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Striate Cortical Lesions Affect Deliberate Decision and
Control of Saccade: Implication for Blindsight
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Monkeys with unilateral lesions of the primary visual cortex (V1) can make saccades to visual stimuli in their contralateral (“affected”)
hemifield, but their sensitivity to luminance contrast is reduced. We examined whether the effects of V1 lesions were restricted to vision
or included later stages of visual– oculomotor processing. Monkeys with unilateral V1 lesions were tested with a visually guided saccade
task with stimuli in various spatial positions and of various luminance contrasts. Saccades to the stimuli in the affected hemifield were
compared with those to the near-threshold stimuli in the normal hemifield so that the performances of localization were similar. Scatter
in the end points of saccades to the affected hemifield was much larger than that of saccades to the near-threshold stimuli in the normal
hemifield. Additional analysis revealed that this was because the initial directional error was not as sufficiently compensated as it was in
the normal hemifield. The distribution of saccadic reaction times in the affected hemifield tended to be narrow. We modeled the
distribution of saccadic reaction times by a modified diffusion model and obtained evidence that the decision threshold for initiation of
saccades to the affected hemifield was lower than that for saccades to the normal hemifield. These results suggest that the geniculostriate
pathway is crucial for on-line compensatory mechanisms of saccadic control and for decision processes. We propose that these results
reflect deficits in deliberate control of visual– oculomotor processing after V1 lesions, which may parallel loss of visual awareness in
human blindsight patients.
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Introduction
Some patients with damage to the primary visual cortex (V1)
retain their ability to localize visual targets by either saccades or
pointing by hand in their contralateral hemifield (“blindsight” or
“residual vision”) (Poppel et al., 1973; Sanders et al., 1974; Weisk-
rantz et al., 1974). Blindsight has attracted attention of many
researchers as “vision without awareness” (Dennett, 1991; Kaas,
1995; Chalmers, 1996; Block, 2005; Lamme, 2006). Saccades to
visual stimuli are also retained in macaque monkeys with unilat-
eral V1 lesions (Mohler and Wurtz, 1977; Segraves et al., 1987).
However, these authors also provided evidence that saccades to
visual stimuli became inaccurate just after the lesion (Mohler and
Wurtz, 1977) or after recovery (Segraves et al., 1987), which was
not investigated further. These studies led us to examine whether
V1 lesions affect not only vision but also other aspects of visual–
oculomotor processing.

Visual– oculomotor processing comprises various compo-
nents. Monkey neurophysiological studies have demonstrated at
the single-neuron level that various brain regions participate in
each of these components: visual detection (Supèr et al., 2001),
perceptual decision (Gold and Shadlen, 2007), target selection
(Schall and Thompson, 1999), saccade initiation (Dorris et al.,
1997), and control of trajectory during saccades (McPeek et al.,
2003). In this study, we examined the effects of V1 lesions on two
components of visual– oculomotor processing: control of trajec-
tory during saccades and decision of saccade initiation.

We made unilateral lesions of V1 in macaque monkeys and
systematically investigated saccades to the contralateral (“af-
fected”) and ipsilateral (“normal”) hemifields. Because it is al-
ready known that the sensitivity to luminance contrast of stimuli
is reduced in V1-lesioned monkeys (Cowey and Stoerig, 2004),
the effects of V1 lesions on visibility must also be considered. For
this purpose, various properties of the saccades to the affected
hemifield were compared with those of the saccades to the low-
contrast, near-threshold stimuli in their normal hemifield so that
the success ratio of target localization was similar between the two
conditions. We obtained evidence suggesting that the inaccuracy
of saccades to the affected hemifield was not only attributable to
insufficient visual information but also to deficits in saccadic
control.

Decision processes in human and monkey have been success-
fully modeled by rise-to-threshold models (Carpenter and Wil-
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liams, 1995; Hanes and Schall, 1996; Reddi
and Carpenter, 2000; Ratcliff et al., 2003,
2007; Ratcliff and Smith, 2004; Palmer et
al., 2005; Nakahara et al., 2006) based on
the distributions of saccadic reaction
times. To examine the effects of V1 lesions
on decision of saccade initiation, we
adopted the diffusion model, which incor-
porates success ratio and the reaction
times of both correct and error trials (Rat-
cliff, 2001; Ratcliff and Tuerlinckx, 2002).
The modeling revealed that the decision
threshold for saccade initiation was lower
in the affected hemifield than in the nor-
mal hemifield. Together, these results sug-
gest that V1 lesions affect various stages of
visual– oculomotor processing; decision
making and oculomotor control. The rel-
evance of such difference to conscious and
unconscious visual processing will be dis-
cussed from the perspective of blindsight.

Materials and Methods
Animals. Two Japanese monkeys (Macaca fus-
cata; monkey A, male, body weight of 9.0 kg;
monkey T, female, body weight of 6.5 kg) were
implanted with scleral search coils (Judge et al.,
1980) and a head holder. All surgeries were per-
formed under aseptic conditions as described
previously (Kobayashi et al., 2002; Watanabe et
al., 2005). Anesthesia was induced by adminis-
tration of xylazine hydrochloride (2 mg/kg,
i.m.) and ketamine hydrochloride (5 mg/kg,
i.m.) and was maintained with isoflurane (1.0 –
1.5%). All experimental procedures were per-
formed in accordance with the National Insti-
tutes of Health Guidelines for the Care and Use of
Laboratory Animals and approved by the Com-
mittee for Animal Experiment at National In-
stitute of Natural Sciences. The monkeys were
allowed to recover for �2 weeks before starting
the preoperative training.

Preoperative training. The monkeys sat in a primate chair with their
heads in a fixed position and were trained to perform a visually guided
saccade task with four possible targets for a liquid reward. Eye move-
ments were recorded using the magnetic search coil (Robinson, 1963)
with a resolution of 0.1°. Horizontal and vertical eye positions were sam-
pled at 1 kHz. Visual stimuli were presented on a cathode ray tube (CRT)
monitor (21 inch, Mitsubishi model RD21GZ) positioned 28 cm from
the eyes. Visual displays and data storage were controlled using comput-
ers running a real-time data acquisition system (Reflective computing,
Tempo for Windows) with a dynamic link to Matlab (MathWorks). At
the beginning of each trial, the fixation point (FP) appeared at the center
of the screen, and monkeys were required to move their eyes to the FP.
The duration of fixation was varied randomly between 400 and 1000 ms.
When the eye positions deviated �1.5° from the FP, the trial was aborted.
The saccadic target (a small spot of light 0.45° in diameter) appeared in
the peripheral visual field concurrently with the offset of the FP. Monkeys
were rewarded with fruit juice 200 –500 ms after correctly making a sac-
cade to the target and then maintaining fixation for 100 –300 ms in the
target window (size, 2–3°). Target eccentricity was fixed at 10°. Target
direction was either upper 30° or lower 30° for both hemifields. A small
percentage of trials with saccadic reaction times �80 ms were considered
to be trials with anticipatory saccades and were omitted from the analysis.
Trials with saccadic reaction times �700 ms were rare and were also omitted
from the analysis. Intertrial intervals ranged from 1500 to 2000 ms.

