
Brief Communications
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Corollary discharge signals are found in the nervous systems of many animals, where they serve a large variety of functions related to the
integration of sensory and motor signals. In humans, an important corollary discharge signal is generated by oculomotor structures and
communicated to sensory systems in concert with the execution of each saccade. This signal is thought to serve a number of purposes
related to the maintenance of accurate visual perception. The properties of the oculomotor corollary discharge can be probed by asking
subjects to localize stimuli that are flashed briefly around the time of a saccade. The results of such experiments typically reveal large
errors in localization. Here, we have exploited these well-known psychophysical effects to assess the potential dysfunction of corollary
discharge signals in people with schizophrenia. In a standard perisaccadic localization task, we found that, compared with controls,
patients with schizophrenia exhibited larger errors in localizing visual stimuli. The pattern of errors could be modeled as an overdamped
corollary discharge signal that encodes instantaneous eye position. The dynamics of this signal predicted symptom severity among
patients, suggesting a possible mechanistic basis for widely observed behavioral manifestations of schizophrenia.

Key words: corollary discharge; oculomotor; perception; saccades; schizophrenia; vision

Introduction
The nervous system constantly monitors the consequences of its
own actions. In many species, this process is associated with sig-
nals that are sent from motor structures to sensory brain regions.
These corollary discharges (CDs) can be used to assess the accu-
racy of ongoing movements or to adjust sensory signals that oc-
cur in concert with a movement (Crapse and Sommer, 2008).

In primates, there are well-known CD pathways that commu-
nicate information related to the metrics of saccadic eye move-
ments (Schlag and Schlag-Rey, 1984; Sommer and Wurtz, 2004).
Because primates execute several saccades each second, these CD
signals are thought to be essential for accurate visual perception.
However, under certain laboratory conditions, they can cause
significant distortions in the perception of visual space (Ross et
al., 1997; Lappe et al., 2000). Specifically, when an object is
flashed briefly before or during a saccade, subjects make substan-
tial errors in estimating its position. These errors are of two main
types: a compression of visual space, whereby the objects appear
closer to the saccade target (ST) than they really are; and a shift in

the visual representation, whereby objects appear to be displaced
along the saccade trajectory. The shift and compression effects
may be the result of different CD signals.

The importance of CDs has been highlighted in recent work
indicating that an impairment of these signals can account for
some of the positive symptoms of certain psychiatric disorders
(Feinberg, 1978). In schizophrenia, a defective CD has been hy-
pothesized as the neural basis for anomalous perception in audi-
tion (Ford et al., 2002; Ford et al., 2004), somatosensation
(Blakemore et al., 1998; Shergill et al., 2005, 2014), and vision
(Lindner et al., 2005; Spering et al., 2013). These findings, along
with data from anatomical studies, support the idea that im-
paired CDs lead to poor synchronization between sensory feed-
back and motor actions (Whitford et al., 2012). The nature of the
impairment is unknown.

The perisaccadic localization task described above has proven
to be a useful probe of the properties of oculomotor CDs. In
particular, the pattern of mislocalization seen for targets flashed
around the time of saccades can be used to infer the dynamics of
CD signals (Schlag and Schlag-Rey, 1995; Pola, 2004). We have
therefore examined CD function during saccadic eye movements
in people with schizophrenia. We find that, on average,
schizophrenia patients exhibit larger presaccadic and postsac-
cadic shifts in visual localization. These results can largely be
explained by differences in the dynamics of a CD signal related
to eye position.

Materials and Methods
Participants. Data were collected from 17 participants (8 with schizo-
phrenia: 7 male, one female; 9 controls: 8 male, one female), with normal
or corrected-to-normal vision. Two patients and one control were ex-
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cluded for lack of quality data, leaving a total of 6 patients and 8 controls
for the analyses described below. Informed consent was obtained from
each participant before study participation, and study protocols were
approved by the research ethics committee of the Douglas Mental Health
Institute. Subjects participated in 2– 4 experimental sessions, each lasting
�1 h.

