border orienting that was independent of, or
only weakly constrained by, the trial-specific target location in case
of misdirected trials). Three nested angular scales were defined as
symmetric margins around the polar angles occupied by scotoma
target locations:

¢ “Target-angle zone” (+7.5°): concentration within the immediate
vicinity of the sampled scotoma angles; the 7.5° half-width is
the largest margin for which zones around adjacent target polar
angles, spaced 30° apart, remain non-overlapping.

* “Narrow border zone” (£15°): one full grid step on either side, test-
ing bias toward the scotoma boundary and its immediate surround.

* “Broad border zone” (£30°): two grid steps on either side, test-
ing bias toward the wider scotoma-border region, including non-
scotoma angles immediately adjacent to the defect.

For M1, zones were defined as the union of +margin intervals
around each of six scotoma anchor angles (90°, 120°, 150°, 180°, 210°,
240°) to accommodate the isolated affected angle at 90° in addition to
the otherwise continuous 120° to 240° arc. For M2, zones were defined
as a continuous arc spanning 180° to 240°, expanded symmetrically
by the relevant margin, consistent with M2’s contiguous defect across
this angular range. Null proportions were computed numerically at
1° resolution to account for interval overlap between adjacent anchor
angles and for wrap-around at the 0°/360° boundary. All 12 binomial
tests (2 monkeys x 2 response classes x 3 spatial scales) were corrected
jointly with the Benjamini-Hochberg procedure.
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Modal structure (von Mises mixture)

To characterize whether the absolute-space distributions of catch and
Misdirect saccades were better described as unimodal or bimodal, we
fitted von Mises mixture models with one or two components using
maximum-likelihood estimation via the expectation-maximization
algorithm. This analysis was restricted to Catch and Misdirect
responses because its purpose was to describe target-independent
or weakly target-constrained scotoma-border orienting in absolute
visual-field coordinates. Model selection used the Bayesian Informa-
tion Criterion (BIC), with the two-component model preferred when
ABIC=BIC; —BIC; exceeded 2. For each selected model, we report
the estimated modal directions, concentration parameters «, and, for
bimodal models, the mixing weight of the dominant component.

Robustness check using trajectory-based direction
estimation

As a robustness check for target-present trials, the analyses in target-
relative space were repeated using a direction estimator matched
to the angular-deviation procedure of subsection Angular Deviation
Analysis and Trajectory Classification. In this version, saccade onset
was set to the fixation-break timestamp, and saccade direction was
computed as the circular mean bearing of the instantaneous vectors
from saccade onset to each sampled eye position across the full first
saccadic segment (from fixation break until velocity returned below
100°/s). Target direction was referenced to the precise target location
derived from its polar angle and eccentricity, matching the ideal target
vector used for angular-deviation classification. Catch saccades were
not included because no target was present.

Per-location regression not performed

We did not fit formal location-by-location regressions of Misdirect
direction or amplitude against target polar angle or eccentricity.
Although such models would directly address whether individual
Misdirect responses scaled with target location, the observations were
too sparse after stratification by monkey, task condition, response
class, and target location to support stable per-location estimates.

Results

Perimetric mapping of the scotoma in the fixation-ON
task

We defined the scotoma based on performance in the fixation-ON
task, a perimetry-like condition in which the fixation point remained
visible throughout the trial and target onset was therefore temporally
uncued. To obtain a conservative estimate of visual loss, each target
location was classified as scotoma only if postlesion performance
showed the reciprocal pattern expected for blindness: an increase in
misses relative to pre-lesion baseline together with a complementary
reduction in correct responses. This criterion was applied only to
miss and correct trials. Out-of-time and misdirected responses were
not counted as misses because an eye movement was initiated, but
they were also not counted as correct responses for the purpose of
binary scotoma classification. They were therefore excluded from the
miss/correct denominator used to define the scotoma operationally
and analyzed separately as atypical saccadic outcomes in subsequent
sections. As a result, locations dominated by out-of-time responses
(e.g., 150°, 25 to 30° eccentricity in M1) could satisfy the scotoma
criterion based on the miss/correct split alone, even when the majority

of trials produced an atypical saccade. This procedure yielded an
operational and spatially precise map of visual field impairment,
analogous to clinical perimetry.

Both monkeys showed preserved saccadic localization in the
ipsilesional (right) hemifield, with >90% correct responses and <10%
misses, but showed marked impairments for contralesional (left)
targets, often maintaining central fixation rather than initiating eye
movements (Fig. 3A). In both animals, the operationally defined
scotoma covered the lower-left quadrant across all tested eccentricities
(5° to 35°). In M2, the scotoma formed a contiguous arc spanning
polar angles 180° to 240°, sparing the upper vertical meridian, and
contained an isolated preserved location at 10° eccentricity along the
180° meridian. In M1, the scotoma was more extensive, encompassing
polar angles 90° to 240° across all tested eccentricities and additionally
including an isolated affected region at the upper vertical meridian
(120° polar angle), most prominently at 15° and 20° eccentricity. The
spatial distribution of correct responses closely mirrored the scotoma.

Residual blind-field responses in the fixation-ON task

Although misses dominated fixation-ON performance within the sco-
toma, target-present trials also elicited two atypical responses: “out-
of-time” and “misdirect” (Fig. 3A). The former consisted of direct but
delayed saccades that reached toward the target location yet entered
the target window only after the 200 ms temporal criterion (Fig. 3A,
green). The latter consisted of trials in which the initial saccade devi-
ated from the target vector and could be followed by one or more
corrective movements (Fig. 3A, yellow).

Post-lesion increase of target-independent saccades

Target-independent saccades in catch trials increased in both animals,
indicating that V1 damage altered baseline oculomotor behavior even
in the absence of a visual target. In M1, eye movements in catch trials
increased from 3.23% prelesion to 6.75% postlesion (P < 0.0001, exact
binomial test; Fig. S3). In M2, they increased from 0.65% prelesion to
7.5% (P <0.0001).

One plausible interpretation is that, after the V1 lesion, the monkeys
adopted a more exploratory oculomotor strategy, shifting gaze toward
the blind hemifield to sample whether a target might be present within
the scotoma (Arsenault et al. 2019). A related idea has been supported
in humans using simulated hemianopia, in which the field defect itself
was sufficient to impair visual exploration and trigger spontaneous
oculomotor adaptation over time (Schuett et al. 2009). Because such an
increase in target-independent saccades could inflate the assessment
of postlesion responses, we used the postlesion target-independent eye
movement rate in catch trials for each monkey (pg) as a conservative
baseline against which to evaluate target-evoked responses in the
scotoma.

Within-scotoma saccade initiation exceeds the aggregate
catch-trial baseline
We next asked whether target-present trials within the scotoma gen-
erated saccades more often than expected from target-independent
postlesion oculomotor activity. For each scotoma location, the
response metric was the proportion of target-present trials on
which any saccade was initiated (i.e., either Correct, Out-of-time,
or Misdirect). This proportion was compared with the aggregate
fixation-ON catch-trial saccade rate, po (M1: 6.75%; M2: 7.5%; see
subsection Directional Analysis of Atypical Saccades and Catch-Trial
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Figure 3 Distribution of four behavioral outcomes across the visual field in the ON (A) and OFF (B) tasks. Ratio of misses (red) misdirects (yellow), out-
of-time (green), and correct (blue) responses for M1 (top) and M2 (bottom) are shown either for individual target positions (polar plots, left) or grouped
by polar angle (bar plots, right). Small, colored circles above each column schematically illustrate the saccade trajectories (arrows) for each response
category, with colored areas indicating the maximum angular deviation from the target (dots). Labels for polar angles representing the contralesional
(beyond the vertical meridian) and ipsilesional hemifields are shown in red and black, respectively. Left: Red lines indicate the perimetrically defined
scotoma, identified as the region where the ratio of misses exceeded that relative to the misses at mirror locations within the ipsilesional hemifield
during the ON task; dotted gray lines indicate visual field locations where eye movements could not be tracked due to experimental constraints (see
Methods). For visualization purposes, the data in the polar plots are smoothed using spline interpolation.

Saccades). Because catch trials contained no target and therefore
no assigned target location, this analysis tests whether target-
present saccade initiation exceeds an aggregate, target-independent
baseline.

In M1, the probability of observing a saccade in response to targets
presented in the scotoma exceeded the aggregate baseline exploratory
movements at several locations. Significant effects were concentrated
mainly in the upper-left quadrant, with particularly high saccade-
initiation probabilities along the 150° meridian at larger eccentricities
(e.g., 96.0%, 96.3%, and 75.0% at 25°, 30°, and 35°, respectively; all
P <0.0001, FDR-corrected). Additional clusters were present along the
120° meridian (15° to 35° eccentricity) and, to a lesser extent, along the
90°,180°, and 210° meridians (5° to 30° eccentricity) (Fig. 4; Table S4A
and B).

In M2, this pattern was limited to a restricted set of scotoma loca-
tions. Significant effects were concentrated along the horizontal (180°)
meridian, particularly at mid-to-high eccentricities. For example, the

proportion of target-present trials that generated a saccade reached
87.8% at 15° and 60.5% at 35° eccentricity (both P <0.0001, FDR-
corrected). Additional significant locations were observed at 20° along
180° (57.5%, P < 0.0001) and at 10° along 210° (19.5%, P < 0.05).