Unilateral V1 lesion. To study residual vision after V1 lesion, it is

important to exclude the possibility that the spared cortex contributes to
the residual vision (Campion et al., 1983; Fendrich et al., 1992). Thus,
lesion should cover all of the corresponding visual field tested (5–25° in
eccentricity). This corresponds to the posterior half of operculum, dorsal
and ventral leaf and roof of calcarine sulcus, and the most posterior part
of the stem of calcarine sulcus (Daniel and Whitteridge, 1961; Gattass et
al., 1981; Van Essen et al., 1984). Under anesthesia, these cortices (Fig. 1)
were surgically removed by aspiration with a small-gauge metal suction
tube. After surgery, the monkeys were given penicillin G (80,000 units/d,
i.m.) and cefmetazole (0.5 g/d, i.m.) as an antibiotics and dexamethasone
sodium phosphate (0.5 mg/kg, i.m.) to minimize brain edema. Magnetic
resonance images (MRIs) of the brains of these monkeys were acquired
before and after the surgery (Fig. 1 B–D). The acquisition sequence was
three-dimensional magnetization-prepared rapid-acquisition gradient
echo. The voxel size was 0.82 � 0.82 � 0.81 mm.

Postoperative training. Postoperative training was started 6 d (monkey
A) or 21 d (monkey T) after the surgery, at which time the monkeys’
general behavior in the cage looked normal. Initial recovery after V1
lesion was assessed with the same task as that of the preoperative training
(supplemental Figs. 2S, 3S and supplemental Results, available at www.j-
neurosci.org as supplemental material).

Behavioral task. After the postoperative training, the monkeys were
tested with a visually guided saccade task with various target positions
and various luminance contrasts. The saccadic target was presented in
one of two to three eccentricities (5, 10, 15, 20, or 25°) in one of five
directions (upper 60°, upper 30°, 0°, lower 30°, or lower 60°). Luminance

Figure 1. Lesion site. A, Drawing of horizontal section of macaque brain. The left V1s are drawn in red. B–D, Magnetic
resonance images of monkey brains before and after V1 lesion. Axial slices. B, Monkey A, 4 weeks preoperative. C, Monkey A, 1
week postoperative. D, Monkey T, 1 week postoperative. L, Left; R, right.
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of the target spot was calibrated by measuring luminance of a large spot of
light with different intensity (from 0 to 255 in two or five steps) on the
CRT screen with CS-100 (Konica Minolta). The procedure was repeated
occasionally to ensure the luminance of the monitor was stable. Lumi-
nance contrast of the targets was expressed as Michelson contrast and
ranged from 0.05 to 0.9. The target was 0.45° in diameter. In 45 sessions,
the possible target positions were limited to one of the hemifields (mon-
key T, affected hemifield included 12 sessions, normal hemifield in-
cluded 13 sessions; monkey A, affected hemifield included 10 sessions,
normal hemifield included 10 sessions). In 21 sessions, targets were pre-
sented randomly in both hemifields (monkey T, 10 sessions; monkey A,
11 sessions). Because similar results were obtained from both kinds of
sessions, data were merged for analysis (see also supplemental Results,
available at www.jneurosci.org as supplemental material). Monkeys were
rewarded for moving their eyes to the invisible target window (variable
across target eccentricities, typically, 4° radius in 10° in eccentricity and
7.5° radius in 20° in eccentricity) within 700 ms after the target onset and
within 150 –250 ms after the saccade onset. The latter criterion was set to
discourage the monkeys from making multiple saccades to foveate the
saccadic target. There was no difference in reward criteria for time win-

dows and spatial windows between the hemi-
fields. Background luminance was set at 1 or 3
cd/m 2, because comparable values were chosen
in neurophysiological studies that investigated
visual response of V1 neurons to stimuli pre-
sented in the natural blind spot in macaque
monkeys (Murakami et al., 1997; Komatsu et
al., 2000). In these studies, the effects of light
scattering from the natural blind spot must be
avoided. The precise time of target presentation
on the CRT monitor was checked using a photo
diode in the initial stage of experimental setup.
The error between the time of the stimulus on-
set recorded in the software and that measured
optically was at most �6 ms, which is consistent
with the frame rate of the CRT monitor, 80 Hz.

Calibration for saccade measurement. We fol-
lowed the procedure as described previously
(Aizawa and Wurtz, 1998). Briefly, we used an
eight-parameter model of the eye-coil system to
make the conversion from the measured eye
position to the actual eye position. To obtain
values for the eight parameters used for calibra-
tion of the experimental data, calibration ses-
sions were inserted occasionally in the testing
sessions. The task of the calibration sessions was
essentially the same as that used for testing ses-
sions (see above, Behavioral task), but monkeys
had to maintain fixation for 1000 ms after cor-
rectly making saccades to the target. The mean
eye position during 750 –1000 ms of the fixation
period was used for calibration.

Analysis of saccadic eye movements. Localiza-
tion of the target was evaluated by calculating
the ratio of success trials among all trials (“suc-
cess ratio”). The trial was considered successful
when the directional error of a saccade was
�15°. Discrimination of the target positions
was evaluated by calculating the discrimination
index; first, the distribution of the directional
component of end points in polar coordinates
was plotted as a histogram (Fig. 2 B). The bin
width was 2°. Then, the discrimination index
was defined as the area under the curve (AUC)
of the receiver operating characteristic (ROC)
curve from two distributions of end points with
neighboring targets. Thus, for each eccentricity,
the discrimination indices were obtained from
four neighboring target pairs. When the two
distributions were perfectly separated, the dis-

crimination index was one. When the two distributions were perfectly
overlapped, the discrimination index was 0.5. Threshold for luminance
contrast was defined as the luminance contrast at which the psychomet-
ric function intersected the line representing a success ratio of 0.79. We
chose this value because the value corresponds to the sensitivity value d�
� 2 in the five-alternative forced choice, in signal detection theory, thus
ensuring that it is near threshold. The saccadic reaction time was defined
as the interval between the target onset and the saccade onset. Saccades
were detected when the peak velocity of the polar component exceeded
200°/s, except for targets with 5° eccentricity, for which the criteria was
occasionally reduced to 100°/s. Then the onset time of the detected sac-
cade was defined as the time point preceding the detected saccade at
which the velocity exceeded 30°/s. The end point of the saccades was
defined as the spatial position at which the velocity of the saccade de-
clined below 30°/s after the saccadic onset. The initial direction of the
saccades was defined as the vector angle from the onset of saccade to the
point on the trajectory with 50% of the amplitude of the end point (see
Fig. 6 A). The variability of the saccadic end points and the initial direc-
tions was evaluated by constructing histograms of the directional com-