All patients (recruited from an outpatient population) were clinically
stable at the time of testing, and all were on a stable dose of second-
generation antipsychotic medication (185 mg/d chlorpromazine equiv-
alent, CPZ). Patients and controls were excluded if they had any
neurological or ophthalmologic diagnoses. They were also excluded if
they had a current (i.e., �1 year) incidence of substance abuse or alcohol
dependence. There were no significant differences between patients and
controls on the Wechsler Adult Intelligence Scale–Revised (Wechsler,
1981) or on the Hollingshead Occupational Scale (Hollingshead, 1975;
all p � 0.05). However, group differences were found for years of educa-
tion and the Global Assessment of Functioning Scale (all p � 0.01).
Symptom severity was assessed using the Brief Psychiatric Rating Scale
(BPRS) (Overall and Gorham, 1962).

Stimulus design and experimental protocol. Subjects viewed a display
subtending 42° � 28° of visual angle at a distance of 61 cm. Head stabi-
lization was achieved with an adjustable forehead strap and chin rest.
Background luminance of the display was 16.5 cd/m 2. Eye position was
sampled at 1 kHz using a video eye-tracker (EyeLink 1000, SR Research).

Each experimental session began with a calibration procedure (aver-
age error �0.4° of visual angle). The sequence of events in each trial is

shown schematically in Figure 1. A horizontal
reference ruler (luminance: 75 cd/m 2), with
vertical ticks and numbers ordinally arranged
at 10° intervals, was present for the duration of
each trial (Ross et al., 1997; Lappe et al., 2000).
The beginning of each trial was marked by the
presentation of a fixation point (FP, 1° in di-
ameter) 10° to the left of the screen’s center.
After a brief fixation period, the FP disap-
peared; and at the same time, a ST (1° in diam-
eter) appeared 10° to the right of the screen’s
center.

At an unpredictable time (50–400 ms) after
the ST appeared, a vertical bar 20° in length (lu-
minance 75 cd/m2) was presented for 30 ms (3
monitor frames) at one of four locations posi-
tioned symmetrically around the ST (�7°,
�14°). Bar presentation time ranged between
��200 and 200 ms relative to the onset of sac-
cade. The successful completion of a saccade was
followed by the appearance of a cursor, which
subjects could move horizontally using a mouse.
Subjects indicated the perceived bar location by
clicking the cursor at the appropriate location.
Experiments were conducted in blocks of 100–
200 trials, and data from all the blocks were
pooled per subject. A full dataset consisted of at
least 300 successful trials, defined as trials in
which the final eye position was within 2° of the
ST.

Saccade trajectories were similar between
the controls and patients. There was no signif-
icant difference in saccade latency, amplitude,
or duration between the two groups (indepen-
dent sample t tests: p � 0.37, p � 0.52, and p �
0.71, respectively).

Data analysis. The onset and offset of sac-
cades were determined using a variation of the
method described by Carl and Gellman (1987).
The start time of a saccade was calculated as the
intersection between the linear regression of a
data sample obtained after a velocity criterion
(100° sec �1) was reached and the averaged eye
position during the previous fixation. Trials

were discarded for any of the following reasons: reaction time � 500 ms;
saccade endpoint falling outside � 2° of the ST; blink occurring around
the time of bar presentation; and saccade occurring before target onset.
On average, 3% of all trials were discarded per experiment.

We used the compression index (CI) and shift index (SI), initially
proposed by Lappe et al. (2000), to quantify the magnitude of peri-
saccadic localization errors. The CI was calculated as the SD of the bar
perceived positions, normalized to the average SD during the periods
150 –200 ms after the saccade. According to this metric, a CI value of 1
denotes no mislocalization, whereas a value of 0 denotes maximal com-
pression, which would occur if all bars were perceived at the same posi-
tion in space. The SI is taken as the mean of the perceived bar positions,
with the average value for each bar from 150 to 200 ms after the saccade
subtracted from the baseline. We quantified the amount of perisaccadic
perceptual mislocalization for each subject as the difference between the
peak and the trough of the SI in a 100 ms window centered on saccade
onset (Fig. 2C). Intergroup statistical comparisons were performed with
independent sample t tests.