As a control, we repeated this analysis after excluding unrewarded
Misdirect saccades from the response metric. The overall spatial pat-
tern remained largely unchanged (Fig. S4), indicating that above-
baseline initiation effects were not driven solely by misdirected tra-
jectories. To assess whether Out-of-time responses specifically con-
tributed to this above-baseline pattern, rather than being carried by
Misdirect or Correct saccades, we repeated the binomial test using only
Out-of-time trials as the numerator, against the same baseline (pp).
In M1, Out-of-time generation exceeded po at six scotoma locations
along the 120° and 150° meridians (proportions 36.0 to 81.5%; all
p_FDR < 0.001) and was absent along the 240° meridian (0 of 358
trials). Because these locations lie along the upper scotoma border,
this target-location dependence cannot be dissociated from a graded
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Figure 4 A) Target-present saccades exceed an aggregate catch-trial baseline within the scotoma. Polar plots for M1 and M2 showing only those
scotoma locations at which the target-present saccades (Correct + Out-of-time + Misdirect, pooled) occurred significantly more often than postlesion
target-independent saccades in fixation-ON catch trials (i.e. aggregate baseline: pg: M1=6.75%; M2 =7.5%). Significance was assessed separately for
each target location using a one-sided exact binomial test against po, with Benjamini-Hochberg FDR correction across scotoma locations (« =0.05).
Numbers adjacent to the symbols indicate eccentricity for significant locations shown. B) Rose diagrams comparing the absolute directions of failed
catch-trial saccades and Misdirect responses in the fixation-ON task. Failed catch-trial saccades (purple) occurred when no target was present, and the
animal broke fixation. Misdirect responses (blue) occurred on target-present trials in which the first saccadic segment deviated from the target vector.
Each bar represents the percentage of trials in a 15° directional bin, normalized independently within each distribution; therefore, bar heights compare
directional shape rather than absolute response frequency. The polar-angle convention is the same as in panel A. In M1, the two distributions did not
differ significantly (Watson U2 =0.092, BH-FDR P=0.457) and both concentrated near the lower scotoma border (240°). In M2, the two distributions
differed significantly (Watson U? =0.873, BH-FDR P=0.001), but both were non-uniformly distributed and concentrated near the scotoma boundary,
indicating that this postlesion spatial preference is present independently of target onset. Scotoma angular ranges: M1, 90° to 240°; M2, 180° to 240°.
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decline in sensitivity across that border (subsection Early Residual
Visuomotor Behavior, Scotoma-border Bias, and Temporal Cueing); as
for the aggregate analysis, this test does not establish target-specific
detection (see below).

The global false-alarm rate (pg) is an aggregate, target-independent
baseline estimate of postlesion saccade initiation, not a spatially
resolved map of false-alarm saccade probability. Accordingly, the
significant locations in Fig. 4A identify scotoma sites where target-
present trials produced more saccade initiations than expected from
the aggregate catch-trial rate. However, they do not, in isolation,
provide conclusive evidence of location-specific target detection.
Because the directions of catch-trial saccades were themselves non-
uniformly distributed across the visual field (Fig. 4B), we next used
directional analyses to dissociate target-independent exploratory bias
from target-related orienting across the three atypical response classes
(subsection Out-of-time Responses may be Target-location-dependent
but Overlap Spatially with Scotoma-border Orienting).

Out-of-time responses may be target-location-dependent
but overlap spatially with scotoma-border orienting
We next asked whether atypical saccades within the operationally
defined scotoma reflected trial-specific target direction, target-
independent postlesion saccadic activity, or a mixture of both. All
analyses in this section refer to the fixation-ON task, where catch trials
provided a target-absent benchmark for postlesion saccadic behavior.

Target-present trials at scotoma locations frequently produced
atypical responses. Out-of-time responses, defined as direct first
saccades that failed to enter the target window within the 200-
ms post-fixation-break criterion (subsection Behavioral Outcome
Categorization), accounted for 9.0% +7.1% of target-present trials,
averaged across animals and contralesional target locations. These
trials were not rewarded. Misdirect responses, defined by an initial
saccade segment deviating from the target vector by >15°, were
less frequent (3.8% +0.4%) and were usually unrewarded. Trials in
which a Misdirect first saccade was followed by corrective saccades
that ultimately reached the target window were rare (M1: 0.02% of
scotoma-target trials, mean n~1 trial per location, SEM~ 0.4; M2:
0.01%, mean n < 0.5, SEM~0.2) and were rewarded only if the full
eye-movement sequence still satisfied the task timing and fixation
criteria.

Out-of-time responses were not uniformly distributed across the
scotoma. They clustered atlocations with correct-response rates below
50% and were concentrated in the upper-left quadrant in M1 (81.3%
of all Out-of-time responses) and along the horizontal meridian in
M2 (80.6%). Misdirect responses showed a similarly structured pat-
tern: 64.6% in M1 and 77.8% in M2 were directed into the con-
tralesional hemifield in which the target had appeared. This coarse
hemifield correspondence is consistent with the spatial organiza-
tion of the scotoma. Still, it does not establish target-specific guid-
ance, because catch-trial saccades were also spatially biased after the
lesion.

Out-of-time responses emerge where correct saccades
decline
To examine target-related orienting and target-independent spatial
bias, we analyzed target-present responses in target-relative space,
expressing each saccade direction as its circular deviation from the
trial-specific target polar angle. Catch-trial saccades, which have no

Cerebral Cortex, 2026, Vol. 36, Issue9 | 11

trial-specific target vector, were retained for comparison in absolute
directional space.

Out-of-time saccade directions in target-relative space were highly
concentrated near 0° in both animals (M1: R = 0.998, mean direc-
tion =359.3°, Rayleigh P <0.001, Rao T=335.2, Rao P <0.001; M2: R
=0.999, mean direction =1.2°, Rayleigh P <0.001, Rao T=339.4, Rao
P <0.001). The median absolute deviation from the target polar angle
was 1.8° (IQR 0.6° to 3.4°; mean=+SD: 2.6°+3.2°) in M1 and 1.4°
(IQR 1.2° to 2.5°; mean 2.0° £+ 1.6°) in M2. Out-of-time saccade direc-
tions also differed significantly from catch-trial saccade directions
in absolute deviational space (Watson U2: M1=1.258, FDR P=0.001;
M2=0.790, FDR P=0.001) and from misdirected saccade directions
in absolute deviational space (Watson U%: M1=2.977, FDR P=0.001;
M2 =0.588, FDR P=0.001). The absolute deviation of out-of-time sac-
cades from the target polar angle was smaller than that of mis-
directed saccades in both animals (Mann-Whitney U: M1=356.0,
P <0.001,r=0.973; M2=91.0, P < 0.001,r=0.935). Misdirected saccade
directions were non-uniform in absolute directional space (Rayleigh
and Rao’s spacing tests, all P <0.001 in both animals). Thus, Out-of-
time responses were directionally distinct from spontaneous catch-
trial saccades. Because a directional criterion defines the category,
their target-relative concentration cannot by itself demonstrate target
attraction; however, their frequency varied systematically with target
location (subsection Within-scotoma Saccade Initiation Exceeds the
Aggregate Catch-trial Baseline and below), and they were concen-
trated at intermediate eccentricities where correct responses declined,
consistent with a graded transition from accurate to atypical respond-
ing across the scotoma.

Catch-trial and Misdirect saccades share a
scotoma-border-directed spatial bias
We next examined whether Misdirect responses overlapped with the
target-independent saccades observed on catch trials. This analysis
was performed in absolute directional space so that catch-trial and
target-present Misdirect saccades could be compared in the same
visual-field coordinates.

In M1, both the catch-trial and Misdirect saccade distributions
were better described by a two-component von Mises mixture model
than by a unimodal model (catch: ABIC=12.5; misdirect: ABIC=31.3;
see subsection Directional Analysis of Atypical Saccades and Catch-
Trial Saccades). Catch-trial saccades showed two components: a
concentrated mode near the lower scotoma border (254°, « = 6.64) and
a more diffuse mode near the upper scotoma border (114°, « =1.80).
Misdirect saccades showed a similar bimodal structure: a highly
concentrated mode near the lower scotoma border (267°, « =13.61)
and a diffuse mode in the upper-left quadrant (128°, « =0.67). The two
distributions did not differ significantly in absolute directional space
(Watson U? = 0.092, FDR P =0.457), consistent with substantial overlap
between Misdirect responses and target-independent scotoma-border
orienting in M1.

In M2, the catch-trial distribution was best described by a unimodal
model (ABIC=-0.7), with a single mode centered at 171°, just above
the upper scotoma border at 180°. The Misdirect distribution in M2
was bimodal (ABIC=12.4), with a dominant mode at 188° (mixing
weight 0.73, « =97.85), located just below the upper scotoma border,
and a secondary diffuse mode at 234°. Unlike M1, the catch-trial and
Misdirect distributions differed significantly in M2 (Watson U? = 0.873,
FDR P=0.001). However, both distributions remained concentrated
near scotoma-border angles, indicating that even when Misdirect
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responses differed from catch-trial saccades, they were still shaped by
the same broad border-related spatial bias.

As a robustness check, the directional analysis was repeated for
Out-of-time and Misdirect saccades using the full-segment direction
estimator (subsection Directional Analysis of Atypical Saccades and
Catch-Trial Saccades). Results were consistent for Out-of-time sac-
cades in both animals (R > 0.988 under both methods; mean direc-
tions within 1.5°). For Misdirect saccades, results were also consistent
in M2 (Watson U? Misdirect vs. catch: full-segment FDR P=0.001,
primary 50 ms estimator FDR P=0.001). In M1, however, the full-
segment method produced a significant difference between Misdirect
and catch-trial distributions (Watson U?=0.257, BH-FDR P=0.013)
that was not present under the primary 50-ms estimator (U? =0.092,
P=0.457). This sensitivity to the direction-estimation method further
supports treating Misdirect responses, especially in M1, as a mixed cat-
egory rather than as a clean measure of target-specific residual vision.

The border bias is broadly expressed in both animals but
spatially more specific in M2

To quantify the directional structure of catch-trial and Misdirect
saccades relative to the scotoma, we compared observed saccade-
direction proportions with the geometric null across three nested
spatial zones surrounding the scotoma anchor angles (subsection
Directional Analysis of Atypical Saccades and Catch-Trial Saccades).
At the broad-border zone (+30°), the proportion of saccades directed
toward the scotoma-border region exceeded the geometric null in
both distributions and both animals (M1 catch: 84.4% vs. 58.6% null,
binomial P=0.0003; M1 Misdirect: 75.0% vs. 58.6%, P <0.001; M2
catch: 70.8% vs. 33.3%, P <0.001; M2 Misdirect: 66.7% vs. 33.3%,
P <0.001; all BH-FDR corrected) (Fig. 4B). Broad scotoma-border over-
representation was therefore present even when no target appeared,
and Misdirect responses on target-present trials also expressed it.

In M2, this bias remained significant at finer spatial scales. The
proportion of saccades directed toward predefined scotoma-related
angular zones exceeded the geometric null both within +7.5° of sco-
toma anchor angles (catch: 38.9% vs. 20.8% null, P < 0.001; Misdirect:
48.6% vs. 20.8%, P <0.001) and within +15° (catch: 54.2% vs. 25.0%,
P <0.001; Misdirect: 51.4% vs. 25.0%, P < 0.001; all BH-FDR corrected).
The Misdirect and catch-trial distributions in M2 differed (Watson
U% =0.873, FDR P=0.001) (Fig. 4B), with the dominant Misdirect mode
at 188° (just below the upper scotoma border) compared with the
catch-trial mode at 171° (just above it).

