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Abstract

Objective: Schizophrenia patients consistently show impairments on tasks requiring inhibition such as the antisaccade task.
Deficits in performance monitoring including the detection of errors and subsequent adjustments to performance may contribute
to such impairments. We examined whether immediate error-related performance adjustments during the antisaccade task were
intact in schizophrenia.

Method: We compared 21 schizophrenia patients and 14 healthy control subjects on the following measures: 1) error-related,
trial-by-trial adjustments in reaction time (pre-error speeding, faster errors and post-error slowing); 2) the speed—accuracy trade-
off (SATO) function; and 3) the frequency and type of error self-correction.

Results: Although antisaccade performance in schizophrenia was characterized by increased errors and latency of correct
responses, measures of immediate error-related performance adjustments were intact.

Conclusion: Schizophrenia is characterized by intact immediate error—related performance adjustments, even in the context of
impaired antisaccade performance. It is possible that deficiencies in other aspects of error processing, indexed by
electrophysiological and hemodynamic markers, contribute to antisaccade and other cognitive deficits in schizophrenia.

© 2005 Elsevier B.V. All rights reserved.
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immediate performance adjustments (Holroyd and
Coles, 2002). Schizophrenia patients consistently
show deficits on the antisaccade task (for reviews
see Brownstein et al., 2003; Levy et al., 1998). The
antisaccade task requires the inhibition of the prepo-
tent response of looking towards a suddenly appearing
target, and the substitution of the novel behavior of
looking in the opposite direction. The present study
examined whether deficits in immediate error-related
performance adjustments contribute to antisaccade
deficits in schizophrenia.

Error detection or signaling is thought to involve
the anterior cingulate cortex (ACC). Hemodynamic
activity in ACC, and an event-related potential
generated by the ACC known as the ‘error-related
negativity’ (ERN) (Holroyd and Coles, 2002), are
believed to index error detection. Immediate perfor-
mance adjustments may depend on lateral prefrontal
cortex (Garavan et al., 2002; Gehring and Knight,
2000). These adjustments include trial-by-trial
changes in performance, such as the speeding up of
reaction time (RT) prior to an error (pre-error
speeding) (Ridderinkhof et al., 2003), the immediate
self-correction of errors (Levy et al., 1998), and the
slowing of reaction time (RT) in the subsequent trial
(post-error slowing) (Rabbitt, 1966).

The extant literature suggests both intact and
impaired performance monitoring functions in schizo-
phrenia. Patients consistently show reduced anterior
cingulate cortex (ACC) activity in association with
error commission during functional neuroimaging
studies (Carter et al., 2001; Laurens et al., 2003),
and reduced ERN amplitude following errors during
ERP studies (Alain et al., 2002; Kopp and Rist, 1999;
Mathalon et al., 2002). This suggests that ACC-based
error detection or signaling may be impaired in
schizophrenia. In contrast, immediate error-related
performance adjustments, such as post-error slowing
and error correction, are generally found to be intact in
patients (Kopp and Rist, 1994, 1999; Laurens et al.,
2003; Levy et al., 1998; Mathalon et al., 2002),
although reports of impaired performance adjustments
do exist (Carter et al., 2001; Malenka et al., 1982,
1986; Turken et al., 2003). A dissociation between
intact performance adjustments versus impaired ACC
activity or ERN amplitude is often found within a
single study (Kopp and Rist, 1999; Laurens et al.,
2003; Mathalon et al., 2002).

Such findings are consistent with the idea that error
detection and immediate performance adjustments are
the product of different neural systems, and suggest
that only one of these systems is impaired in
schizophrenia. An alternate possibility is that they
are both generated by the same system, but that
behavioral adjustments are a less sensitive index of
performance monitoring than more direct measures of
neural activity. Studies reporting a dissociation
between intact immediate performance adjustments
and abnormal error-related neural activity have used
tasks on which error rates do not differ between
patients and controls (Kopp and Rist, 1999; Laurens et
al., 2003; Mathalon et al., 2002). Normal error rates in
patients might indicate a task that is insensitive to
differences in behavioral adjustments.