Figure 2. Residual vision and error in the saccadic end points. A, Distribution of the saccadic end points in the visually guided
saccade task. Colors of dots indicate the direction of the position of the saccadic targets. Monkey T. B, The distributions of the
directional components of end points (in polar coordinates) are plotted for saccades to the normal (top) and affected (bottom)
hemifields. The values were normalized so that the peak value for each curve was one. Monkey T. The bin size is 2°. Targets with
10° eccentricity. C, The discrimination index for each neighboring target pair (see Results) was separately plotted for the targets in
the normal and affected hemifields in monkey T (left) and monkey A (right). Circles, Median values. D, Left, Histograms of
directional errors (in polar coordinates) of the saccadic end points. Gray line, Trials with targets in the normal hemifield; black line,
trials with targets in the affected hemifield. Right, Histograms of the eye position errors (in polar coordinates) in fixation during
the calibration sessions. Gray line, Trials with fixation targets in the normal hemifield; black line, trials with fixation targets in the
affected hemifield. The arrows indicate the median values. Top, Monkey T; bottom, monkey A. The bin size is 1°.
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ponent (in 0.01° bins, smoothed by a Gaussian
filter with 1° SD) and by calculating the half-
width at half-height (HWHH) of the peak of the
histograms. In one target (25° in eccentricity,
upper 60° in direction, affected hemifield) of 50
possible targets of monkey A, the peak was not
reliably detected and the data were removed
from analysis. We adopted the HWHH because
it has the advantage that the value is invariant
for systematic errors in the end points. For sta-
tistical analysis, JMP 6 (SAS Institute) was used.

A modified diffusion model. The distributions
of the saccadic reaction times were modeled
based on the diffusion model (Ratcliff, 1978;
Ratcliff and Tuerlinckx, 2002; Ratcliff et al.,
2003). We adopted the diffusion model because
it incorporates the reaction times of both cor-
rect and error trials and thus it is suitable for
modeling responses to near-threshold stimuli
such as low-contrast spots (Carpenter and
Reddi, 2001; Ratcliff, 2001). Because the success
trials were evaluated by the direction of the end
points and the possible target directions for
each hemifield were five, the task in the present
study was treated as a five-alternative forced-
choice task. Thus, the original diffusion model,
designed for a two-alternative choice task, was
not directly applicable to our data. Thus, the
model was modified. The decision signals for
five targets were independently accumulated in
1 ms steps (see Fig. 9A, top). The decision signal
for the target accumulates with the accumula-
tion rate � and a Gaussian noise � (see Fig. 9A,
top). The decision signal for the nontargets ac-
cumulates with the accumulation rate 0 and a
Gaussian noise �, thus moving in a random-
walk manner. In the original diffusion model, a
saccade initiated at the time point when the dif-
ference between the decision signals of two
choices exceeded a decision threshold (Ratcliff, 1978). As a natural ex-
tension to the five-alternative forced choice task, we modified the model
so that a saccade initiated at the time point when the difference between
the maximal decision signal and the secondary maximal signal exceeded
the decision threshold � (see Fig. 9A, middle). The same rule was adopted
in modeling of a naming task (which was essentially a multi-alternative
choice task) by a counter model (Ratcliff and McKoon, 1997). The sac-
cadic reaction time was calculated as the sum of the time for the decision
signal to reach to the decision threshold Td and the time for the nonde-
cision component Tr (see Fig. 9A, middle). When the maximal decision
signal was the nontarget, the trial was classified as an error trial. By
repeating these procedures, the distributions of both success and error
trials were constructed from 10,000 simulated data for each parameter
(see Fig. 9A, bottom). The model contains three free parameters: �, �,
and Tr. � is a scaling factor, and both � and � was expressed relative to �.
For comparison of the decision thresholds � between the hemifields, it is
reasonable to evaluate them as the relative values to the noise level �
rather than as the absolute values. Here we set � at 10. For simplicity,
other possible components for variability were omitted. With this sim-
plification, the median of the distribution of the success trials and the
error trials are the same in the our model (Ratcliff and Tuerlinckx, 2002).

Fitting the distribution of the saccadic reaction time. We used the � 2

fitting method as described previously (Ratcliff and Tuerlinckx, 2002).
Briefly, the observed reaction times for the success and error trials were
separately grouped into six bins (at 0.1, 0.3, 0.5, 0.7, and 0.9 quantiles)
(see Fig. 10 A). In total, 12 bins of data for the observed data and the
simulated data were obtained. Then, � 2 statistics were obtained as the
sum of (O � E) 2/E across 12 bins, where O is the frequency of the
observed data and E is the frequency of the simulated data. The range and
step of the parameters for the simulated data were as follows: � from 0.10

to 1.60 in 0.01 steps; �, from 5 to 100 in 1 steps; Tr, from 50 to 160 ms in
1 ms steps. The simulated data with the smallest � 2 statistics were selected
as the best-fitted data. For statistical analyses of difference in the decision
thresholds � between the hemifields, the likelihood ratio test was used.
The likelihood functions L for the two models, one with different � for
different hemifields (H1) and another with the same � across hemifields
(H0), were calculated based on the number of trials in the bins for the
observed data and the simulated data (12 bins � 5 trial categories in total
for each monkey). If the goodness of fit of the model H1 is equally good as
that of the model H0, the likelihood ratio statistics 2 � [ln(L(H0)) �
ln(L(H1))] follows the � 2 distribution with the degree of freedom one.

Results
Organization of experimental results
First, we confirmed that the extent of the V1 lesion covered all of
the contralesional visual hemifield to be tested based on MR im-
aging (Fig. 1) and showed that there was a visual deficit that
resulted from the lesion, using the saccade localization task (Fig.
3A). Then we mapped the extent of lesion and showed that sen-
sitivity for luminance contrast was reduced by the V1 lesion in all
of the contralesional target positions (Fig. 3B,C). Finally, we
compared the saccadic properties between hemifields with visual
deficit (the affected hemifield) and without visual deficit (the
normal hemifield) using the same task as that used for test of
visual deficit (see Figs. 5–10).

Recovery of visually guided saccade after V1 lesion
The left V1s were removed by aspiration in two Japanese mon-
keys (Fig. 1). Brain MRIs 1 week after the lesions (Fig. 1C,D)

HH

VV

Figure 3. Sensitivity to luminance contrast. A, Psychometric functions. Left, The success ratio was plotted against the lumi-
nance contrast. Gray line, Trials with targets in the normal hemifield; black line, trials with targets in the affected hemifield. Target
eccentricity, 10°. Monkey T. Trials with different directions were merged for each hemifield. A dotted line indicates the success
ratio 0.79, which corresponds to d�� 2 in five-alternative forced choice in signal detection theory, used for defining the threshold
for luminance contrast. Both plots were fitted with logistic functions with statistical significance ( p � 0.01). Right, The discrim-
ination index was plotted against the luminance contrast for the same data as in left. The discrimination indices of four pairs of
neighboring targets were plotted against luminance contrasts. Gray lines, The normal hemifield; black lines, the affected hemi-
field. A dotted line indicates the chance level. B, The threshold for luminance contrast is displayed as a grayscale for each target
position. Monkey T. C, Same as in B but for monkey A.
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indicated that both the occipital cortex posterior to the lunate
sulcus and the banks of the calcarine sulcus were removed. Re-
construction of the lesion site suggest that the extent of lesion
covered all of the contralesional visual hemifield tested here (5–
25° in eccentricity) in both monkeys. For details, see supplemen-
tal Figure 1S and supplemental Results (available at www.
jneurosci.org as supplemental material). The performance of vi-
sually guided saccades to the affected hemifield dropped to
chance level just after the lesion but recovered in �2 months (for
details, see supplemental Figs. 2S, 3S and supplemental Results,
available at www.jneurosci.org as supplemental material). All of
the following results were obtained after the recovery.