In M1, the proportion of saccades directed toward the scotoma did
not exceed the geometric null at finer spatial scales, within +7.5°
(catch: 28.9% vs. 26.7%, P=0.42; Misdirect: 19.6% vs. 26.7%, P=0.98)
or within #+15° (catch: 62.2% vs. 50.3%, P=0.073; Misdirect: 53.4%
vs. 50.3%, P=0.25; all BH-FDR corrected). The Misdirect and catch-
trial distributions did not differ in absolute directional space (Wat-
son U2 =0.092, FDR P=0.457), consistent with their shared bimodal
structure, which is concentrated near both scotoma borders. Thus, in
M1, the Misdirect distribution was especially compatible with target-
independent scotoma-border orienting.

The above-baseline locations in Fig. 4A and the directional prefer-
ences of catch-trial saccades showed different degrees of spatial corre-
spondence across animals. In M2, the Fig. 4A locations clustered along
the 180° meridian, and the dominant mode of catch-trial saccades was
at171°, within 9° of the upper scotoma borders. Above-baseline target-
present saccade initiation and target-independent border-directed ori-
enting were therefore spatially close, reinforcing the need to interpret
Fig. 4A together with the directional analyses. In M1, the locations at

which target-present saccade initiation exceeded the aggregate catch-
trial baseline were distributed across the upper-left quadrant (120°
to 150° meridians). In contrast, catch-trial saccades concentrated near
the lower scotoma border (dominant mode at 254°).

Directional structure across atypical response classes

Taken together, the directional analyses reveal partially separable
components of early postlesion oculomotor behavior. Out-of-time
responses were direct but delayed or incomplete saccades whose
generation depended on target location. They coincided with a
decline in correct responses across the same region, consistent with
a graded transition rather than a spatially uniform bias. Catch-trial
saccades revealed a target-independent bias toward scotoma-border
regions. Misdirect responses occupied an intermediate position,
showing weaker target-relative structure and, in absolute coordinates,
overlapping substantially with the catch-trial border bias, particularly
in M1. These classes are better understood as successive stages of a
degraded response profile, in which accurate saccades give way to
directionally appropriate but temporally deficient responses, then to
misdirected and ultimately absent responses as sensitivity declines
across the scotoma.

Temporal cueing in the fixation-OFF task enhances
blind-field saccades

Here, we examined how responses in the scotoma changed in the
fixation-OFF task, in which fixation offset signaled target presentation.
Across all contralesional target locations, atypical responses increased
in the fixation-OFF compared with the fixation-ON condition. Out-
of-time and misdirect responses accounted for 13.9% +11.7% and
14.4% +1.7% of trials, respectively (i.e., ~30% of all contralesional
trials, compared with ~15% in fixation-ON).

Pooled comparison of fixation-ON vs. fixation-OFF responses
within the scotoma

To quantify the effect of temporal cueing specifically within peri-
metrically blind regions, we compared fixation-ON and fixation-OFF
responses at contralesional target locations for which the fixation-ON
task yielded no correct response. This conservative approach min-
imized the potential contribution of partially spared visual patches
within the scotoma. For each monkey, we then used bootstrap resam-
pling (see Methods) to compare the proportions of the four response
categories (Correct, Out-of-time, Misdirect, Miss) between ON and OFF
conditions (Fig. 5A).

In M1, temporal cueing produced no significant pooled increase
in correct responses (ON median =0.0%, OFF median =1.7%; 95% CI
[0.00, 21.54]%; P=0.4629), and no significant pooled increase in out-
of-time responses (ON median=0.0%, OFF median=4.9%; 95% CI
[0.00, 61.86]%; P=0.2112). In M2, the same pattern was observed:
correct responses did not differ significantly between tasks (ON
median =0.0%, OFF median =0.0%; 95% CI [0.00, 7.41]%; P=0.7925)
nor did out-of-time responses (ON median = 0.0%, OFF median = 1.8%;
95% CI [-5.13, 12.96]%; P=0.6661).

By contrast, misdirected responses increased significantly in the
fixation-OFF task in both animals. In M1, misdirected responses
increased from 10.0% to 47.7% (A_median ~ 37.7%, P=0.0144), while
in M2 they rose from 7.7% to 45.5% (A_median ~ 37.8%, P=0.0005).
These increases were mirrored by complementary decreases in misses
(M1: from 88.6% to 38.3%, A_median = —-50.3%, P < 0.0001; M2: from
90.9% to 50.9%, A_median =—40.0%, P=0.0003) (Table 1). Therefore,
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Figure 5 Temporal cueing in the fixation-OFF task shifts blind-field responses from misses to misdirected saccades. A) Violin plots for M1 (left) and
M2 (right) show the distribution of response percentages across scotoma target locations that yielded no correct responses in the fixation-ON task,
separated by Correct, Out-of-time, Misdirect, and Misses. Blue =fixation-ON; red = fixation-OFF. Violin width indicates the across-target distribution;
black diamonds mark the mean, and horizontal black lines the median. Brackets indicate the significance of the OFF vs. ON comparison for each
response category (n.s., not significant; *P < 0.05; **P < 0.001; two-sided bootstrap sign test, FDR-corrected). At the pooled level, fixation-OFF produced a
marked increase in misdirect responses and a corresponding decrease in misses, whereas correct and out-of-time responses did not differ significantly.
B) Polar maps show the OFF — ON difference in response percentage for each category at each target location within the perimetrically defined scotoma
(red, OFF > ON; blue, ON > OFF). Colored dots mark locations with significant OFF-ON differences after two-sided bootstrap testing and FDR correction.
Concentric rings indicate eccentricity (5° to 35°) and radial lines indicate polar angle. OFF-related increases in misdirect responses were widespread
across the scotoma and were mirrored by complementary decreases in misses. In contrast, OFF-related increases in correct and out-of-time responses

were spatially restricted, occurring at a limited subset of locations, particularly near scotoma borders.

at the pooled spatial level, the main effect of temporal cueing was not
to convert misses into correct responses, but rather to convert misses
into misdirected saccades.

These ON-OFF differences were absent before the lesion. In fact,
the same target locations showed no significant differences between
fixation-ON and fixation-OFF for any response category (Table 2).
Likewise, the ON-OFF comparison performed on ipsilesional target
locations yielded negligible changes in response-class proportions
(Fig. S5), consistent with the interpretation that OFF-related changes
in the contralesional field reflect genuine postlesion dynamics of eye
movements in the blind field, rather than generic task effects.

Target-specific ON-OFF differences reveal spatially specific
cueing effects

Although the pooled analysis showed that temporal cueing primar-
ily increased misdirect responses, target-specific analyses revealed a
more differentiated spatial pattern. At individual scotoma locations,
fixation-OFF also produced significant increases in correct and out-of-
time responses relative to fixation-ON, but these effects were spatially
restricted to a subset of blind-field locations and, therefore, nonsignif-
icant in the pooled analysis (Fig. 5B; Figs. S1-S4; Tables S1-S3).

For correct saccades, OFF-related improvements were primarily
localized to mid-peripheral targets and near the borders of the
scotoma. In M1, significant gains were observed both near the upper
and lower borders of the blind field, and at mid-peripheral locations

within more densely impaired regions. In M2, the increase in correct
responses was more limited and was largely confined to locations
along the left horizontal meridian at 5°, 10°, 30°, and 35° eccentricity
(Fig. 5B).

For out-of-time responses, M1 showed a relatively broader distribu-
tion of significant OFF-related improvements, spanning both mid- and
far-peripheral sites at 120°, 150°, 180°, 210°, and 240° polar angles.
In M2, significant increases in out-of-time responses were sparse and
limited to far-peripheral locations, at 30° eccentricity at 180° and 35°
eccentricity at 210° polar angle.

Predictably, the effect of fixation-OFF on misdirect saccades was
robust and widespread. In M1, significant increases in misdirect
responses were distributed across multiple sites in the blind field and
were systematically paired with reductions in misses at corresponding
locations. M2 displayed a similar pattern, with OFF-related increases
in misdirect responses extending across large portions of the scotoma.

Overall, these target-specific analyses refine the pooled comparison
in two important aspects. First, they show that temporal cueing can,
at some specific scotoma locations, enhance not only misdirected
responses but also correct and out-of-time saccades. Second, they
indicate that these improvements remain spatially limited, while
the dominant effect of the fixation-OFF paradigm shortly after V1
damage was to produce a broad shift from misses to misdirected
responses, where the initial eye movement remains inaccurately
directed.

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data

14 | Cerebral Cortex, 2026, Vol. 36, Issue 9

Table 1 Bootstrap comparison of fixation-OFF and fixation-ON responses in the scotoma. For each monkey and response category, the table reports
median percentages, the standardized effect size t-scores (t = mean(A)/SE(A), where A is the bootstrap OFF — ON difference), the associated two-sided
P-value, and the 95% confidence interval for the OFF-ON difference. All statistics were computed from 1,000 bootstrap iterations, pooling targets within
the scotoma that yielded no correct response in the fixation-ON task. Significant differences (P < 0.05) indicate a reliable difference in the proportion
of that response category between OFF and ON conditions.
Subject Correct Out-of-time Misdirect Misses
M1 ON median=0.0%
OFF median=1.7%
t=0.74, P=0.4629
CI=[0.00, 21.54]
M2 ON median=0.0%
OFF median=0.0%
t=0.42, P=0.7925
CI=[0.00, 7.41]

ON median=0.0%

OFF median=4.9%

t=0.67, P=0.2112

CI=[0.00, 61.86]

ON median=0.0% OFF
median=1.8%

t=0.51, P=0.6661, CI=[-5.13,
12.96]

ON median=10.0%

OFF median=47.7%
t=2.25,P=0.0144
CI=[3.77, 60.66]

ON median=7.7%

OFF median=45.5% t=3.38,
P=0.0005

CI=[15.65, 57.67]

ON median=288.6%

OFF median=38.3%
=-4.22, P <0.0001,

Cl=[-75.41, —27.30]

ON median=90.9% OFF

median=50.9% t=— 3.51,

P=0.0003

CI=[-59.81, —16.53]

Bold values indicate statistically significant OFF-ON differences (p < 0.05, two-sided bootstrap sign test, FDR-corrected).