The present study employed the antisaccade task to
assess immediate performance adjustments. This task
consistently gives rise to increased error rates in
schizophrenia patients relative to controls (see Brown-
stein et al., 2003 for review), regardless of medication
status (Clementz et al., 1994; Crawford et al., 1998;
Curtis et al., 2001; Hutton et al., 1998; McDowell et
al., 1999; O’Driscoll et al.,, 1998). We examined
whether a task characterized by increased errors
would reveal abnormalities in immediate performance
adjustments. If so, this would suggest that deficient
performance adjustments contribute to impaired anti-
saccade performance, and that previous studies may
have used tasks that were insensitive to performance
adjustment failures. If not, this would indicate that
antisaccade deficits in schizophrenia do not result
from performance adjustment deficits, and would
support the notion of different neural systems giving
rise to error detection versus performance adjust-
ments, with a selective impairment in the former
system in schizophrenia. We have already docu-
mented increased antisaccade error rates and latencies
for correct antisaccades in the present schizophrenia
sample (Manoach et al., 2002). In this study, we
investigated whether immediate error-related perfor-
mance adjustments were intact in the context of
deficient antisaccade performance.

We assessed two types of error-related performance
adjustments: 1) error-related RT changes and 2) rates
of error correction. Error-related RT changes occur in
the context of an inverse relationship that exists
between speed and accuracy, as described by the
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speed—accuracy trade-off function (SATO function)
(Fig. 1). Up to a certain point, increasing speed of
responding does not impair accuracy. This optimal
point occurs when 100% accuracy is achieved at the
fastest possible speed. Beyond this point, speed and
accuracy are inversely related, with slower trials
having a greater probability of being correct than
faster trials. Trial-by-trial adjustments in RT are made
along this function based on error history. Prior to and
during error trials, RT is, on average, faster than
during other correct trials (pre-error speeding and
faster errors) (Gehring and Knight, 2000; Ridderink-
hof et al., 2003). After an error, RT slows down (post-
error slowing) and the probability of an error
decreases (Rabbit, 1966). Thus, individuals shift to
riskier positions on the curve before an error, but
following an error, feedback signals cause individuals
to shift to a more conservative position on the curve.
In this study, we examined three trial-by-trial RT
changes: a) pre-error speeding; b) faster errors; and
c) post-error slowing. We also examined the actual
SATO function between groups.

A second marker of immediate error-related
performance adjustments is error correction. We
examined error correction rates in the absence of
any external feedback. We examined both overall
correction rates, and type of error correction, between
groups. Saccadic corrections fall into two categories:
corrections that occur almost immediately (<130 ms)
following an error trial, and corrections that occur
more than 130 ms following an error trial. As
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saccades take approximately 130 ms to be expressed
after they have been programmed, a corrective
saccade that occurs less than 130 ms after the
erroneous saccade is thought to have been
programmed prior to the end of the erroneous saccade,
and in the absence of any visual feedback about an
error. Corrective saccades that occur more than 130
ms after the error saccade are thought to be a response
to visual feedback about an error (Fecteau and Munoz,
2003). Short self-corrections are not associated with
error awareness, and follow errors that are small in
amplitude, while long self-corrections correlate with
error awareness, and follow errors that are larger in
amplitude (Mokler and Fischer, 1999; Nieuwenhuis et
al., 2001). Using RT changes and error correction
measures, we examined whether schizophrenia
patients would show normal performance adjustments
despite significantly impaired performance on the
antisaccade task compared to controls.