Residual vision
The monkeys were tested with a visually guided saccade task with
targets in various positions and various luminance contrasts. In
this and next sections, the data of trials with stimuli of high lumi-
nance contrasts (�0.8) are presented. The data of all trials with
stimuli of various luminance contrasts (0.05– 0.9) are presented
below (see “Sensitivity to luminance contrast” and subsequent
sections).

The distribution of the saccadic end points for monkey T is
shown in Figure 2A. The monkey correctly made saccades to the
normal hemifield and also correctly localized the target position
in the affected hemifield, although the end points of saccades to
this hemifield were scattered. Discrimination of the targets was
evaluated by the distribution of the directional component of the
end points in polar coordinates for each target position (Fig. 2B).
In the normal hemifield, the mean discrimination index, com-
puted from the AUC of the ROC curve drawn from the two
distributions of end points with neighboring targets, was nearly 1,
which indicates perfect discrimination (Fig. 2C). The median
discrimination index in the affected hemifield (0.93 in monkey T
and 0.87 in monkey A) was significantly lower than that of the
normal hemifield ( p � 0.001, Wilcoxon’s signed ranks test) but
significantly higher than the chance level, 0.5 ( p � 0.0001, Wil-
coxon’s signed ranks test) in both monkeys (Fig. 2C). These re-
sults show that the monkeys with unilateral V1 lesions retained
their ability to localize visual targets by saccades. The possibility
that scattered light from targets in the affected hemifield contrib-
uted to the residual vision (Campion et al., 1983; Moore et al.,
1995; Gross et al., 2004) was excluded by experiments showing
that neither of the monkeys were able to localize visual targets
presented in their natural blind spot in a monocular condition
(supplemental Fig. 4S, available at www.jneurosci.org as supple-
mental material).

Error in the saccadic end point and fixation
To quantitatively confirm the differences in the distributions of
the end points of the saccades to the affected and normal hemi-
fields, we evaluated the deviations of the directional components
of the saccadic end points from the target positions. In both
monkeys, the directional errors in the affected hemifield (in polar
coordinates) were much larger than those in the normal hemi-
field (Fig. 2D, left). When only the successful trials (trials with
�15° of directional errors) were considered, the median values of
the directional errors were 3.4° (n � 6739 trials) and 1.3° (n �
7737 trials) in the affected and normal hemifields of monkey T,
respectively, and 6.4° (n � 3868 trials) and 1.5° (n � 6725 trials)
in the respective hemifields of monkey A (Fig. 2D, left, arrows).
These differences are statistically significant in both monkeys (the
median test, p � 0.0001).

We also examined the difference in eye position errors during
fixation in the calibration sessions between the normal and af-
fected hemifields (Fig. 2D, right). The eye position errors during
fixation in the affected hemifield was similar or slightly smaller
than those in the normal hemifield, with the median values being
0.7° (n � 1923 trials) and 1.1° (n � 1677 trials), respectively, in
monkey T (the median test, p � 0.0001) and 1.2° (n � 511 trials)
and 1.3° (n � 2463 trials) in monkey A (the median test, p � 0.1).
Thus, errors in fixation or the calibration procedure cannot ex-
plain the larger directional errors in the end points of saccades to
the affected hemifield.

Figure 4. Classification of trials. A, A schematic psychometric function. Trials were classified
into three categories, based on the success ratio for each luminance contrast: (1) saccades to
suprathreshold stimuli in the normal hemifield (Supra-threshold), (2) saccades to near-
threshold stimuli in the normal hemifield (Near-threshold), and (3) saccades to targets with
high luminance contrast (�0.8) in the affected hemifield (High luminance contrast). B, The
discrimination index calculated for three trial categories. Symbols are the same as in Figure 2C.
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Sensitivity to luminance contrast
The effect of luminance contrast of the target on localization was
assessed by systematically changing luminance contrasts (0.05–
0.9) of the targets in the visually guided saccade task. For this
purpose, success ratios and the discrimination indices were plot-
ted against luminance contrasts (Fig. 3A, monkey T, 10° in eccen-
tricity). These plots show that the sensitivity for luminance con-
trast was reduced in all of the five targets in the affected hemifield
(for additional analysis, see supplemental Fig. 5S and supplemen-
tal Results, available at www.jneurosci.org as supplemental ma-
terial). Then the thresholds for luminance contrast for each target
position were calculated and displayed in a grayscale (Fig. 3B,C).
When the corresponding pairs of target positions were compared
between hemifields, the threshold for luminance contrast was
consistently higher in the affected hemifield in all of the target
pairs for all tested target positions. These results show that the V1
lesion reduced the sensitivity for luminance contrast of the tar-
gets. Thus, we confirmed behaviorally that V1 lesion affected all
of the contralesional visual field tested by the visually guided
saccade task (5–25° in eccentricity and upper 60° to lower 60° in
direction).

Comparison with near-threshold condition
The errors in the end points of saccades to the affected hemifield
demonstrated in Figure 2, A and D, can result from either insuf-
ficient visual information or deficits in control of saccades. To
explore the cause of inaccurate saccades to the affected hemifield,
we compared the saccades with the affected hemifield with those
to targets with reduced luminance contrasts in the normal hemi-
field. In this comparison, the difficulties of the tasks at the level of
visual processing were set to be analogous in the two hemifields.
For the near-threshold condition, trials with luminance contrasts
for which the success ratio was 0.7– 0.9 were collected. Thus,
three datasets were obtained (Fig. 4A): (1) saccades to the su-
prathreshold stimuli in the normal hemifield (“normal, suprath-
reshold”: n � 20,055 trials for monkey T and n � 14,486 trials for
monkey A), (2) saccades to the near-threshold stimuli in the
normal hemifield (“normal, near-threshold”: n � 5366 trials for
monkey T and n � 3256 trials for monkey A), and (3) saccades to
the targets with high luminance contrast (�0.8) in the affected
hemifield (“affected”: n � 7629 trials for monkey T and n � 5875
trials for monkey A). If there are differences in the distribution of
the saccadic end points between the normal, near-threshold con-
dition and the affected condition, then the inaccuracy in the af-
fected hemifield cannot be explained simply by insufficient visual
information.