Table 2 Bootstrap comparison of fixation-OFF and fixation-ON responses at the same target locations prior to V1 lesion. For each monkey and response
category, the table reports median percentages, the standardized effect size t-scores (t = mean(A)/SE(A), where A is the bootstrap OFF — ON difference),
the associated two-sided P-value, and the 95% confidence interval for the OFF-ON difference. All statistics were computed from 1,000 bootstrap
iterations, using prelesion data from contralesional target locations that were later classified as belonging to the scotoma and pooling targets within
the scotoma that yielded no correct responses in the fixation-ON task. The absence of significant ON-OFF differences before the lesion indicates that

the task dissociations observed postlesion were not present in the intact state.

Subject Correct Out-of-time

M1 ON median=98.8% OFF
median=100.0%
t=0.08, P=0.9421
CI=[-7.41,7.59]

M2 ON median=100.0% OFF
median=100.0%
t=0.22, P=0.8192
CI=[-4.40, 6.42]

ON median=0.0% OFF
median=0.0% t=0.04,
P=0.9676 CI=[-5.06, 5.33]

ON median=0.0% OFF
median=0.0% t=-0.24,
P=0.7418 C1=[-4.81, 4.40]

Discussion

Using wide-field mapping in macaques tested only 3 to 4 weeks after
unilateral V1 lesion, we show that blind-field stimuli can still elicit
structured visuomotor responses well before the chronic blindsight
stage usually examined in nonhuman primates. Across the scotoma,
these residual responses were expressed predominantly as delayed or
initially misdirected saccades, and temporal cueing in the fixation-OFF
task mainly converted misses into such atypical responses rather than
into fully correct saccades, as previously reported in chronic stages
(Mohler and Wurtz 1977; Cowey and Stoerig 1995; Moore et al. 1995;
Schmid et al. 2010; Isa and Yoshida 2021).

Early residual visuomotor behavior, scotoma-border
bias, and temporal cueing

A first relevant result is that residual blind-field visuomotor behavior
is already measurable in the early postlesion phase, provided that
it is assessed with sufficient spatial density and with response cat-
egories that go beyond a dichotomous correct vs. miss score. Both
monkeys executed direction-specific saccades toward the border of
the scotoma during catch trials in which no targets were presented.
This indicates that they exhibit adaptive exploratory behavior directed
at the scotoma borders, not triggered by visual stimuli within the
scotoma. Moreover, even under our conservative, perimetry-like def-
inition of the scotoma, requiring both increased misses and reduced
correct responses, target-present trials within the blind field could still

Misdirect Misses
ON median=0.0% OFF
median=0.0%
t=-0.14, P=0.9212
CI=[-7.10, 5.19]

ON median=0.0% OFF
median=0.0%
t=-0.03, P=0.9795
CI=[-2.75, 2.35]

ON median=0.0% OFF median=0.0%
t=nan, P=1.0000
CI=[0.00, 0.00]

ON median=0.0%, OFF median=0.0%
t=nan, P=1.0000, CI=[0.00, 0.00]

produce saccades in the fixation-ON task. These responses were sparse
but spatially structured rather than randomly distributed across the
blind field. The above-baseline effects (Fig. 4A) should nevertheless
be interpreted conservatively. They identify locations where target-
present trials produced more saccade initiations than expected from
the aggregate catch-trial baseline, not locations where target-specific
detection is proven independently of spatial false-alarm bias. This
pattern converges with recent human evidence that the subacute
period after occipital stroke is not merely a transition toward chronic
blindness (Saionz et al. 2020).

Compensatory scotoma-border orienting is part of the early
phenotype

After the V1 lesion, the rate of target-independent saccades on catch
trials increased relative to the prelesion baseline (Table 2). This behav-
ior likely reflects a more active sampling strategy, in which the animals
intermittently shift gaze toward the affected field to test whether a
target is present and a reward can be obtained. Critically, catch-trial
saccades were themselves directionally biased toward scotoma bor-
ders despite the absence of any peripheral target. This indicates that
compensatory orienting toward the scotoma borders occurred inde-
pendently of target presentation and should be considered part of the
early postlesion oculomotor phenotype rather than mere noise. How-
ever, the directional analyses indicate that this target-independent
border bias does not fully account for all blind-field target-present
responses. This is especially clear for Out-of-time responses, whose
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generation depended on target location in a way not explained by
amplitude, though their concentration at the upper border does not
isolate them from border-related sensitivity.

The directional analyses of Out-of-time, Misdirect, and catch-trial
saccades reveal partially separable aspects of early postlesion ocu-
lomotor behavior. The first is a target-independent scotoma-border
bias. At the broad border zone (+30°), the proportion of saccades
directed toward the scotoma boundary exceeded the geometric null
in both catch-trial and Misdirect saccade distributions in both animals,
regardless of whether a target appeared on a given trial. Whether this
border-directed preference reflects active spatial sampling, reward-
seeking probing of the scotoma boundary, residual sensitivity along
a graded scotoma border, or another postlesion oculomotor reorgani-
zation cannot be determined from the present data. The two animals
differed in the spatial specificity of this scotoma-border bias: in M2,
significant overrepresentation was present at all three spatial scales
examined, including the most internal part of the scotoma; in M1,
significance was restricted to the broad border zone.

In this context, the term “scotoma border” should not be taken to
imply a sharp transition from intact to absent sensitivity. Although our
perimetric criterion yields a discrete, operationally defined boundary
(based on the miss/correct threshold), this operational sharpness does
not imply an equally sharp physiological transition. A graded decline
in sensitivity across the border region is more plausible, and residual
sensitivity along this gradient may itself contribute to the observed
bias of saccades toward border-adjacent locations relative to more
deeply affected regions.

Out-of-time responses mark a graded transition rather than
isolated target-directed vision

The second component is target-location dependence, most evident
for Out-of-time responses. Although these saccades were infrequent
(Fig. 3) and unrewarded, their generation varied systematically with
target position: within M1’s scotoma, Out-of-time responses exceeded
the aggregate catch-trial baseline at locations along the 120° and 150°
meridians and were absent along 240° (subsection Within-scotoma
Saccade Initiation Exceeds the Aggregate Catch-trial Baseline), a
pattern not explained by saccade amplitude, since it persisted at
matched eccentricity. Their target-relative concentration (R > 0.998)
is, in part, a consequence of the directional criterion defining the
category and does not by itself establish attraction to the specific
target location. We therefore interpret Out-of-time responses as target-
location—dependent rather than as direct evidence of target-specific
residual vision. Two features constrain this interpretation. First, the
significant locations lay along the upper scotoma border, so target-
location dependence cannot be separated from a graded decline in
sensitivity across that border. Second, the restriction of the effect to the
upper border, despite the lower border (240°) being equally adjacent
to the intact field, was not accounted for by the present analyses and
may reflect retinotopic asymmetries of the lesion.

Misdirect responses as a mixed phenotype

Misdirect responses occupied an intermediate position. They showed
some target-relative structure, but their absolute directional distri-
butions also overlapped with catch-trial saccades, especially in M1.
We therefore interpret Misdirect responses cautiously, as a mixed
phenotype in which weak target-related influences and compensatory
scotoma-border orienting may contribute in different proportions
across animals and locations, rather than as unambiguous evidence
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of target-specific residual vision. In M2, Misdirect responses were
slightly more spatially separated from catch-trial saccades. In M1, by
contrast, Misdirect and catch-trial distributions were more similar,
consistent with a larger contribution of target-independent border-
directed orienting. The spatial relationship between Out-of-time
responses and catch-trial preferences mirrored this pattern: in M2,
all three response classes spatially converged near the 180° meridian,
whereas in M1, target-location-dependent Out-of-time responses
concentrated in the upper-left quadrant (120° to 150°) while catch-
trial and Misdirect saccades concentrated near the lower scotoma
border.

Temporal cueing increases blind-field saccade initiation

The comparison between fixation-ON and fixation-OFF paradigms
revealed a further, task-dependent dissociation. Consistent with clas-
sic reports of macaque blindsight in chronic stages (Moore et al. 1995),
temporal cueing in the fixation-OFF task increased the expression of
blind-field saccades. This effect must, however, be interpreted with
caution because catch trials were not included in the fixation-OFF
condition, and the increase due to temporal cueing was not uni-
form across response classes. In the acute postlesion phase, temporal
cueing appears to recruit residual blind-field visuomotor processing
primarily at the level of saccade initiation and coarse orienting, with
more limited benefits for precise target localization. The fixation-OFF
task, therefore, amplified the expression of residual or compensatory
visuomotor behavior that was already weakly expressed and more
spatially constrained in the fixation-ON task. Under this framework,
the fixation-ON paradigm identifies a restricted set of blind-field loca-
tions at which residual visual signals or target-related biases are
strong enough to trigger saccade initiation even without temporal
cueing. In contrast, the fixation-OFF task expands this set by reducing
temporal uncertainty.

An early, degraded phenotype distinct from chronic
macaque blindsight

Overall, these findings bear on the long-standing question of whether
blindsight reflects the functions of V1-independent pathways that are
already active in the intact brain, postlesion adaptive behavior and
plasticity, or an interaction between the two (Tamietto and Morrone
2016; Fox et al. 2020). Our data are most consistent with a hybrid
account. The presence of structured scotoma-border biases and target-
location—dependent out-of-time responses within 3 to 4 weeks of the
lesion is consistent with V1-independent visuomotor processing being
available very early, before prolonged retraining or large-scale reor-
ganization. Our data cannot fully separate residual visual signals from
compensatory oculomotor strategies. This is consistent with the long-
standing observation that extrastriate cortex carries V1-independent
visual responses on a fast timescale (Girard et al. 1991, 1992). Accord-
ingly, the response profile we observed differs from that typically
described at more chronic stages, where the task context can produce
a sharper transition from misses to correct saccades (Moore et al. 1995;
Yoshida and Isa 2015). Here, the temporal cueing shifted behavior
primarily from misses to atypical saccade responses, rather than to
fully correct saccades. Stable, accurate saccadic guidance across the
scotoma may therefore require substantial postlesion adaptations that
develop over weeks to months and are evident in chronic blindsight
studies (Moore et al. 1995; Yoshida and Isa 2015; Kaas and Lyon
2018).
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Parsing atypical saccades by response stage

Neurophysiological studies have parsed visually guided saccades into
sequential and partially dissociable stages, including early detection,
evidence accumulation/decision, target selection, planning, initiation,
and trajectory control (Dorris et al. 1997; Schall and Thompson 1999;
Super et al. 2001; McPeek et al. 2003; Gold and Shadlen 2007). Treating
atypical saccades as behaviorally informative readouts of partially
preserved visuomotor processing allowed us to distinguish several
response phenotypes within the scotoma.