2. Method
2.1. Subjects

Twenty-three outpatients with schizophrenia were
recruited from an urban mental health center. Twenty
healthy control subjects, without a history of psychi-
atric illness, were recruited from the hospital commu-
nity, and screened to exclude substance abuse or
dependence within the past 6 months and any
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Fig. 1. This is a depiction of a hypothetical speed—accuracy trade off (SATO) function. As reaction time (RT) increases, the error rate decreases.
The star represents the optimal point of responding where 100% accuracy is achieved at the fastest possible RT, or the point where speed and
accuracy are optimized. Beyond this point, RT and accuracy are inversely related, with faster RT increasing the likelihood of error commission.
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medical/neurological conditions that might affect
brain function. Two patients and four control subjects
did not complete the protocol because they could not
tolerate the scleral contact lens. One control subject
was excluded due to instrument malfunction. The data
were also examined, by group, for outliers using a
cutoff of 3 standard deviations from the group mean
error rate or latency. This led to the exclusion of one
control subject with a 54% error rate. The final sample
size was 21 patients and 14 controls. Sample
demographics are presented in Table 1. Patients had
been maintained on stable doses of antipsychotic
medications for at least 6 weeks prior to study, 15
subjects on atypical and 6 on conventional agents.
Diagnoses were confirmed with Structured Clinical
Interviews for DSM-IV (First et al., 1997). Clinical
status was characterized with the Positive and
Negative Syndrome Scale (PANSS) (Kay et al.,
1987) and the Brief Psychiatric Rating Scale (BPRS)
(Overall and Gorham, 1962). Movement abnormali-
ties were characterized with the Abnormal Involuntary
Movement Scale (NIMH and Health, 1974) and the
Simpson—Angus Rating Scale (Simpson and Angus,
1970). Seventeen patients and 9 control subjects were
strongly right-handed as determined by a laterality
score of 70 or above on the modified Edinburgh
Handedness Inventory (White and Ashton, 1976).
Groups did not differ in age, sex, or handedness.
There was a trend for controls to have a higher
parental SES as determined by the Hollingshead Index
(Hollingshead, 1965) than patients.

2.2. Eye movement apparatus and protocol

We recorded eye movements with a magnetic
search coil technique, using a scleral contact lens
and a 3-ft field coil (Crist Instruments, Bethesda,
MD). The subject’s head was secured in a chin rest
with the cornea 81 cm away from a tangent screen.
Displays were generated by a Power Macintosh 9600/
233, using programs written in C'" on the Vision
Shell platform (www.kagi.com/visionshell), and back-
projected with an Eiki LC-7000U LCD-projector. The
lens was placed in the left eye. The system was
calibrated by having the subject fixate nine targets in a
square grid spanning 50°. Twelve data points were
collected at each target location, and a regression
method was used to find the best linear fit. Eye
position was digitized at 500 samples/s. A five-point
central difference algorithm (Bahill and McDonald,
1983) was used to derive velocity from eye position.

The initial stimulus presentation display consisted
of a dark background with a white fixation ring at
center, of 1.0° diameter and luminance of 20 cd/M>.
The fixation ring was flanked by two dots of 0.7°
diameter and equal luminance placed 20° right and
left of center. These two peripheral dots were visible
in each trial until obscured by a target. The subject
was required to look at the central fixation point and
each trial began when a subject’s eye fell within 3° of
the fixation point. After a period randomly varying
between 1 and 1.5 s, the fixation point was replaced
by a blue ‘X’ spanning 4.5°, which was the prompt for

Table 1

Means, standard deviations and group comparisons of demographic data and rating scale scores

Subject characteristics Healthy controls (n=14) Schizophrenia patients (n=21) t p
Age 39.1+£84 43.7+8.0 —1.63 0.11
Sex 9M/5F 17M/4F Phi=0.19 0.43
Laterality score (Handedness) 60.0+60.3 71.0£52.6 —-0.57 0.57
Parental SES?* 19+13 28+1.3 z=—1.86 0.07
Age of onset 27.7+£93 Level of severity

Length of illness (years) 16.1£10.3

BPRS 17.0+5.6 Minimal

PANSS positive 11.8+4.0 Minimal to mild

PANSS negative 19.3+5.7 Mild to moderate

SANS 41.0+16.6 Minimal to mild

AIMS 3.0+43 None to minimal
Simpson—Angus 3.8+4.1 None to minimal

The Phi value is the result of a Fisher’s Exact Test. The z value is the result of a nonparametric Mann—Whitney U comparison.

* A lower score denotes higher status.
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an antisaccade. Prompts lasted 300ms and were then
replaced by the white fixation ring. After a mean
interval of 2 s the fixation ring disappeared and a
similar ring appeared around one of the two peripheral
dots, the side randomly determined. The offset of the
fixation ring was simultaneous with the appearance of
the peripheral ring. This was the cue for the subject to
make their saccade as quickly and accurately as
possible to the opposite periphery. The white ring
remained in the peripheral location until either the
subject’s eye had fallen within 3° of the desired end
position or 10 s had passed, at which time it returned
to the central fixation point for the next trial. After
practicing the task for 20 trials, each subject
performed four blocks of 26 trials of antisaccades
for a total of 104 antisaccade trials. Prior to testing,
participants were informed that they would receive a
monetary bonus for each correct response. This was
intended to mitigate potential motivational deficits in
the schizophrenia subjects. Antisaccade blocks were
counterbalanced with other saccadic blocks as part of
larger experimental protocol.