Model. Perisaccadic perceptual shifts are traditionally modeled by as-
suming that observers estimate their eye position at the time of the bar
flash (Schlag and Schlag-Rey, 1995; Pola, 2004; Teichert et al., 2010). If
this information can be recovered, then the estimated location of the bar
on the screen is simply the estimated eye position added to the retinal
position of the bar. Following Pola (2004), we can predict the pattern of

Figure 1. Sequence of events for a sample trial. After the subject acquired the FP, the ST appeared and stayed on for the
remainder of the trial. After a variable delay, the localization target (LT) was flashed for 30 ms. After successful completion of a
saccade, the observer was cued to report the LT position by the appearance of a mouse cursor on the screen.
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mislocalization from the temporal overlap be-
tween the sensory signal R and the CD C as
follows:

P � �
t1

t2

R	t
C	t
dt

The integration limits correspond to the dura-
tion of the retinal response. For a brief flash, R
can persist for tens of milliseconds; C is a
damped (i.e., smoothed) version of the actual
eye position. Mislocalization is proportional to
the difference between P and the actual eye po-
sition, calculated at various times relative to
saccade onset (Pola, 2004; Teichert et al.,
2010).

We fit the model to each observer’s perisac-
cadic shift data, using 5 free parameters: the
latencies associated with the retinal and CD
pathways, the damping of the CD signal, and
the shape and scale of the retinal response,
which was characterized as a gamma distribu-
tion (Teichert et al., 2010). The damping was
achieved by convolving each subject’s actual
eye position trace with a boxcar filter, the width
of which was adjusted to fit the data. All param-
eters, except the CD latency, were constrained
to be positive. Perisaccadic shift data were fit by
minimizing the mean squared difference be-
tween the model and the data. An example
model fit is shown in Figure 2C (dashed line).

Results
Perceptual mislocalization of visual
stimuli in patients and in controls
Figure 2A shows representative data,
aligned to saccade onset, from one patient
with schizophrenia, based on perfor-
mance of the localization task. Each data
point indicates the perceived position of a
flashed bar as a function of presentation
time on a given trial, whereas the hatched
black line indicates the position of the ST.
On each trial, the bar appeared in one of
four randomly chosen locations, which are
assigned to different colors in the figure.

Consistent with previous findings
(Ross et al., 1997; Lappe et al., 2000), there
was a systematic mislocalization of the
bars that began �50 ms before saccade
onset and continued throughout the sac-
cade. The largest errors were generally in
the direction of the saccade for bars lo-
cated between the fovea and the saccade
endpoint (red and blue lines), and in the
opposite direction for bars on the periph-
eral side of the saccade endpoint (green
and black lines). These effects are the re-
sult, at least in part, of a CD signal, as they
do not occur for identical retinal stimula-
tion in the absence of an eye movement
(Morrone et al., 1997).

The tendency to perceive the bars as
nearer the ST than they actually are is
called perisaccadic compression. This ef-

A

B C

Figure 2. Representative data. Perceived positions of a briefly flashed bar are plotted with respect to saccade onset, shown here for a
representative patient (A). The black hatched line in each plot indicates the ST position, and the gray area represents the average saccade
duration (55 ms). Data points (each color indicating a different bar position) represent responses for the four bar positions. Position lines
were calculated as running averages for each bar position, smoothed with a Gaussian filter (� � 10 ms). Compression (B) and shift (C)
indices are shown for the participant in A, where the gray dashed line in C indicates the CD recovered by the model.

Figure 3. Measures of perisaccadic mislocalization. Mean (� SEM) compression (left) and shift (right) indices for patients (red,
n � 6) and controls (blue, n � 8).
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fect can be quantified using the CI (Lappe et al., 2000), which
calculates the SD across perceived bar positions at a single point
in time; small values of the CI indicate large compression. A
complementary measure of mislocalization is the SI, which is
simply the mean perceived bar position at a point in time. The SI
can take positive or negative values, depending on whether the
bars in aggregate are mislocalized in the direction of the saccade
or in the opposite direction. Both indices are normalized to their
values long after the saccade, when perception is assumed to be
veridical (Lappe et al., 2000).