Misses likely reflect failures of visual registration and/or a failure
to drive the initiation mechanism above threshold. Out-of-time
responses indicate that a saccade was initiated in an appropriate
general direction but not completed within the temporal criterion;
whether this reflects target-specific guidance or the location-
dependence documented above cannot be fully separated. Misdirect
responses indicate that target presentation may still influence
movement initiation, but that the initial saccade vector was specified
only coarsely or inaccurately. However, Misdirect responses should
not be interpreted as a pure readout of target-specific processing,
because the directional analyses showed that they can overlap with
target-independent scotoma-border orienting. Correct responses, in
turn, mark timely acquisition of the target location and the successful
completion of the entire sequence from target registration to stable
fixation.

Out-of-time responses are target-location-dependent but
temporally deficient

The directional analysis further characterizes these response types.
Out-of-time saccades depended systematically on target location
in both animals (subsection Within-scotoma Saccade Initiation
Exceeds the Aggregate Catch-trial Baseline). Misdirect responses,
by contrast, showed substantially weaker and more dispersed
target-relative structure, consistent with their interpretation as a
mixed category rather than a clean readout of target direction.
Within the saccade-stage framework outlined above, this pattern
is consistent with a dissociation between the processes that trigger
a saccade and those that ensure its timely completion: Out-of-time
responses reach initiation but fail the temporal criterion. Whether
the direction of these saccades reflects accurate target selection or
is partly a consequence of their classification cannot be resolved
here. Alternative explanations, including reward-seeking probing
of the scotoma border and compensatory scanning strategies, may
contribute specifically to the Misdirect response category and cannot
be excluded from the present data. In contrast, the Out-of-time
category is less readily explained by these alternatives, given that its
occurrence varied with target location in a way not fully predictable
by a spatially fixed border bias, though its concentration at the upper
border prevents full dissociation from border-related sensitivity.

Alternative non-target-specific accounts and their limits

Two additional alternative explanations warrant consideration. First,
through repeated experience after the lesion, animals may have
learned that saccades toward the scotoma border, or to immediately
adjacent intact-field regions, carried a relatively higher probability
of reward than saccades deeper into the scotoma. Such learning
could bias saccade direction toward that region independently of any
target-specific visual signal. Under this interpretation, the directional
structure observed in Misdirect and catch-trial saccades would reflect
learned reward-probability mapping rather than spontaneous spatial

orienting or residual visual processing. This possibility is compatible
with the catch-trial data, because a learned border-directed strategy
could be expressed even on target-absent trials.

Second, small eye movements occurring between fixation break
and subsequent target acquisition may have shifted the target into
intact visual field regions, thereby enabling later saccades to be guided
via the intact geniculo-striate pathway. This mechanism could gener-
ate apparently target-directed responses without requiring any resid-
ual processing within the scotoma itself. This concern motivated our
analytic decision to classify trials according to the first saccadic seg-
ment and to retain trials with an initially misdirected first saccade in
the Misdirect category, even when subsequent corrective movements
brought gaze into the target window. The present data cannot exclude
either of these non-target-specific accounts for all atypical responses.

Fixation-ON/OFF dissociation in the saccade-stage

framework
This response-category decomposition helps explain the fixation-
ON/fixation-OFF dissociation (Danckert and Rossetti 2005). The offset
of the central fixation reduces temporal uncertainty and increases the
probability that weak residual visual signals will trigger a saccade. In
our data, this increase mainly reflects atypical responses, especially
Misdirect responses, rather than a restoration of consistently correct
target acquisition. Thus, temporal cueing facilitates the transition
from no saccade to an initiated saccade, but, by itself, does not
restore accurate vector specification or reliable target acquisition. This
interpretation is consistent with previous macaque work showing
that, after V1 lesion, visually guided saccades become less accurate,
straighter, and less deliberately initiated (Yoshida et al. 2008; Isa and
Yoshida, 2009). The present study extends those observations to the
early postlesion period and across a broader extent of the visual field.
In this phase, whatever signals influence saccade initiation, whether
residual visual processing, reward-probability biases, or scotoma-
boundary-related strategies, are sufficient to trigger saccades on a
subset of trials, but not to reliably support accurate and timely target
localization.

Candidate neuronal mechanisms
Superior colliculus and fixation-OFF disinhibition

The cueing-related increase in Misdirect responses observed in the
fixation-OFF task is compatible with a major contribution of the supe-
rior colliculus (SC). The SC receives direct retinal input and contributes
critically to residual visuomotor function after V1 lesion (Mohler and
Wurtz 1977; Moore et al. 1995; Cavanaugh et al. 2016; Tamietto and
Morrone 2016; Berman et al. 2017; Basso et al. 2021; Isa et al. 2021).
Moreover, in gap-like paradigms, fixation offset disinhibits SC neu-
rons, enhances pre-saccadic buildup, and facilitates movement initi-
ation (Dorris et al. 1997). This mechanism fits the present observation
that temporal cueing primarily increased atypical saccade initiation
rather than restoring fully correct target acquisition. Recent studies
on SC organization may help sharpen this translational bridge, given a
new connectivity-based parcellation of the human superior colliculus
(Diano et al. 2025) and recent fMRI evidence for lateralized visuotopic
organization in the macaque superior colliculus (Sepe et al. 2025).

Cortical pathways for finer spatial information
In contrast, the smaller and spatially restricted OFF-related gains
in Correct and Out-of-time responses are more consistent with
pathways capable of conveying finer spatial information. Candidate

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]



substrates include direct geniculo-extrastriate inputs to MT and SC-
pulvinar-extrastriate routes. In macaques, a direct projection from
the lateral geniculate nucleus (LGN) to middle temporal area (MT) has
been demonstrated anatomically (Sincich et al. 2004) and remains
functionally active after V1 damage (Schmid et al. 2010). In humans,
blindsight functions have been associated with both preserved
geniculo-extrastriate connectivity (Ajina, Pestilli, et al. 2015) and
pulvinar-extrastriate projections (Kletenik et al. 2022; Bridge, Leopold,
and Bourne, 2016). Extrastriate contrast responses are also abnormal
but still measurable (Ajina, Rees, et al. 2015), and spared perilesional
V1 activity underlies training-induced recovery in patients with
cortical blindness (Barbot et al. 2021). Our data also align with
evidence that the posterior parietal cortex, particularly bilateral LIP,
becomes increasingly important after a V1 lesion for visually guided
saccades within the affected field (Kato et al. 2021) and to sustain
visuomotor transformation in manual responses (Celeghin et al. 2017).

Feedforward processing without recurrent activity

These pathway-level considerations fit a broader framework in which
a V1 lesion degrades the fidelity of sensory evidence used for decision
and motor specification without abolishing all action-relevant visual
signals (Super et al. 2001; Ekstrom et al. 2008; Ekstrom et al. 2009;
Goodale 2011; Ioannides et al. 2012; Silvanto 2015). Within this frame-
work, a feedforward mode of processing may survive in the absence
of the recurrent activity thought to support visual awareness. Hence,
residual V1-independent pathways can still provide signals sufficient
for orienting behavior, but those signals are coarse, unreliable, and
often insufficient for precise, timely, and consciously accessible local-
ization.

Decision-theoretic accounts and the ON-OFF dissociation

Decision-theoretic models provide a complementary interpretation,
positing that responses, including saccades, are triggered when accu-
mulated evidence crosses a decision bound (Gold and Shadlen 2007;
Kepecs et al. 2008; Martin, Das and Huxlin 2012; Summerfield and de
Lange 2014). As outlined above, V1 lesions raise this decision threshold
for saccade initiation, making responses less deliberate. In the fixation-
ON task, only some scotoma locations elicited saccades above the
aggregate catch-trial baseline, suggesting that residual signals at those
locations occasionally crossed the threshold for movement initiation.
The fixation-OFF task may have effectively lowered this threshold by
reducing temporal uncertainty about target onset, expanding the set
of locations at which weak residual signals could drive initiation.

Implications, limitations, and future directions

Atypical saccades as a sensitive index of residual blind-field
function

A first implication of our findings is that residual functions in the
blind can be substantially underestimated when assessment is limited
to correct responses alone. Especially in the early postlesion period,
informative behavior may be expressed through delayed, incomplete,
or initially misdirected saccades. Including such responses in quanti-
tative assessments could provide a more sensitive measure of spared
and compensatory visuomotor behavior and a more precise map of
heterogeneous response profiles within the scotoma.

This point may be relevant for rehabilitation. Repeated visual
discrimination training or feature-based attentional cueing can
improve blind-field performance and even Humphrey perimetry
(Huxlin et al. 2009; Sahraie et al. 2010; Das et al. 2014; Cavanaugh
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et al. 2015, 2016, 2019; Cavanaugh and Huxlin 2017). Many current
approaches to hemianopia rely on eye movement strategies or
relatively coarse outcome measures, in which the blind field is treated
as a largely unitary deficit (Ro and Rafal 2006; Chokron et al. 2008;
Schuett et al. 2009; Pollock et al. 2019; Sahraie et al. 2020; Zihl et al.
2021). Our results suggest that deficits in saccade initiation, direction
specification, timing, and endpoint control may partly dissociate.
Patients who produce many Misdirect responses may retain some
capacity to initiate orienting into the blind field, but fail to specify
the appropriate movement vector accurately. In contrast, patients
who produce more Out-of-time-like responses may preserve target-
location dependence more faithfully, while failing to satisfy temporal
or endpoint constraints. A trajectory-based approach could therefore
motivate more individualized training strategies and more sensitive
behavioral endpoints, and is consistent with the more general view
that residual signals exist before the conditions for their reliable
behavioral readout are fully established.

Early postlesion testing and the case for longitudinal designs

The study also underscores the importance of early postlesion testing.
Because we detected structured residual behavior within only 3 to
4 weeks, these responses are unlikely to depend exclusively on very
late reorganization. This translational point is reinforced by human
data showing that visual training initiated in the subacute period
after occipital stroke can be faster and more spatially generalizable
than comparable training initiated in chronic patients, and can pre-
serve visual discriminations that might otherwise deteriorate over
time (Saionz et al. 2020). Longitudinal studies will now be needed to
determine whether atypical responses gradually evolve into correct
responses, remain stable as a distinct residual phenotype, or vary as a
function of lesion extent, location, task structure, and practice. Such
trajectories could help link acute residual capacity to later plastic-
ity. Recent human studies also suggest that residual visual function
and training-induced improvement are related to lesion topology,
hMT+ neurochemistry, and white-matter integrity, offering candi-
date biomarkers that future macaque-human comparisons could test
directly (Willis et al. 2023, 2024a, 2024b, 2025, 2025b).