2.3. Scoring of eye movement protocols

We identified saccades as eye movements with
velocities exceeding 47°/s. The onset of a saccade was
defined as the point at which the velocity of the eye
first exceeded 31°/s. For each saccade, we recorded
directional accuracy with respect to the required
response, latency (the RT from target onset to saccade
onset), and amplitude (the distance traveled between
the onset and end of a saccade). Trials in which
saccadic latency was less than 130 ms were excluded
as anticipatory guesses. Trials in which the latency
was longer than 800 ms were excluded as too delayed.
Trials were also excluded if saccades were less than
15° or greater than 25° in amplitude. Error saccades
were scored as self-corrected if the erroneous saccade
was followed by a corrective saccade with an overall
amplitude of 15° or more; all other errors were
considered non-corrected.

2.4. Data analyses
RT analyses were performed using JMP 5.1

software (www.JMPdiscovery.com), SATO function
curves were derived using R software (Thaka and

Gentleman, 1996), and error correction rates were
analyzed using Statview.

2.4.1. Reaction time changes

To examine changes in RT due to error history, we
performed randomized block ANOVAs with group
(controls vs. patients) as a between subject factor, trial
type as a within subjects factor, and subjects nested
within group as the random factor. The only factor
that varied between the three following analyses was
trial type. Trial type variously refers to whether trials
preceded an error (pre-error) or correct (pre-correct)
trial in the Pre-error Speeding analysis; whether the
response to a current trial was erroneous or correct in
the Faster Error analysis; and whether trials followed
an error (post-error) or correct (post-correct) trial in
the Post-error Slowing analysis.

2.4.1.1. Pre-error speeding. To determine if the
mean RT of trials occurring before error responses
was significantly faster than the mean RT of trials
preceding a correct response, we performed an ANOVA
with current response (pre-error vs. pre-correct) as the
trial type factor. Only correct saccadic responses were
used in this analysis. The last trial of each block was
excluded since there was no subsequent trial. Correct
trials that followed error trials were also excluded
because of the possibility that post-error slowing would
counteract the effect of pre-error speeding.

2.4.1.2. Faster errors. To determine if the mean RT
for error trials was significantly shorter than the mean
RT for correct trials, we performed an ANOVA with
current response (error vs. correct) as the trial type
factor.

2.4.1.3. Post-error slowing. To determine if the
mean RT following an error response was slower
than the mean RT following a correct response, we
performed an ANOVA with current response (post-
error vs. post-correct) as the trial type factor. Only
correct trials were used, and the first trial of each
block was eliminated as it lacked any immediate
historical influence.

2.4.2. The SATO function
We derived a SATO function for each group using
performance over repeated trials of the antisaccade
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task to plot the probability of a trial being correct
given its speed. The slope of the SATO function varies
by group, and describes the efficacy of the speed—
accuracy trade-off. A steeper slope represents a
greater loss in accuracy for the same decrease in
speed than a flatter slope. Trial-by-trial changes in RT
will only produce equivalent changes in accuracy
when the slopes of the SATO functions do not differ
between groups. For this reason, it is important to
assess if there are differences in the slopes of the
SATO functions between groups (Rabbitt, 1966). We
derived two group SATO functions (patients, controls)
using a method outlined in Rabbitt and Vyas (1970)."
We converted each subject’s trials from raw RT data
into z-scores based on each individual’s own mean RT
and standard deviation (S.D.). We generated frequen-
cy histograms for error and correct distributions by
binning z-scores by group and across subjects using a
0.05 increment. We then derived the error rate for
each z-score bin using the following formula: error
rate=(# errors per bin/total # responses per bin). To
enhance reliability, for bins that had fewer than 10
total responses, we combined across bins until there
were 10 or more data points, and then derived the
average z-score and accuracy for the new bin. To
ensure that the conversion to z-scores did not mask a
group difference in the slope of the SATO function,
we re-constituted the z-scores into RT scores by
multiplying each z-score by the appropriate group
S.D. of RT, and adding the corresponding group RT
mean. Using these re-constituted z-scores, we plotted
error rate by RT. We plotted and compared SATO
functions between groups by using the following
model: y=group+linear coefficient+quadratic coef-
ficient+ (group X linear coefficient)+ (group X qua-
dratic coefficient). A significant linear interaction
term would indicate that the position of the curve
varies by group. A significant quadratic interaction
term would indicate that the slope of the curve varies

by group.