Figure 2B shows the CI through time for the example subject.
Consistent with previous studies, the CI begins to decrease before
saccade onset, at which point it reaches a trough, and then begins
to return to a value near 1 (veridical perception). Figure 2C shows
the SI for the same subject. Again, consistent with previous work
(Schlag and Schlag-Rey, 1995), the SI shows a presaccadic in-
crease, followed by a decrease.

Figure 3 shows the means of the compression and shift indices
across patients (red) and age-matched controls (blue). On aver-
age, the CIs of the patients and controls overlap, and there is no
significant difference in the peak magnitude of compression be-
tween the two subject groups (p � 0.79). There was a slight
tendency for the CI in patients to lag the CI in controls, but this
effect did not reach statistical significance (p � 0.25 at times of
peak compression). Thus, to the extent that perisaccadic com-
pression results from a CD signal, this signal does not appear to
be impaired in schizophrenia.

By contrast, the strength of the shift effect is greater in patients
than in controls. To quantify this effect, we calculated the peri-
saccadic modulation of perceived bar positions as the difference
between the peak and trough in the shift index. These values
ranged between 0.4° and 2.1° (mean 1.6°) for controls and be-
tween 1.6° and 3.5° for patients (mean 2.5°). This difference was
significant (p � 0.05).

Previous work has shown that the presence of a visual back-
ground strongly affects perisaccadic mislocalization (Honda,
1999; Lappe et al., 2000). To determine whether this cue might
account for the larger shifts seen in patients with schizophrenia,
we tested 3 patients and 8 controls in additional trials in which no
background was present. Consistent with previous results (Lappe
et al., 2000), this manipulation largely eliminated perceptual
compression in both groups. Moreover, removing the back-
ground did not increase perceptual shifts in any of the 3 patients,
suggesting that differential sensitivity to this cue did not account
for the observed intergroup differences.

Model-based estimate of corollary discharge signals
Perisaccadic perceptual shifts have been used previously to infer
the dynamics of CD signals that encode eye position (Schlag and
Schlag-Rey, 1995; Pola, 2004; Teichert et al., 2010). Common to
all these approaches is the assumption that subjects localize stim-
uli by adding an internal estimate of eye position to the retinal
location of the bar. Errors in localization then arise from the
dynamics of the retinal and oculomotor signals. For instance, if
the CD signal anticipates the actual eye position, then subjects
will mislocalize bars in the direction of the saccade (Schlag and
Schlag-Rey, 1995). Similarly, a visual response that lasts longer
than the visual stimulus will lead to uncertainty in estimating the
eye position at the time the stimulus was flashed (Pola, 2004).

To estimate possible CD dynamics underlying our perceptual
findings, we fit the model of Pola (2004) to each subject’s percep-
tual shift data, by optimizing parameters corresponding to the
latency and shape of the visual response and the latency and shape

of the CD signal. The model fits achieved a median R 2 of 0.75 for
patients and 0.68 for controls. The results indicated that the mean
latency of the visual response did not differ significantly between
patients and controls (33 vs 35 ms; p � 0.60). The time course of
the mean visual response was also similar for patients and con-
trols (p � 0. 22, shape; p � 0.84, scale). For the CD signal, the
mean latency did not differ significantly between patients and
controls (1 vs 0 ms, p � 0.57). However, the damping of the CD
signal was significantly greater for patients than for controls (93
vs 68 ms, p � 0.02).

Figure 4A plots the mean CD signal recovered by the model
for the patients (red) and controls (blue). Because of the larger
damping parameter, the CD begins earlier and lasts longer in
patients than in controls, leading to a shallower slope of the eye

A

B

Figure 4. Modeling results. A, Average 20° saccade (black hatched line) with overlaid CD
signals (mean�SEM) for controls (blue) and patients (red) as recovered from the model. B, The
slopes of the CD (red) and mean actual eye position (black) versus patient BPRS scores (points,
n � 6).
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position CD through time. Interestingly, this slope was correlated
with patients’ scores on the BPRS (Overall and Gorham, 1962), a
measure of symptom severity (Fig. 4B, red line; linear correlation,
p � 0.03). This correlation was not the result of individual
differences in saccade metrics, as the slope of the actual eye
position was not correlated with the BPRS scores (Fig. 4B,
black line; p � 0.9).