To examine the validity of this classification, the discrimina-
tion indices (Fig. 2C) were compared among the three trial cate-
gories (Fig. 4B). In both monkeys, the discrimination indices of
the normal, near-threshold condition were equivalent ( p � 0.10
for monkey A, Wilcoxon’s signed ranks test) or even smaller ( p �
0.001 for monkey T, Wilcoxon’s signed ranks test) than that of
the affected condition, suggesting the validity of the classification.

Scatter in the saccadic end point
To examine the effect of V1 lesion on accuracy of saccades, we
compared distributions of the saccadic end points for the three

Figure 5. Scatter in the saccadic end points. A, The distribution of the saccadic end points in
the three trial categories. Colors of dots indicate the direction of the position of the saccadic
targets. For comparison, the figure for the affected hemifield is flipped horizontally. Trials with
target eccentricity of 10°. Monkey T. B, Histograms of the directional components of the sac-
cadic end points (in polar coordinates) in the three trial categories. Black line, The HWHH of the
distribution. The bin size is 2°. C, The HWHH of each distribution is plotted across the three trial

4

categories. The dotted lines denote individual values for each target position. The circles and
error bars denote the means and SEs across target positions, respectively. **p � 0.01 in Tukey–
Kramer’s HSD test.
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trial categories. There were many mislocalization errors for the
saccades to the near-threshold stimuli (Fig. 5A, middle). How-
ever, when only successful trials were considered, the distribution
of the saccadic end points looks more similar to that of saccades
to the suprathreshold stimuli (Fig. 5A, left) than that of saccades
to the affected hemifield (Fig. 5A, right). To compare the variabil-
ity of the saccadic end points, we first plotted histograms of the
distributions of their directional components for the three trial
categories and calculated the HWHH for each target (Fig. 5B).
The HWHHs were then compared across the three trial catego-
ries (Fig. 5C). One-way ANOVA indicated a statistically signifi-
cant main effect in the trial categories ( p � 0.0001, in both mon-
keys; F(2,72) � 51.4 in monkey T; F(2,71) � 49.6 in monkey A). A
post hoc multiple comparison test indicated that there were dif-

ferences between saccades to the affected hemifield and those to
the suprathreshold stimuli and between saccades to the affected
hemifield and those to the near-threshold stimuli but no differ-
ences between saccades to the suprathreshold and the near-
threshold stimuli [Tukey–Kramer’s honestly significant differ-
ence (HSD) test, p � 0.01]. These results showed that saccades to
the near-threshold stimuli in the normal hemifield were still
much more accurate than those to the affected hemifield, al-
though the difficulties of the two trial categories were similar. We
also examined the distribution of end points of saccades to the
“blurred” targets, which were produced by spatial smoothing of
the original dot targets. The HWHHs of saccades to the blurred
targets in the normal hemifield were still smaller than those of
saccades to the affected hemifield (supplemental Fig. 6S, available

Figure 6. Scatter in the initial direction of saccades. A, Examples of trajectories of the saccades to a target (10° in eccentricity and lower 60° in direction) in the three trial categories. For
comparison, the figure for the affected hemifield is flipped horizontally. Green dots, The points calculated as the initial direction of the saccades. Magenta dots, The end points of the saccades. White
circles, Possible target positions. B, Histograms of the directional component of the initial direction (green) in polar coordinates, plotted in the same manner as in Figure 5B. For comparison, the
histograms of the directional component of the end points (magenta, the same data as Fig. 5B) were superimposed. Monkey T, Trials with eccentricity of 10°. The bin size is 2°. C, The mean values
for the HWHHs of the initial direction (green) and for those of the saccadic end points (magenta, the same data as Fig. 5C). **p � 0.01 in Tukey–Kramer’s HSD test. †p � 0.001 in Wilcoxon’s signed
ranks test with Bonferroni’s correction. n.s., Not significant. D, The mean values for the compensation index (see Results) were plotted across the three trial categories. Mean and SE. *p � 0.05 in
Tukey–Kramer’s HSD test.
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at www.jneurosci.org as supplemental ma-
terial). For detail, see supplemental Results
(available at www.jneurosci.org as supple-
mental material).

Initial direction of saccades
To further explore the cause of scatter in
the end points of saccades to the affected
hemifield, we analyzed the trajectory of the
saccades. We found that their trajectories
tended to be straight (Fig. 6A, right). This
contrasted with the saccades to the normal
hemifield in both the suprathreshold and
the near-threshold conditions (Fig. 6A,
left and middle). This observation was
quantified by measuring the initial direc-
tion of the saccades, defined as the vector
angle from the saccade onset to the point
on the trajectory with 50% of the amplitude of the end point (Fig.
6A, green dots). The distributions of the initial directions were
then compared with those of the end points (Fig. 6B). The distri-
bution of the initial direction in the normal hemifield was
broader than that of the end points (Fig. 6B, top and middle).
Conversely, they were almost identical in the affected hemifield
(Fig. 6B, bottom). Variabilities in the initial directions, evaluated
by the HWHH, were compared between the three trial categories
(Fig. 6C, green line) and with those of the end points (Fig. 6C,
magenta line). One-way ANOVA of the HWHH of the initial
directions indicated a statistically significant main effect in trial
categories ( p � 0.001, in both monkeys; F(2,72) � 9.7 in monkey
T; F(2,71) � 13.8 in monkey A). A post hoc multiple comparison
test indicated that there were differences between the HWHH of
the initial directions to the affected hemifield and those to the
suprathreshold stimuli and between those to the affected hemi-
field and those to the near-threshold stimuli but no differences
between those to the suprathreshold and the near-threshold
stimuli (Tukey–Kramer’s HSD test, p � 0.01). There were signif-
icant differences between the HWHH of the end point and the
initial direction in the normal, suprathreshold condition ( p �
0.0001 for both monkeys, Wilcoxon’s signed ranks test with Bon-
ferroni’s correction for multiple comparison) and in the normal,
near-threshold condition ( p � 0.0001 for both monkeys), but
there were no differences in the affected hemifield ( p � 0.10 for
both monkeys).

The saccadic system is equipped with mechanisms by which
initial direction errors are compensated in the course of eye
movements (Becker and Jurgens, 1990; Quaia et al., 2000) so that
the accuracy of the end points is attained. To quantify the degree
of such compensation, we defined the compensation index as 1 �
(HWHH of the end points/HWHH of the initial direction). If
there was no compensation, the compensation index was zero
and the saccades were inaccurate. The mean values for the com-
pensation index were compared among the three trial categories
(Fig. 6D). ANOVA indicated a statistically significant main effect
in trial categories ( p � 0.001, in both monkeys; F(2,72) � 35.7 in
monkey T; F(2,71) � 5.7 in monkey A). A post hoc multiple com-
parison test indicated that there was a difference between the
saccades to the affected hemifield and those to the suprathreshold
stimuli and between the saccades to the affected hemifield and
those to the near-threshold stimuli but not between the saccades
to the suprathreshold and the near-threshold stimuli (Tukey–
Kramer’s HSD test, p � 0.05). These results suggest that the V1

lesions affected neuronal mechanisms of the on-line compensa-
tion of initial direction errors.