2.4.3. Error correction
Self-corrected errors were divided into long self-
corrections (LSCs) and short self-corrections (SSCs)

! Rabbitt and Vyas (1970) used raw RT scores, whereas we used
z-scores. However, z-score transformations are linear, and do not
affect the shape (skewness, kurtosis) of the underlying distributions.

based on time of onset after an erroneous saccade. If
the time of onset occurred more than 130 ms
following the end of the erroneous saccade, the self-
correction was classified as an LSCs. If the time of
onset occurred less than 130 ms after the end of the
erroneous saccade, the self-correction was classified
as a SSC. We calculated several proportion scores:
corrected errors (corrected/total errors); uncorrected
errors (uncorrected/total errors); SSC (SSC/total
corrected errors); and LSC (LSC/total corrected
errors). To determine whether error correction was
equivalent between groups, both with respect to 1)
overall correction rate and 2) type of error correction,
which is an indirect marker of error awareness, we
performed two repeated measures ANOVAs with
group (controls vs. patients) as a between subject
factor. The first ANOVA had error correction (cor-
rected vs. uncorrected) as the repeated measure. The
second ANOVA had correction type (short saccadic
correction vs. long saccadic correction) as the
repeated measure. These analyses also examined 1)
within-group error correction to determine whether
most errors were followed by remedial behavior (i.e.
self-correction of errors); and 2) within-group SSCs
vs. LSCs to determine whether subjects were more
likely than not to make corrections suggesting
awareness of their corrective actions.

3. Results
3.1. Antisaccade performance

The mean error rate was significantly greater for
schizophrenia patients (28.9% =+ 18.6%) than for healthy
controls (5.7% +2.3%), (¢(34)=5.65 p=<.0001). Correct
trials were significantly slower in the schizophrenia
(364.62 £87.75 ms) than in the control group (293.04 &
48.84 ms) (1(34)=3.09, p=.002).

3.2. Reaction time changes

3.2.1. Pre-error speeding

Correct responses before error trials were significantly
faster than correct responses before correct trials, by about
13 ms (F(1,34)=3.79 p=.05). There was no significant
interaction with group (F(1,34)=.01, p=.92), indicating
that pre-error speeding was present in both patients and
controls (Table 2).
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3.2.2. Faster errors

Error trials were significantly faster than correct trials by
about 58 ms (F(1,34)=98.43, p<.0001). There was also a
significant interaction with group (F(1,34)=17.57,
p=<.0001). Follow-up analyses showed that this was due
to correct antisaccades being slower in schizophrenia
patients than healthy controls (F(1,34)=9.76, p=.002),
whereas the RT for antisaccade errors was not different
between groups (£(1,34)=0.81, p=.37) (Table 2).

3.2.3. Post-error slowing

Correct responses after error trials were significantly
slower than correct responses after correct trials
(F(1,34)=4.67, p=.03). There was no significant interac-
tion with group (F(1,34)=0.31, p=.57), indicating that
post-error slowing was present to a similar degree in both
groups (Table 2). We also examined whether post-error
slowing was proportional to overall mean RT using a linear
regression model with mean correct RT, group, and a group
by mean correct RT interaction term as the predictor
variables, and mean post-error slowing as the criterion
variable. We found no relationship between mean post-error
slowing and mean correct RT (F(1,34)=0.007, p=.933),
and this relationship was not found to vary by group
(F(1,34)=0.009, p=0.926). Thus, in our data, differences
in mean saccadic RT do not significantly contribute to the
magnitude of post-error slowing in either group.