Limitations

Several limitations should be acknowledged. First, the study is based
on only two animals. Although the overall logic of the results was
consistent across them, inter-individual differences in scotoma topog-
raphy and spatial distribution of residual responses were evident.
The present findings should therefore be interpreted as a detailed
within-subject characterization of early postlesion visuomotor behav-
ior rather than as an estimate of population-level variability.

Second, the conclusions are based solely on behavior. We there-
fore cannot directly identify the neural pathways underlying each
response class, nor can we fully separate residual visual processing
from strategic sampling, reward-probability learning, or other com-
pensatory factors.

Third, the fixation-OFF condition did not include catch trials,
because the simultaneous disappearance of the fixation point and
appearance of the target constitutes an inherent temporal cue that
defines the trial type. Introducing a fixation offset without a target
would require rewarding outcomes independently of behavior,
thereby undermining the temporal cueing manipulation and altering
the reward structure across trial types. This design choice, consistent
with the canonical macaque blindsight paradigm (Moore et al. 1995;
Yoshida and Isa 2015), means that target-specific false-alarm rates
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cannot be estimated in the fixation-OFF condition. The absence of
an OFF-condition baseline is partially addressed by two controls:
the ON-OFF dissociation was absent prelesion at the same locations
(Table 2), and ipsilesional targets showed no comparable OFF-
related increase postlesion (Fig. S5). Nevertheless, the possibility
that fixation offset itself contributed to the increase in blind-field
saccades, independently of target presence, cannot be fully excluded
and represents a limitation of the present design.

Fourth, testing was conducted under binocular viewing. This
precluded the use of the physiological blind spot as an internal control
for light scatter, a check available only under monocular conditions
(Moore et al. 1995). Although targets were small (0.5°) and the scotoma
extended well beyond the parafoveal region where scatter would be
most consequential, we cannot fully exclude that some responses to
scotoma targets were influenced by light scattered onto spared retinal
regions.

Future directions

Future work should combine the present trajectory-based phenotyp-
ing with longitudinal designs, neural recordings, and causal manip-
ulation of candidate pathways, particularly those involving the SC,
pulvinar, LGN, and posterior parietal cortex. The value of the present
behavioral taxonomy is to make response-class distinctions measur-
able at the single-trial level and their neural underpinnings accessible
to causal investigation. It will also be important to manipulate reward
contingencies and task structure more explicitly to separate residual
visual influences from postlesion changes in target-independent sac-
cadic behavior. More broadly, applying the same response taxonomy
in macaques and human patients may help establish a common
behavioral framework for studying the emergence, stabilization, and
possible rehabilitation of blindsight (Tamietto et al. 2026).

Acknowledgments

The authors thank C. Fransen, I. Puttemans, A. Hermans, C Ulens, S.
Riyahi, A. Coeman, S. Verstraeten, M. Depaep, and W. Depuydt for tech-
nical and administrative support, and Davide Orsenigo for invaluable
help and insightful suggestions. We also thank Dr A. Celeghin, Dr M.
Diano, and Dr C.A. Mendez for their mentorship, and Alessio Borriero,
Mathilda Froesel, Nora E. Fitzgerald, and Sara Riva for many helpful
discussions and their consistent support.

Author contributions

Alessia Sepe (Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Validation, Visualization, Writ-
ing—original draft, Writing—review & editing), Matteo Panormita
(Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing—original
draft, Writing—review & editing), Mark A.G. Eldridge (Writing—
review & editing), David A. Leopold (Conceptualization, Writing—
review & editing), Luca Bonini (Conceptualization, Funding acqui-
sition, Supervision, Writing—original draft, Writing—review &
editing), Wim Vanduffel (Conceptualization, Data curation, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Writing—original draft, Writing—review &
editing), and Marco Tamietto (Conceptualization, Funding acquisition,

Project administration, Resources, Supervision, Writing—original
draft, Writing—review & editing)

Supplementary material

Supplementary material is available at Cerebral Cortex online.

Funding

This work was funded by the European Research Council (ERC
LightUp under grant agreement 772953) and from the sub-project
(bando a cascata) “SPARKS” (CUP D93C22000930002) to MT; the
KU Leuven C14/21/111 and Program Horizon Europe under Grant
Agreement No. 101147319 EBRAINS 2.0 to WV,; PRIN 2022 (Grant ID:
2022NEES537) from the Ministry of University and Research (MUR) to
L.B. and M.T; the National Recovery and Resilience Plan (PNRR) and
#NEXTGENERATIONEU (NGEU) project “MNESYS” (PE00000006)—A
Multiscale integrated approach to the study of the nervous system
in health and disease (DN. 1553 11.10.2022) to L.B; and from the IRP
grant: Z01MH002838 to D.L. This research was supported in part
by the Intramural Research Program of the National Institutes of
Health (NIH). The contributions of the NIH author are considered
Works of the United States Government. The findings and conclusions
presented in this paper are those of the author(s) and do not
necessarily reflect the views of the NIH or the U.S. Department of
Health and Human Services.

Conflicts of interest

None declared.

Data and code availability

Data and code are available upon request.

Disclosure

Marco Tamietto is a Reviewing Editor at Cerebral Cortex and recused
himself from any aspects of editorial decision making for this article.
Full peer-review for this manuscript was handled by Editor-in-Chief
Marina Pavlova.

References

Ajina S, Pestilli F, Rokem A, Kennard C, Bridge H. 2015. Human blindsight
is mediated by an intact geniculo-extrastriate pathway. Elife. 4:1-23.
https://doi.org/10.7554/eLife.08935.

Ajina S, Rees G, Kennard C, Bridge H. 2015. Abnormal contrast
responses in the extrastriate cortex of blindsight patients. J Neurosci.
35:8201-8213. https://doi.org/10.1523/[]NEUROSCI.3075-14.2015.

Armendariz M, Ban H, Welchman AE, Vanduffel W. 2019. Areal differ-
ences in depth cue integration between monkey and human. PLoS
Biol. 17:e2006405. https://doi.org/10.1371/journal.pbio.2006405.

Arsenault JT, Rima S, Vanduffel W. 2018. Attention shifts recruit the
monkey default mode network. ] Neurosci. 38:1202-1217. https://doi.
org/10.1523/JNEUROSCI.1111-17.2017.

Azzopardi P, Cowey A. 1997. Is blindsight like normal, near-threshold
vision? Proc Natl Acad Sci USA. 94:14190-14194. https://dol.org/10.
1073/pnas.94.25.14190.

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhag138#supplementary-data
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.7554/eLife.08935
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1523/JNEUROSCI.3075-14.2015
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1371/journal.pbio.2006405
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1523/JNEUROSCI.1111-17.2017
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190
https://doi.org/10.1073/pnas.94.25.14190

Azzopardi P, Cowey A. 1998. Blindsight and visual awareness. Conscious
Cogn. 7:292-311. https://doi.org/10.1006/ccog.1998.0358.

Barbot A et al. 2021. Spared perilesional V1 activity underlies training-
induced recovery of luminance detection sensitivity in cortically-
blind patients. Nat Commun. 12:6102. https://doi.org/10.1038/s41467
-021-26345-1.

Basso MA, Bickford ME, Cang J. 2021. Unraveling circuits of visual
perception and cognition through the superior colliculus. Neuron.
109:918-937. https://doi.org/10.1016/j.neuron.2021.01.013.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J R Stat Soc
Ser B Methodol. 57:289-300. https://doi.org/10.1111/j.2517-6161.1995.
th02031.x.

Berman RA, Cavanaugh ], McAlonan K, Wurtz RH. 2017. A cir-
cuit for saccadic suppression in the primate brain. | Neurophysiol.
117:1720-1735. https://doi.org/10.1152/jn.00679.2016.

Bourne JA et al. 2024. Development of higher-level vision: a net-
work perspective. ] Neurosci. 44:e1291242024. https://doi.org/10.1523/
JNEUROSCI.1291-24.2024.

Bridge H, Leopold DA, Bourne JA. 2016. Adaptive pulvinar circuitry
supports visual cognition. Trends Cogn Sci. 20:146-157. https://doi.org/
10.1016/j.tics.2015.10.003.

Cavanaugh MR, Huxlin KR. 2017. Visual discrimination training
improves Humphrey perimetry in chronic cortically induced blind-
ness. Neurology. 2017:1-9.

Cavanaugh MR et al. 2015. Visual recovery in cortical blindness is limited
by high internal noise. J Vis. 15:1-18.

Cavanaugh J, Berman RA, Joiner WM, Wurtz RH. 2016. Saccadic corollary
discharge underlies stable visual perception. | Neurosci. 36:31-42.
https://doi.org/10.1523/JNEUROSCI.2054-15.2016.

Cavanaugh MR, Barbot A, Carrasco M, Huxlin KR. 2019. Feature-based
attention potentiates recovery of fine direction discrimination in
cortically blind patients. Neuropsychologia. 128:315-324. https://doi.
org/10.1016/j.neuropsychologia.2017.12.010.

Celeghin A et al. 2017. Intact hemisphere and corpus callosum compen-
sate for visuomotor functions after early visual cortex damage. Proc
Natl Acad Sci USA. 114:E10475-E10483. https://doi.org/10.1073/pnas.
1714801114.

Celeghin A et al. 2019. Functional neuroanatomy of blindsight revealed
by activation likelihood estimation meta-analysis. Neuropsychologia.
128:109-118. https://doi.org/10.1016/j.neuropsychologia.2018.06.007.

Chokron § et al. 2008. From blindsight to sight: cognitive rehabilitation
of visual field defects. Restor Neurol Neurosct. 26:305-320. https://doi.
0rg/10.3233/RNN-2008-00444.

Cowey A, Stoerig P. 1995. Blindsight in monkeys. Nature. 373:247-249.
https://doi.org/10.1038/373247a0.

Danckert J, Rossetti Y. 2005. Blindsight in action: what can the different
sub-types of blindsight tell us about the control of visually guided
actions? Neurosci Biobehav Rev. 29:1035-1046. https://doi.org/10.1016/
jneubiorev.2005.02.001.

Danckert J, Tamietto M, Rossetti Y. 2019. Definition: blindsight. Cortex.
119:569-570. https://doi.org/10.1016/j.cortex.2019.01.027.