Comparison between saccade deficits and visual deficits
To compare the spatial pattern of saccade deficits with that of
visual deficits, the HWHH of the end points were displayed (Fig.
7A,B) in the same manner as in Figure 3, B and C. This demon-
strates that the HWHHs were consistently higher in all of the
targets in the affected hemifield than the corresponding pair of
targets in the normal hemifield.

As described above, we confirmed that the lesion in V1 was
complete (Fig. 1) (supplemental Fig. 1S, available at www.
jneurosci.org as supplemental material) and that the V1 lesion
affected all of the contralesional visual field tested here (Fig. 3)
(supplemental Fig. 5S, available at www.jneurosci.org as supple-
mental material). Additional support was obtained from com-
parison between the spatial pattern of saccade deficits and that of
visual deficits. If the lesion was incomplete, the threshold for
luminance contrast for the positions will be low and the saccade
deficits would be small, and there will be a positive correlation
between them. To exclude this possibility, we calculated the
target-by-target correlation coefficients between the threshold
for luminance contrast (Fig. 3B,C) and the HWHH (Fig. 7A,B),
which evaluated the degree of scatter in the end points of sac-
cades. The correlation coefficients were �0.05 and �0.002 in
monkey T and monkey A, respectively. These values were not
significantly different from zero ( p � 0.5). We also calculated the
correlation coefficients between the log-converted threshold for
luminance contrast and the HWHH. They were �0.10 and �0.03
in monkey T and monkey A, respectively. These values were not
significantly different from zero ( p � 0.5). These results indicate
that the above possibility is unlikely; the variation in the thresh-
old for luminance contrast is not a result of spared V1 but rather
random variation or positional bias, which we argued in detail in
the supplemental Results (available at www.jneurosci.org as sup-
plemental material).

Saccadic reaction time
Then we examined the effect of V1 lesions on the saccadic reac-
tion time. The saccades for both the success and error trials were
classified into five trial categories, three of which were identical to
those used for the analysis of the end points (Fig. 8A): (1) sac-
cades to the suprathreshold stimulus in the normal hemifield, (2)
saccades to the near-threshold stimulus in the normal hemifield,
(3) saccades to the subthreshold stimulus in the normal hemifield

Figure 7. Spatial pattern of saccade deficits. A, The HWHH of the end points is displayed as a grayscale for each target position,
in the same manner as Figure 3, B and C. Monkey T. B, Same as in A but for monkey A. In one target (25° in eccentricity, upper 60°
in direction, affected hemifield) of monkey A, the HWHH was not reliably calculated and the data were removed from analysis.
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in which the success ratio was below 0.7 (n � 2612 trials for
monkey T; n � 1695 trials for monkey T), (4) saccades to the
targets with high luminance contrasts (�0.8) in the affected
hemifield, and (5) saccades to the targets with low luminance
contrasts (�0.8) in the affected hemifield (n � 16,718 trials for
monkey T; n � 10,632 trials for monkey T). Histograms of the
saccadic reaction times of both the success and error trials were
then plotted (Fig. 8B,C). The median values of the saccadic reac-
tion times of the success trials for each condition were as follows:
(1) 193 ms, (2) 201 ms, (3) 217 ms, (4) 172 ms, and (5) 180 ms for
monkey T (Fig. 8B); and (1) 153 ms, (2) 230 ms, (3) 252 ms, (4)
169 ms, and (5) 181 ms for monkey A (Fig. 8C). Statistical anal-
ysis revealed that the median reaction time of saccades to the
targets with high luminance contrasts in the affected hemifield
was significantly shorter than to that to the near-threshold stim-
uli in the normal hemifield (Mann–Whitney’s U test, p � 0.0001,
in both monkeys). This suggests that V1 lesions affect saccade
initiation. The widths of the distributions of the saccadic reaction
time of the success trials, evaluated here as the difference between
the 25th percentile point and the 75th percentile point, were as
follows: (1) 53 ms, (2) 56 ms, (3) 72 ms, (4) 25 ms, and (5) 30 ms
for monkey T (Fig. 8B); and (1) 44 ms, (2) 102 ms, (3) 170 ms, (4)
28 ms, and (5) 34 ms for monkey A (Fig. 8C). We observed that
the widths of the distributions of the saccades to the affected
hemifield were narrower than those of the saccades to the normal
hemifield. Moreover, the shapes of the distributions of the sac-
cades to the affected hemifield were similar, regardless of the
different luminance contrasts of the targets. This is a striking
contrast to the tendency in the normal hemifield, in which the
distributions were wider as the luminance contrast of the target
was reduced. These results raise the possibility that V1 lesion
affects decision processes for saccade initiation.

A modified diffusion model
To explore the effect of V1 lesions on the decision process, the
distributions of saccadic reaction times were modeled by a mod-
ified version of the diffusion model (Ratcliff, 1978; Ratcliff and
Tuerlinckx, 2002; Ratcliff et al., 2003), as illustrated in Figure 9A
(for details, see Materials and Methods). Briefly, the decision
signal for the target position accumulates with the accumulation
rate � in a random-walk manner, whereas those for the nontarget
positions accumulate with the accumulation rate 0 (Fig. 9A, top).
When the difference between the maximal value and the second
maximal value exceeds the decision threshold �, a saccade ini-
tiates (Fig. 9A, middle). Based on whether the decision signal with
maximal value is for the target or nontargets, trials are classified
into either success or error trials (Fig. 9A, bottom). The model
contains three free parameters: the accumulation rate �, the de-
cision threshold �, and the time of the nondecision component
Tr. Because Tr does not affect the shape of the distribution of the
saccadic reaction times, the general tendency of the distribution
can be viewed by plotting the distributions of the saccadic reac-
tion times across the accumulation rate � and the decision
threshold � (Fig. 9B). Reduction of accumulation rate � in the
model corresponds to reduction of the luminance contrast of the
target. The overall pattern matches very well with the behavioral
data. The distribution of the simulated saccadic reaction times
when the decision threshold � is high (Fig. 9B, � � 50) resembles
that of the normal hemifield (Fig. 8B,C); as the accumulation
rate � is reduced, the distribution becomes wider and the median
saccadic reaction time becomes longer. Conversely, the distribu-
tion of the simulated saccadic reaction times when the decision
threshold � is low (Fig. 9B, � � 20) resembles that of the affected

Figure 8. Distributions of the saccadic reaction times. A, Trials were classified into five trial
categories in the same manner as shown in Figure 4 A, except that two additional categories
were added. B, Histograms of the saccadic reaction times for the five trial categories. The bin size
is 5 ms. Left column, Saccades to the normal hemifield. Right column, Saccades to the affected
hemifield. Black line, Success trials; gray dotted line, error trials. Monkey T. C, Same as in B but
for monkey A.
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hemifield; the width of the distribution is rather insensitive to
reductions in the accumulation rate �.