3.3. The SATO function

The model accounted for 75% of the variance in saccadic
RT (F(4,128)=97.66, p<.001). The slope of the SATO

Table 2

function was not different in schizophrenia as indicated by a
non-significant interaction of group by the quadratic term
(#(127)=0.38, p=.54) (Fig. 2). However, the position of the
SATO function differed significantly between groups,
reflected in a significant interaction of linear term by group
(t(127)=—6.19, p<.001). In schizophrenia, the SATO
function was shifted up and to the right relative to that of
the control subjects (Fig. 2). This indicates that patients have
a lower baseline accuracy rate (11% less accurate) and a
slower baseline speed of responding (by an estimated 116.2
ms) than controls. Thus, the difference between the group
SATO functions can be adequately explained by a linear
shift (with no rotational component). In other words, the two
group SATO curves do not differ significantly from two
copies of a single curve, positioned differently because
schizophrenia patients tend to make more errors and have
longer latencies than controls, but otherwise have similar
group SATO behavior. The following equation includes both
group curves as special cases: Error Rate+a=.5990—
[2.912 % 1073 X (RT+5)]+[3.490 X 10~ % x (RT+5)*]. For
controls, a=b=0; for patients, a=.11 and h=116.2 ms.
These values quantify, respectively, the group increases in
error rate and latency for patients relative to controls.

3.4. Error correction

Errors were much more likely to be corrected than not
(F(1,34)=378.38, p<.0001), and this did not differ
between groups (F(1,34)=.04, p=.84), indicating that both
groups corrected their erroneous behavior most of the time.
Self-corrections were equally likely to be short than long
(F(1,34)=0.017, p=.90), and this finding also did not differ

Means and standard errors for reaction time changes (in ms) are reported for ‘Pre-Error Speeding’, ‘Faster Errors’, and ‘Post-Error Slowing’, and
correction rates (in %) are reported for ‘Overall Error Correction’ and ‘Correction Type’ in healthy controls and schizophrenia patients

Effect studied Trial type Healthy controls Schizophrenia patients
M S.E. M S.E.
Pre-Error Speeding* Pre-correct 293.87 19.96 365.96 16.46
Pre-error 280.60 22.47 354.07 17.27
Faster Errors**** Correct 293.06 17.65 364.39 14.48
Error 259.72 20.24 282.28 14.84
Post-Error Slowing* Post-correct 291.91 19.94 362.87 16.43
Post-error 308.86 22.37 372.83 16.94
Overall Error Correction™*** Uncorrected 4.14 591 242
Corrected 93.16 4.14 94.09 2.42
Correction Type Short 55.73 8.52 39.26 6.17
Long 37.42 9.16 54.83 6.83

£p <.05. *p<.01. *¥*%p< 001, #:+%p < 0001,

“Pre-correct” indicates trials that directly precede a correct trial. “Pre-error” denotes trials that directly precede an error trial. “Post-correct”
indicates trials that directly follow a correct trial. “Post-error” denotes trials that directly follow an error. Asterisks indicate within-group
differences between trial types, and p-values are the same for both groups. Means reported for the RT data are least squares means.



198 FE. Polli et al. / Schizophrenia Research 82 (2006) 191-201

o
a
«<
(=1
o
& o
o

24 o © o
2
=]
-1
15
£
B = 4
= S

N

o -

<

(=]

O Schizophrenia Patients
® Healthy Controls

__quadratic parameter does not vary by group
--- quadratic parameter varies by group

200 400

600 800

Reaction Time (ms)

Fig. 2. Schizophrenia patients have a higher baseline error rate than healthy controls, and a longer baseline reaction time. However, the figure
illustrates that their trade-off in speed for accuracy is not different from that of controls. The slopes of the SATO functions for both groups are
similar, as evidenced by the fact that allowing the shape of the curve (quadratic parameter) to vary by group (represented visually by the dashed
line) does not improve the explanatory power of the original curve (represented visually by the solid line).

by group (F(1,34)=2.60, p=.12), suggesting that corrective
actions in both groups were as likely to be reflexive than not
(Table 2).

4. Discussion

Our findings provide evidence that immediate
error-related performance adjustments are preserved
in schizophrenia despite a significantly increased
antisaccade error rate. Error-related RT changes of
pre-error speeding and post-error slowing were
present in both groups and did not differ in
magnitude. The slope of the SATO function also
did not differ between groups. Finally, the majority of
errors were followed by a corrective action, and
schizophrenia and healthy subjects showed compara-
ble frequency and types of error self-correction.
These findings of intact immediate error-related
performance adjustments are consistent with previous
reports of normal post-error slowing (Laurens et al.,

2003; Mathalon et al.,, 2002) and error correction
(Kopp and Rist, 1994, 1999; Levy et al., 1998) in
schizophrenia. The present study extends these
findings by demonstrating that other expected error-
related RT changes (pre-error speeding), the underly-
ing SATO function, and types of self-correction are
intact in schizophrenia. Moreover, we find these
preserved immediate performance adjustments on a
task producing a significantly increased error rate in
schizophrenia. These findings suggest that antisac-
cade deficits in schizophrenia cannot be attributed to
a failure to institute immediate error-related perfor-
mance adjustments.