Das A, Tadin D, Huxlin KR. 2014. Beyond blindsight: properties of
visual relearning in cortically blind fields. ] Neurosci. 34:11652-11664.
https://doi.org/10.1523/J]NEUROSCL.1076-14.2014.

Diano M et al. 2025. In vivo parcellation of the human superior colliculus
from brain-wide probabilistic connectivity. Proc Natl Acad Sci USA.
122:€2518549122. https://doi.org/10.1073/pnas.2518549122.

Dorris MC, Paré M, Munoz DP. 1997. Neuronal activity in monkey
superior colliculus related to the initiation of saccadic eye move-
ments. ] Neurosct. 17:8566-8579. https://doi.org/10.1523/JNEUROSCL
17-21-08566.1997.

Cerebral Cortex, 2026, Vol. 36, Issue9 | 19

Ekstrom LB, Roelfsema PR, Arsenault JT, Bonmassar G, Vanduffel
W. 2008. Bottom-up dependent gating of frontal signals in early
visual cortex. Science. 321:414-417. https://doi.org/10.1126/science.
1153276.

Ekstrom LB, Roelfsema PR, Arsenault JT, Kolster H, Vanduffel W.
2009. Modulation of the contrast response function by electrical
microstimulation  of the macaque frontal eye field.
J Neurosci. 29:10683-10694. https://doi.org/10.1523/JNEUROSCL
0673-09.2009.

Fattori P et al. 2009. Hand orientation during reach-to-grasp movements
modulates neuronal activity in the medial posterior parietal area V6A.
J Neurosci. 29:1928-1936. https://doi.org/10.1523/[]NEUROSCL.4998-08.
20009.

Fisher NI. 1993. Statistical analysis of circular data. Cambridge Univer-
sity Press. https://doi.org/10.1017/CBO9780511564345.

Fox DM, Goodale MA, Bourne JA. 2020. The age-dependent neural sub-
strates of blindsight. Trends Neurosci. 43:242-252. https://doi.org/10.
1016/j.tins.2020.01.007.

Girard P, Salin PA, Bullier J. 1991. Visual activity in areas V3a and
V3 during reversible inactivation of area V1 in the macaque mon-
key. ] Neurophysiol. 66:1493-1503. https://doi.org/10.1152/jn.1991.66.
5.1493.

Girard P, Salin PA, Bullier J. 1992. Response selectivity of neurons in area
MT of the macaque monkey during reversible inactivation of area
V1. ] Neurophysiol. 67:1437-1446. https://doi.org/10.1152/jn.1992.67.6.
1437.

Gold JI, Shadlen MN. 2007. The neural basis of decision making. Annu
Rev Neurosci. 30:535-574. https://doi.org/10.1146/annurev.neuro.29.
051605.113038.

Goodale M. 2011. Transforming vision into action. Vis Res. 51:1567-1587.
https://doi.org/10.1016/j.visres.2010.07.027.

Hafed ZM, Hoffmann KP, Chen CY, Bogadhi AR. 2023. Visual functions
of the primate superior colliculus. Annu Rev Vis Sci. 9:361-383. https:/
doi.org/10.1146/annurev-vision-111022-123817.

Hasson U, Levy [, Behrmann M, Hendler T, Malach R. 2002. Eccentricity
bias as an organizing principle for human high-order object areas.
Neuron. 34:479-490. https://doi.org/10.1016/S0896-6273(02)00662-1.

Huxlin KR et al. 2009. Perceptual relearning of complex visual motion
after V1 damage in humans. ] Neurosci. 29:3981-3991. https://doi.org/
10.1523/JNEUROSCI.4882-08.2009.

Toannides AA et al. 2012. Spatiotemporal profiles of visual processing
with and without primary visual cortex. Neurolmage. 63:1464-1477.
https://doi.org/10.1016/j.neuroimage.2012.07.058.

Isa T, Yoshida M. 2009. Saccade control after V1 lesion revisited. Current
Opinion in Neurobiology, 19:608-614. https://doi.org/10.1016/j.conb.
2009.10.014.

Isa T, Yoshida M. 2021. Neural mechanism of blindsight in a
macaque model. Neuroscience. 469:138-161. https://doi.org/10.1016/j.
neuroscience.2021.06.022.

Isa T, Marquez-Legorreta E, Grillner S, Scott EK. 2021. The tectum/supe-
rior colliculus as the vertebrate solution for spatial sensory integra-
tion and action. Curr Biol. 31:R741-R762. https://doi.org/10.1016/j.cub.
2021.04.001.

Kaas JH, Lyon DC. 2007. Pulvinar contributions to the dorsal and ventral
streams of visual processing in primates. Brain Res Rev. 55:285-296.
https://doi.org/10.1016/j.brainresrev.2007.02.008.

Kaas JH, Lyon DC. 2018. Pulvinar contributions to the dorsal and
ventral streams of visual processing in primates. Cereb Cortex. 28:
2318-2329.

Kato Retal. 2021. The posterior parietal cortex contributes to visuomotor
processing for saccades in blindsight macaques. Commun Biol. 4:278.
https://doi.org/10.1038/s42003-021-01804-z.

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]


https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1006/ccog.1998.0358
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1038/s41467-021-26345-1
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1016/j.neuron.2021.01.013
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1152/jn.00679.2016
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1523/JNEUROSCI.1291-24.2024
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1016/j.tics.2015.10.003
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1523/JNEUROSCI.2054-15.2016
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1016/j.neuropsychologia.2017.12.010
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1073/pnas.1714801114
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.1016/j.neuropsychologia.2018.06.007
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.3233/RNN-2008-00444
https://doi.org/10.1038/373247a0
https://doi.org/10.1038/373247a0
https://doi.org/10.1038/373247a0
https://doi.org/10.1038/373247a0
https://doi.org/10.1038/373247a0
https://doi.org/10.1038/373247a0
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.neubiorev.2005.02.001
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1016/j.cortex.2019.01.027
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1073/pnas.2518549122
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1523/JNEUROSCI.17-21-08566.1997
https://doi.org/10.1126/science.1153276
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.0673-09.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1017/CBO9780511564345
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1016/j.tins.2020.01.007
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1991.66.5.1493
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1152/jn.1992.67.6.1437
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1146/annurev.neuro.29.051605.113038
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1016/j.visres.2010.07.027
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1523/JNEUROSCI.4882-08.2009
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.neuroimage.2012.07.058
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.conb.2009.10.014
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.neuroscience.2021.06.022
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.cub.2021.04.001
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z
https://doi.org/10.1038/s42003-021-01804-z

20 | Cerebral Cortex, 2026, Vol. 36, Issue 9

Kepecs A, Uchida N, Zariwala H, Mainen Z. 2008. Neural correlates,
computation and behavioural impact of decision confidence. Nature.
455:227-231. https://doi.org/10.1038/nature07200.

Kinoshita M et al. 2019. Dissecting the circuit for blindsight to reveal the
critical role of pulvinar and superior colliculus. Nat Commun. 10:135.
https://doi.org/10.1038/s41467-018-08058-0.

Kletenik I et al. 2022. Network localization of unconscious visual per-
ception in blindsight. Ann Neurol. 91:217-224. https://doi.org/10.1002/
ana.26292.

Landler L, Ruxton GD, Malkemper EP. 2018. Circular data in biol-
ogy: advice for effectively implementing statistical procedures.
Behav Ecol Sociobiol. 72:128. https://doi.org/10.1007/s00265-018-2538
-y.

Martin T, Das A, Huxlin K. 2012. Visual cortical activity reflects faster
accumulation of information from cortically blind fields. Brain.
135:3440-3452. https://doi.org/10.1093/brain/aws272.

McPeek RM, Han JH, Keller EL. 2003. Competition between saccade goals
in the superior colliculus produces saccade curvature. | Neurophysiol.
89:2577-2590. https://doi.org/10.1152/jn.00657.2002.

Mikellidou K, Turi M, Burr DC. 2017. Spatiotopic coding during
dynamic head tilt. /| Neurophysiol. 117:808-817. https://doi.org/10.
1152/jn.00508.2016.

Mohler CW, Wurtz RH. 1977. Role of striate cortex and superior colliculus
in visual guidance of saccadic eye movements in monkeys. | Neuro-
physiol. 40:74-94. https://doi.org/10.1152/jn.1977.40.1.74.

Moore T, Rodman HR, Repp AB, Gross CG. 1995. Localization of visual
stimuli after striate cortex damage in monkeys: parallels with human
blindsight. Proc Natl Acad Sci USA. 92:8215-8218. https://doi.org/10.
1073/pnas.92.18.8215.

Mundinano IC et al. 2018. Transient visual pathway critical for normal
development of primate grasping behaviour. Proc Natl Acad Sci USA.
115:1364-1369. https://doi.org/10.1073/pnas.1717016115.

Overgaard M. 2011. Visual experience and blindsight: a methodological
review. Exp Brain Res. 209:473-479. https://doi.org/10.1007/s00221
-011-2578-2.

Poppel E, Held R, Frost D. 1973. Residual visual function after brain
wounds involving the central visual pathways in man. Nature.
243:295-296.

Pollock A et al. 2019. Interventions for visual field defects in people
with stroke. Cochrane Database Syst Rev. 5:CD008388. https://doi.org/
10.1002/14651858.CD008388.pub3.

Rao JS. 1976. Some tests based on arc-lengths for the circle. Sankhya Ser
B. 38:329-338.

Rayleigh L. 1880. XII. On the resultant of a large number of vibrations of
the same pitch and of arbitrary phase. Lond Edin Dubl Phil Mag J Sci.
10:73-78. https://doi.org/10.1080/14786448008626893.

Ro T, Rafal R. 2006. Visual restoration in cortical blindness: insights
from natural and TMS-induced blindsight. Neuropsychol Rehabil.
16:377-396. https://doi.org/10.1080/09602010500435989.

Russell GS, Levitin DJ. 1995. An expanded table of probability values for
Rao’s spacing test. Commun Stat Simul Comput. 24:879-888. https://doi.
org/10.1080/03610919508813281.

Sahraie A et al. 2010. Improved detection following neuro-eye therapy in
patients with post-geniculate brain damage. Exp Brain Res. 206:25-34.
https://doi.org/10.1007/s00221-010-2395-z.

Sahraie A, Trevethan CT, MacLeod M], Weiskrantz L, Hunt AR. 2013. The
continuum of detection and awareness of visual stimuli within the
blindfield: from blindsight to the sighted-sight. Invest Ophthalmol Vis
Sci. 54:3579-3585. https://doi.org/10.1167/iovs.12-11231.