Discussion
We examined the ability of people with schizophrenia to localize
visual stimuli flashed around the time of saccadic eye move-
ments. We found a perisaccadic compression of visual space sim-
ilar to that found in healthy controls. At the same time, the overall
perceptual displacement, or shift, differed significantly between
patients and controls. A model-based analysis suggested that pa-
tients had an overdamped corollary discharge, and the dynamics
of the signal recovered by the model were correlated with patient
symptom severity. In this section, we present a mechanistic inter-
pretation of these findings.

Much of our understanding of saccade-related CD signals
comes from work in the nonhuman primate, which has revealed
a pathway from the superior colliculus through the thalamus to
the frontal eye fields. The information transmitted along this
pathway concerns the spatial location of the intended saccade and
the timing of its onset (Sommer and Wurtz, 2006). This pathway
is thought to underlie the perceptual compression effects de-
scribed above (Hamker et al., 2008; Richard et al., 2009). The
timing of these effects is particularly relevant to the current work:
a previous study has shown that perisaccadic compression is a
transient phenomenon that is time-locked to gaze shift onset
(Richard et al., 2011), with the duration of perceptual compres-
sion being largely unrelated to the duration of the gaze shift. This
timing is similar to that of the abovementioned oculomotor CD,
which consists primarily of transient bursts, rather than slowly
varying signals (Sommer and Wurtz, 2004). These results are thus
consistent with the idea of a CD that is unimpaired in schizophre-
nia and that communicates transient information about the tar-
get of an intended saccade.

Another type of oculomotor CD is a continuous readout of
eye position, which reaches parietal cortex (Morris et al., 2012),
likely by way of the central thalamus (Schlag and Schlag-Rey,
1984). This signal is damped relative to the actual eye position
(Morris et al., 2012), in a manner that matches psychophysical
data on shift mislocalization (Schlag and Schlag-Rey, 1995).
Physiologically, a damped signal could result from neural noise,
which tends to smooth abrupt changes in neural activity (e.g.,
Anderson et al., 2000). This would suggest that the eye position
CD in people with schizophrenia is corrupted by noise, rather
than being delayed or absent. Interestingly, noisy signaling of CD
information between cortical areas has been suggested as the neu-
ral basis of auditory hallucinations in schizophrenia (Ford et al.,
2002; Ford and Mathalon, 2004).

An alternative explanation for our results is that visual stimuli
are processed differently in people with schizophrenia. Indeed,
the mathematical formulation of Pola’s (2004) model does not
distinguish between a damped CD signal and a smoothed retinal
input, and there is some evidence for increased retinal persistence
in people with schizophrenia (Schwartz et al., 1989). However,
we suspect that differences in retinal persistence do not explain
the group differences in mislocalization for three reasons. First,
although the amount of damping required to fit the data leads to
a reasonable approximation of the physiological CD signal (Mor-
ris et al., 2012), applying the same filtering to the retinal signal

leads to a visual response that peaks at zero latency. Thus, the
damping applied to the CD is more physiologically plausible.
Second, experimental manipulations of visual persistence have
little or no effect on mislocalization (Boucher et al., 2001). Fi-
nally, altered persistence would likely change the dynamics of
perceptual compression (Pola, 2011), which appears to be nor-
mal in people with schizophrenia (Fig. 3). Thus, although we
cannot rule out an influence of visual processing differences in
people with schizophrenia, we suggest that the overdamped CD
hypothesis provides a more plausible account of the data.