Estimation of decision threshold by the modified
diffusion model
These observations were confirmed quantitatively by fitting be-
havioral data with simulated data (for details, see Material and
Methods). Briefly, the distribution of the saccadic reaction times
was classified into six quantile bins (Fig. 10A, vertical lines), and
the number of trials in each bin was calculated for success trials
(Fig. 10A, top) and for error trials (Fig. 10A, bottom). The same
procedure was done for the simulated data with three parameters
(Fig. 10A, dotted lines). The � 2 statistics were calculated for each
behavioral data- simulated data pair. The simulated data with the
smallest � 2 statistics were selected as the best-fitted data. From
the best-fitted data (Fig. 10A, dotted lines), three parameters
were obtained. Fitting was done separately for each monkey and
for each hemifield. Because saccadic targets with different lumi-
nance conditions were presented randomly, making it impossible
for the monkeys to adjust decision threshold for each trial cate-
gory independently, the decision threshold � was held constant
across the different trial categories (that reflect different lumi-
nance contrasts) within each monkey and each hemifield. The
nondecision component Tr was also held constant in the same
manner as the decision threshold �. The only parameter that
changed across trial categories within each hemifield was the ac-
cumulation rate �. The goodness of fit was evaluated by plotting
the number of trials in the six quantile bins for behavioral data
against that for the best-fitted data (Fig. 10B). The Pearson’s
correlation coefficient between the number of trials in the bins
for the behavioral data and that for the best-fitted data were 0.89

and was statistically significant ( p � 10�9; df � 118). The best-
fitted values for the decision threshold � and the accumulation
rate � were plotted against one another (Fig. 10C). In both mon-
keys, the decision threshold � was significantly lower in the sac-
cades to the affected hemifield than those to the normal hemifield
(likelihood ratio test; �1

2 � 7693, p � 10�9 for monkey T; �1
2 �

11,292, p � 10�9 for monkey A). These results suggest that V1
lesion lowered the decision threshold for saccade initiation to the
affected hemifield. The accumulation rate � became smaller as
the luminance contrast of the target for the condition decreased.
The nondecision component Tr was consistently shorter in the
normal hemifield than in the affected hemifield (118 vs 140 ms in
monkey T; 92 vs 134 ms in monkey A). When the decision thresh-
old � was varied across different trial categories in the fitting
procedure, the decision threshold � was consistently lower in the
affected hemifield than in the normal hemifield (supplemental
Fig. 7S, available at www.jneurosci.org as supplemental mate-
rial). For detail, see supplemental Results (available at www.jneu-
rosci.org as supplemental material).

Discussion
In this study, we made unilateral lesions in V1 of macaque mon-
keys (Fig. 1) and used a visually guided saccade task with saccadic
targets in various possible positions and various luminance con-
trasts to examine residual visuomotor processing. We confirmed
that the monkeys had residual vision (Fig. 2), that their sensitivity
to the luminance contrast of the targets was reduced (Fig. 3), and
that their accuracy in saccadic end points was reduced (Fig. 2).
Then we compared the saccades to the affected hemifield with
those to the near-threshold stimuli in the normal hemifield and
found that the accuracy was worse than those to the near-

Figure 9. A modified diffusion model. A, Illustration of the model. Top, The decision signal for the target accumulates with an accumulation rate � and Gaussian noise � (black line). The decision
signals for the nontargets accumulate with an accumulation rate 0 and Gaussian noise � (gray dotted lines). Middle, When the difference between the maximal signal and the second maximal signal
exceeds the decision threshold �, a saccade initiates. Td, Time of decision-related component; Tr, time of non-decision-related component. Bottom, By repeating this procedure, the distributions of
the saccadic reaction times for the success trials and error trials were constructed. B, A sample simulation. The distributions of the simulated saccadic reaction times for the success trials (black line)
and the error trials (gray, dotted line) are plotted for nine combinations of two parameters, the accumulation rate � and the decision threshold �. Tr is fixed here as 100 ms. The bin size is 5 ms.
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threshold stimuli (Fig. 5). Together with the results of saccades to
the spatially smoothed targets (supplemental Fig. 6S, available at
www.jneurosci.org as supplemental material), these results sug-
gest that inaccurate saccades to the affected hemifield cannot be
explained simply by insufficient visual information. We also
found that the variability in the initial direction of the saccades to
the affected hemifield was similar to that in the end points of the
saccades (Fig. 6). Conversely, in the normal hemifield, there was
significant reduction in the variability in the end points of the
saccades compared with that of the initial direction of the sac-
cades. These results suggest that V1 lesions affect the neural
mechanisms, which compensate for variation in the initial direc-
tion of the saccades, responsible for accurate saccadic end points.
We also found that the distributions of saccadic reaction times
were consistently narrower for the saccades to the affected hemi-
field than for those to the normal hemifield (Fig. 8). Computa-
tional modeling of these distributions revealed lowered decision

thresholds for the initiation of saccades to
the affected hemifield (Figs. 9, 10). To-
gether, these results suggest that the be-
havioral effects of V1 lesions are not lim-
ited to vision but also encompass the
various stages of visuomotor processing,
including the saccade control system and
decision processes (Fig. 11). We propose
that these results reflect deficits in deliber-
ate control of visual– oculomotor process-
ing after V1 lesions, which may parallel
loss of visual awareness in human blind-
sight patients.

Effect of V1 lesion on saccadic eye
movement: previous studies
The cerebral cortex plays an important
role in visually guided saccades (Pierrot-
Deseilligny et al., 1991). Most neuropsy-
chological studies have focused on damage
in the frontal or parietal cortex (Leigh and
Kennard, 2004). Conversely, current
knowledge about the impairment of sac-
cadic eye movements in patients with cor-
tical damage including early visual cortices
is sparse and rare (Barton, 2001; Leigh and
Kennard, 2004). One of the exceptions is a
study that examined saccades to auditory
targets in patients suffering from hemi-
anopia attributable to occipital lesions
(Traccis et al., 1991). This result implies
that occipital lesions influence a common
mechanism of saccade control used for vi-
sual and auditory targets.

In monkey studies, residual visuomo-
tor processing after V1 lesions was perma-
nently lost after an additional lesion of the
superior colliculus (Mohler and Wurtz,
1977). These and other findings from hu-
man studies (Rafal et al., 1990; Morris et
al., 2001) suggest that the residual visual–
oculomotor processing is mediated by the
pathways that bypass V1, possibly through
the retinotectal pathway (Fig. 11A) (Isa,
2002). Because V1 lesion may induce reor-
ganization in brain circuit, residual vision

may reflect either the intact retinotectal pathway or reorganized
one. However, the aim of current study is not to reveal the func-
tion of intact retinocollicular pathway but to investigate what
change is associated with the residual visuomotor processing af-
ter the lesion. Thus, we did not discriminate these two possibili-
ties in this paper. The contribution of extrastriate cortices to
residual vision is essentially unknown. However, there may be a
possibility that variation in visual deficits between the two mon-
keys in the current study is attributable to the degree of additional
damage in V2 and V3.