Sahraie A, Cederblad AMH, Kenkel S, Romano JG. 2020. Efficacy and
predictors of recovery of function after eye movement training in 296

hemianopic patients. Cortex. 125:149-160. https://dol.org/10.1016/j.
cortex.2019.12.005.

Saionz EL, Tadin D, Melnick MD, Huxlin KR. 2020. Functional preserva-
tion and enhanced capacity for visual restoration in subacute occip-
ital stroke. Brain. 143:1857-1872. https://doi:https://doi.org/10.1093/
brain/awaa128. https://doi.org/10.1093/brain/awaal28.

Schall JD, Thompson KG. 1999. Neural selection and control of visually
guided eye movements. Annu Rev Neurosci. 22:241-259. https://doi.
org/10.1146/annurev.neuro.22.1.241.

Schmid MC et al. 2010. Blindsight depends on the lateral geniculate
nucleus. Nature. 466:373-377. https://doi.org/10.1038/nature09179.
Schuett S, Kentridge RW, Zihl ], Heywood CA. 2009. Adaptation of
eye movements to simulated hemianopia in reading and visual
exploration: transfer or specificity? Neuropsychologia. 47:1712-1720.

https://doi.org/10.1016/j.neuropsychologia.2009.02.010.

Sepe A et al. 2025. Lateralized visuotopic organization in the macaque
superior colliculus revealed by fMRIL Prog Neurobiol. 254:102842.
https://doi.org/10.1016/j.pneurobio.2025.102842.

Silvanto J. 2015. Why is “blindsight” blind? A new perspective
on primary visual cortex, recurrent activity and visual aware-
ness. Conscious Cogn. 32:15-32. https://doi.org/10.1016/j.concog.2014.
08.001.

Sincich LC, Park KF, Wohlgemuth M], Horton JC. 2004. Bypassing V1: a
direct geniculate input to area MT. Nat Neurosci. 7:1123-1128. https://
doi.org/10.1038/nn1318.

Striemer CL, Chapman CS, Goodale MA. 2009. “Real-time”
obstacle avoidance in the absence of primary visual cortex.
Proc Natl Acad Sci USA. 106:15996-16001. https://doi.org/10.1073/
pnas.0905549106.

Summerfield C, de Lange FP. 2014. Expectation in perceptual decision
making: neural and computational mechanisms. Nat Rev Neurosci.
15:745-756. https://doi.org/10.1038/nrn3838.

Super H, Spekreijse H, Lamme VAF. 2001. Two distinct modes of sensory
processing observed in monkey primary visual cortex (V1). Nat Neu-
rosci. 4:304-310. https://doi.org/10.1038/85170.

Takakuwa N et al. 2023. Protocol for making an animal model of “blind-
sight” in macaque monkeys. STAR Protoc. 4:101960. https://doi.org/10.
1016/j.xpro.2022.101960.

Tamietto M, Morrone MC. 2016. Visual plasticity: blindsight bridges
anatomy and function in the visual system. Curr Biol. 26:R70-R73.
https://doi.org/10.1016/j.cub.2015.11.026.

Tamietto M, Orsenigo D, Chittka L. 2026. Bees, blindsight, and con-
sciousness. Trends Cogn Sci. 30:6-9. https://doi.org/10.1016/j.tics.2025.
10.010.

Tinelli F et al. 2013. Blindsight in children with congenital and
acquired cerebral lesions. Cortex. 49:1636-1647. https://doi.org/10.
1016/j.cortex.2012.07.005.

Van den Stock ], Tamietto M, Hervais-Adelman A, Pegna AJ, de Gelder
B. 2015. Body recognition in a patient with bilateral primary visual
cortex lesions. Biol Psychiatry. 77:e31-e33. https://doi.org/10.1016/j.
biopsych.2013.06.023.

Vanduffel W et al. 2001. Visual motion processing investigated using
contrast agent-enhanced fMRI in awake behaving monkeys. Neuron.
32:565-577. https://doi.org/10.1016/S0896-6273(01)00502-5.

Warner CE et al. 2015. Preservation of vision by the pulvinar following
early-life primary visual cortex lesions. Curr Biol. 25:424-434. https://
doi.org/10.1016/j.cub.2014.12.028.

Watson GS. 1961. Goodness-of-fit tests on a circle. Biometrika.
48:109-114. https://doi.org/10.1093/biomet/48.1-2.109.

Watson GS. 1962. Goodness-of-fit tests on a circle. II Biometrika. 49:57-63.
https://doi.org/10.1093/biomet/49.1-2.57.

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]


https://doi.org/10.1038/nature07200
https://doi.org/10.1038/nature07200
https://doi.org/10.1038/nature07200
https://doi.org/10.1038/nature07200
https://doi.org/10.1038/nature07200
https://doi.org/10.1038/nature07200
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1038/s41467-018-08058-0
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1002/ana.26292
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1007/s00265-018-2538-y
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1093/brain/aws272
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00657.2002
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.00508.2016
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1152/jn.1977.40.1.74
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.92.18.8215
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1073/pnas.1717016115
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1007/s00221-011-2578-2
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1002/14651858.CD008388.pub3
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/14786448008626893
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/09602010500435989
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1080/03610919508813281
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1007/s00221-010-2395-z
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1167/iovs.12-11231
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1016/j.cortex.2019.12.005
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1093/brain/awaa128
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1146/annurev.neuro.22.1.241
https://doi.org/10.1038/nature09179
https://doi.org/10.1038/nature09179
https://doi.org/10.1038/nature09179
https://doi.org/10.1038/nature09179
https://doi.org/10.1038/nature09179
https://doi.org/10.1038/nature09179
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.neuropsychologia.2009.02.010
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.pneurobio.2025.102842
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1016/j.concog.2014.08.001
https://doi.org/10.1038/nn1318
https://doi.org/10.1038/nn1318
https://doi.org/10.1038/nn1318
https://doi.org/10.1038/nn1318
https://doi.org/10.1038/nn1318
https://doi.org/10.1038/nn1318
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1073/pnas.0905549106
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/nrn3838
https://doi.org/10.1038/85170
https://doi.org/10.1038/85170
https://doi.org/10.1038/85170
https://doi.org/10.1038/85170
https://doi.org/10.1038/85170
https://doi.org/10.1038/85170
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.xpro.2022.101960
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.cub.2015.11.026
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.tics.2025.10.010
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.cortex.2012.07.005
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/j.biopsych.2013.06.023
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/S0896-6273(01)00502-5
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1016/j.cub.2014.12.028
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/48.1-2.109
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57
https://doi.org/10.1093/biomet/49.1-2.57

Weiskrantz L, Warrington EK, Sanders MD, Marshall ]J. 1974. Visual
capacity in the hemianopic field following a restricted occipital abla-
tion. Brain. 97:709-728. https://doi.org/10.1093/brain/97.1.709.

Willis HE et al. 2023. GABA and glutamate in hMT+ link to individual
differences in residual visual function after occipital stroke. Stroke.
54:2286-2295. https://doi.org/10.1161/STROKEAHA.123.043269.

Willis HE et al. 2024a. Rehabilitating homonymous visual field deficits:
white matter markers of recovery-stage 1 registered report. Brain
Commun. 6:fcae324. https://doi.org/10.1093/braincomms/fcae324.

Willis HE et al. 2024b. Rehabilitating homonymous visual field deficits:
white matter markers of recovery-stage 2 registered report. Brain
Commun. 6:fcae323. https://doi.org/10.1093/braincomms/fcae323.

Willis HE et al. 2025. Voxel-based lesion—-symptom mapping localizes
residual visual function in hemianopia. | Neurosci. 45:1263242024.
https://doi.org/10.1523/]NEUROSCL.1263-24.2024.

Willis HE et al. 2025b. Persistence of training-induced visual improve-
ments after occipital stroke. Prog Brain Res, 292:113-142, https://doi.
org/10.1016/bs.pbr.2024.12.001, Elsevier.

Cerebral Cortex, 2026, Vol. 36, Issue9 | 21

Yoshida M, Isa T. 2015. Signal detection analysis of blindsight in mon-
keys. Sct Rep. 5:10755. https://doi.org/10.1038/srep10755.

Yoshida M, Takaura K, Kato R, Tkeda T, Isa T. 2008. Striate cortical
lesions affect deliberate decision and control of saccade: implication
for blindsight. J Neurosci. 28:10517-10530. https://doi.org/10.1523/
JNEUROSCI.1973-08.2008.

Yu X, Yamaguchi R, Isa T. 2024. How to study subjective experience in an
animal model of blindsight? Neurosci Res. 201:39-45. https://doi.org/
10.1016/j.neures.2023.09.001.

Zar JH. 2010. Biostatistical analysis, 5th edn. Pearson Prentice Hall.

Zihl J, von Cramon D. 1980. Registration of light stimuli in the corti-
cally blind hemifield and its effect on localization. Behav Brain Res.
1:287-298. https://doi.org/10.1016/0166-4328(80)90022-4.

Zihl ], Kentridge RW, Pargent F, Heywood CA. 2021. Aging and
the rehabilitation of homonymous hemianopia: the efficacy of
compensatory eye-movement training techniques and a five-year
follow up. Aging Brain. 1:100012. https://doi.org/10.1016/j.nbas.2021.
100012.

© The Author(s) 2026. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any

medium, provided the original work is properly cited.
Cerebral Cortex, 2026, 36, bhagd 38
https://doi.org/10.1093/cercor/bhag138

Feature Article

9202 1200190 S0 uo 1sanb Aq | 98+988/8€ | BeYq/6/9€/3]0111B/100190/W02°dNO"DILUSPEIE WOl PAPEROJUMO(]


https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1093/brain/97.1.709
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1161/STROKEAHA.123.043269
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae324
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1093/braincomms/fcae323
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1523/JNEUROSCI.1263-24.2024
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1016/bs.pbr.2024.12.001
https://doi.org/10.1038/srep10755
https://doi.org/10.1038/srep10755
https://doi.org/10.1038/srep10755
https://doi.org/10.1038/srep10755
https://doi.org/10.1038/srep10755
https://doi.org/10.1038/srep10755
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1523/JNEUROSCI.1973-08.2008
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/j.neures.2023.09.001
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/0166-4328(80)90022-4
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://doi.org/10.1016/j.nbas.2021.100012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/cercor/bhag138

	 Early postlesional visuomotor capacity after V1 damage in the macaque
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Author contributions
	Supplementary material
	Funding
	Conflicts of interest
	Data and code availability
	Disclosure