Overall, our results suggest that perisaccadic localization def-
icits in people with schizophrenia are specific to tasks that require
continuous monitoring of an ongoing CD signal. This interpre-
tation is consistent with findings of smooth pursuit impairments
in people with schizophrenia (Holzman et al., 1973; Lindner et
al., 2005; O’Driscoll and Callahan, 2008; Spering et al., 2013). In
particular, these impairments are weak or absent for open-loop
pursuit, which only requires an instantaneous estimate of target
velocity (Spering et al., 2013). They are more profound for pur-
suit maintenance, which likely relies on a continuous CD input
that conveys information about target velocity (Thaker et al.,
1999). Whether these visuomotor impairments lead to functional
impairments in higher-level tasks, such as reading (Whitford et
al., 2013), is an intriguing question for future research.
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Spering M, Dias EC, Sanchez JL, Schütz AC, Javitt DC (2013) Efference copy
failure during smooth pursuit eye movements in schizophrenia. J Neuro-
sci 33:11779 –11787. CrossRef Medline

Teichert T, Klingenhoefer S, Wachtler T, Bremmer F (2010) Perisaccadic
mislocalization as optimal percept. J Vis 10:19. CrossRef Medline

Thaker GK, Ross DE, Buchanan RW, Adami HM, Medoff DR (1999) Smooth
pursuit eye movements to extra-retinal motion signals: deficits in patients
with schizophrenia. Psychiatry Res 88:209–219. CrossRef Medline

Wechsler D (1981) Manual for the Wechsler Adult Intelligence Scale–Re-
vised. New York: Psychological Corporation.

Whitford TJ, Ford JM, Mathalon DH, Kubicki M, Shenton ME (2012)
Schizophrenia, myelination, and delayed corollary discharges: a hypoth-
esis. Schizophr Bull 38:486 – 494. CrossRef Medline

Whitford V, O’Driscoll GA, Pack CC, Joober R, Malla A, Titone D (2013)
Reading impairments in schizophrenia relate to individual differences in
phonological processing and oculomotor control: evidence from a gaze-
contingent moving window paradigm. J Exp Psychol Gen 142:57–75.
CrossRef Medline

Richard, Churan et al. • Perisaccadic Perception of Visual Space in People with Schizophrenia J. Neurosci., April 2, 2014 • 34(14):4760 – 4765 • 4765

http://dx.doi.org/10.1016/j.bandc.2008.08.023
http://www.ncbi.nlm.nih.gov/pubmed/18845372
http://dx.doi.org/10.2466/pr0.1962.10.3.799
http://dx.doi.org/10.1016/j.visres.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15342224
http://dx.doi.org/10.1016/j.visres.2010.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21192965
http://dx.doi.org/10.1523/JNEUROSCI.0511-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19675250
http://dx.doi.org/10.1038/386598a0
http://www.ncbi.nlm.nih.gov/pubmed/9121581
http://www.ncbi.nlm.nih.gov/pubmed/6737027
http://dx.doi.org/10.1016/0042-6989(95)00021-Q
http://www.ncbi.nlm.nih.gov/pubmed/7571470
http://dx.doi.org/10.1016/0920-9964(89)90023-6
http://www.ncbi.nlm.nih.gov/pubmed/2487173
http://dx.doi.org/10.1176/appi.ajp.162.12.2384
http://www.ncbi.nlm.nih.gov/pubmed/16330607
http://dx.doi.org/10.1001/jamapsychiatry.2013.2974
http://www.ncbi.nlm.nih.gov/pubmed/24196370
http://dx.doi.org/10.1152/jn.00738.2003
http://www.ncbi.nlm.nih.gov/pubmed/14573558
http://dx.doi.org/10.1038/nature05279
http://www.ncbi.nlm.nih.gov/pubmed/17093408
http://dx.doi.org/10.1523/JNEUROSCI.0578-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23864667
http://dx.doi.org/10.1167/10.8.19
http://www.ncbi.nlm.nih.gov/pubmed/20884594
http://dx.doi.org/10.1016/S0165-1781(99)00084-0
http://www.ncbi.nlm.nih.gov/pubmed/10622341
http://dx.doi.org/10.1093/schbul/sbq105
http://www.ncbi.nlm.nih.gov/pubmed/20855415
http://dx.doi.org/10.1037/a0028062
http://www.ncbi.nlm.nih.gov/pubmed/22506755

	Perisaccadic Perception of Visual Space in People with Schizophrenia
	Introduction
	Materials and Methods
	Results
	Model-based estimate of corollary discharge signals
	Discussion
	References