Electrical microstimulation to V1 evokes saccadic eye move-
ments in monkeys (Schiller, 1972, 1977; Tehovnik et al., 2003).
These movements are thought to be triggered by phosphene in-
duction (Bradley et al., 2005; Tehovnik et al., 2005), via the direct
striate– collicular pathway (Schiller, 1977; Tehovnik et al., 2003).
One possible explanation for our findings that V1 lesions affect
saccadic control and decision may be that V1 lesions eliminate

Figure 10. Fitting of the distribution of saccadic reaction times to the modified diffusion model. A, Histograms of saccadic
reaction times of success trials (top) and error trials (bottom). Monkey T. The targets with high luminance contrast in the affected
hemifield. Solid line, Observed data; dotted line, the best-fitted data (� � 24, � � 0.94, and Tr � 140 ms in this condition). To
evaluate the goodness of fit, the data were subdivided into six bins (vertical lines) so that the ratio of the number of trials in the six
bins was 1:2:2:2:2:1. B, Evaluation of the goodness of the fit. Each point represents a pair of the number of trials of observed data
and that of fitted data in one bin of the histograms. For example, 12 data points were obtained from A, which have six pairs of
behavioral data (solid line) and fitted data (dotted line) in success trials and another six pairs in error trials. The 12 data points were
obtained from five trial categories of two monkeys. Thus, in total, 120 data points were plotted. log 10, Log10 scale. Circles,
Monkey T; crosses, monkey A. C, The best-fitted values for the decision threshold � are plotted against those for the accumulation
rate �. The decision threshold � was held constant across the different trial categories within the hemifield. Gray, Saccades to the
normal hemifield; black, saccades to the affected hemifield. Arrow, Condition plotted in A.
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the striate– collicular input to the superior
colliculus, thus affecting the activity of the
superior colliculus.

Control of saccades
Figure 6 indicates that difference in scatter
of end points between hemifields cannot
be explained by that of variability in initial
directions. This suggests that the differ-
ence in the end points emerges not at the
time of motor planning but during saccade
execution, which is unlikely to be influ-
enced by voluntary control or strategic
factors.

Duration of saccadic eye movements
is so short that visual feedback is too
slow for on-line trajectory control. Var-
ious studies showed that internal moni-
toring or corollary discharge of saccadic
commands is used for on-line trajectory
control (Guthrie et al., 1983; Duhamel et
al., 1992; Sommer and Wurtz, 2002).
On-line compensation for deviations
from the desired trajectory of saccades
has been investigated in human and
monkey studies (Becker and Jurgens,
1990; Quaia et al., 2000). Such compen-
satory mechanisms require sensory feed-
back to calculate error between the de-
sired and executed trajectory for off-line calibration of the
model (Wolpert et al., 1995; Chen-Harris et al., 2008). Because
it is unlikely that V1 is involved in fast on-line trajectory con-
trol, our interpretation of the current results is that the path-
way involving V1 contributes to off-line calibration of the
compensatory mechanisms.

Currently, the underlying neural mechanism for compensa-
tion is not fully understood, but the superior colliculus and the
cerebellum are thought to be involved in the process (Quaia et al.,
1999). Reversible inactivation of the superior colliculus by mus-
cimol produces curved saccades in monkey (Aizawa and Wurtz,
1998; Quaia et al., 1998). Ablation or reversible cooling of V1
affects firing properties of the superior colliculus neurons
(Schiller et al., 1974; Mohler and Wurtz, 1977). These studies
support the view that the effect of V1 lesion on saccade trajectory
may be through effects on the activity of the superior colliculus.

In the current study, we focused our analyses on the direc-
tional component of saccades, which was relevant to the compen-
sation of the initial direction errors. The polar component of
saccades has to be analyzed in conjunction with the analysis of the
velocity and duration of saccades, which will be dealt with in a
separate study.

Decision process
Analyses based on the diffusion model revealed that the decision
threshold for initiation of saccades was lower in saccades to the
affected hemifield than those to the normal hemifield. This sug-
gests that the monkeys with V1 lesions did not wait for the accu-
mulation of sufficient amount of sensory evidence to initiate sac-
cades to the affected hemifield. Because the same monkeys
initiated saccades to the normal hemifield with higher decision
thresholds in the same sessions (see also supplemental Results,
available at www.jneurosci.org as supplemental material), the
lowered decision threshold cannot be explained by on-line vol-

untary control of strategy. We can describe the monkeys’ behav-
ioral changes after V1 lesion as a change to an indeliberate deci-
sion. In human blindsight patients, residual visuomotor
processing was observed when they were asked to act by guessing
(Weiskrantz et al., 1974). Then, it is conceivable that saccadic
localization of the monkeys was also made by guessing without
visual awareness. If so, then the monkeys may rely more on the
offset of the fixation point and less on accumulation of sensory
evidence, which may explain lower decision threshold.

Our finding concerning the decision of saccade initiation can be
extended to decision processes in general. Blindsight patients exhibit
dissociation between the performance in forced-choice discrimina-
tion and in yes–no detection (Azzopardi and Cowey, 1997, 1998),
which may, to some extent, reflect an abnormal decision process
(Campion et al., 1983; Lau, 2008). Analysis based on the signal de-
tection theory revealed that human blindsight patients have diffi-
culty in setting and maintaining criterion level in yes–no detection,
which does not occur in forced-choice discrimination (Azzopardi
and Cowey, 1997, 1998). Such dissociation may arise from the com-
mon mechanisms that were found in the current study, that is, re-
duction of decision threshold in the forced-choice task.

Implication for blindsight
One of the controversies concerning blindsight is whether it is a form
of near-threshold vision or qualitatively different from normal vi-
sion (Campion et al., 1983; Azzopardi and Cowey, 1997). Our study
provides some clues to the question. We compared the saccades
toward targets in the affected hemifield with those toward targets
with weak, near-threshold luminance in the normal hemifield,
which are “equally difficult to see,” in terms of target localization.
Our results showed that visual–oculomotor processing with and
without V1 may be qualitatively different at various stages, from
vision and decision making to saccade control. These results suggest
that the residual visuomotor processing of monkeys with V1 lesion is
unlike normal, near-threshold vision. Effects of V1 lesions on sac-

Figure 11. A summary of the current study. A, A simplified scheme illustrating the potential circuits responsible for residual
visual– oculomotor processing after V1 lesion. sSC, The superficial layer of the superior colliculus; dSC, the deeper layer of the
superior colliculus. B, V1 lesions affected various stages of visual– oculomotor processing, not only visual processing but also the
decision process and saccadic control, as indicated by open arrows.
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cadic control and decision found in the current study may reflect
qualitative difference in visual awareness, which is also induced by
V1 lesion.
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