Our finding of intact immediate error-related RT
changes, while consistent with some previous work
(Laurens et al., 2003; Mathalon et al., 2002), contrasts
with reports of diminished post-error slowing in
schizophrenia (Alain et al.,, 2002; Carter et al.,
2001). These differences may be attributable to
methodological factors. For example, the Carter et
al. (2001) study imposed a long delay between trials
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(20 s). This might have differentially disrupted post-
error slowing in schizophrenia on the basis of working
memory deficits in schizophrenia (Goldman-Rakic,
1991), which may have resulted in a more rapid decay
of the neural activity related to post-error slowing in
patients. The Alain et al. (2002) study found intact
post-error slowing in schizophrenia in terms of overall
change in RT, but found reduced proportional post-
error slowing (post-error slowing/total RT). Since
there is no evidence, including from our own data, to
suggest that the magnitude of post-error slowing
varies with mean RT, using proportional scores may
not be justified.

Our finding of intact self-correction of errors in
schizophrenia is also consistent with a subset of
studies (Kopp and Rist, 1994, 1999; Levy et al,
1998), while others have found reduced self-correc-
tion (Malenka et al., 1982, 1986; Turken et al., 2003).
Again, methodological factors, specifically working
memory load differences among tasks, may account
for these discrepancies. As suggested by Kopp and
Rist (1994), on tasks with high working memory load
(Carter et al., 2001; Malenka et al., 1982, 1986),
patients may have reduced error correction due to an
inability to remember what the correct response was.
This is in contrast to paradigms with low working
memory load (Kopp and Rist, 1994, 1999), including
the antisaccade paradigm (Levy et al., 1998), where it
is easy for patients to remember the correct response
and normal error correction rates are found. Thus,
deficient working memory, rather than a failure of
performance monitoring, may account for patients’
decreased rate of error correction on certain tasks.

We do report one finding that might suggest
performance adjustment differences between groups.
While the latency of error trials did not differ between
groups, the latency of correct trials did, indicating that
patients required a greater increase in reaction time to
achieve correct performance than did healthy controls.
This may be suggestive of an overall SATO differ-
ence, since controls require a smaller increase in RT to
achieve correct responding than patients do. However,
it could also be interpreted as evidence for deficient
cognitive control. Antisaccade errors indicate a failure
of cognitive control, and reflect the functioning of a
reflexive system that is likely intact in schizophrenia
given findings of normal accuracy and latency of
reflexive saccades. In contrast, schizophrenia is

characterized by deficits in cognitive control. As the
SATO is a reflection of a system exerting cognitive
control, the greater increase in RT from errors to
correct responses may reflect their deficits in cogni-
tive control that generally shifts their SATO to the
right, but not an abnormality in the shape or slope of
their SATO. Therefore, the difference between error
and correct RTs may not be an appropriate index of
the normality of the SATO since these RTs tap the
functioning of different systems.

A potential limitation of our study is that the few
number of error trials in healthy controls increased the
variability of our estimates, and this may have reduced
our power to finding significant between-group differ-
ences. Even so, the predicted main effects of trial and
correction type were significant, arguing against the
study being underpowered. Therefore, while it is
never possible to accept the null hypothesis, it can be
said that there was only sufficient evidence to reject
the null hypothesis for the main effects of perfor-
mance adjustments, but not the interaction effects of
differences in performance adjustments by group.

In summary we have demonstrated intact immediate
error-related performance adjustments in the context of
deficient antisaccade performance in schizophrenia. It
is possible, however, that other aspects of performance
monitoring not explicitly assessed in the present study,
such as reduced ERN amplitude and ACC hypoactivity,
could contribute to deficient antisaccade performance.
The ERN, while commonly interpreted to reflect error
detection, has recently been reframed as reflecting
error-based reinforcement learning which is thought to
occur via dopaminergic input to the ACC that
reinforces correct responses while suppressing errone-
ous ones (for a review, see Holroyd and Coles, 2002).
This latter interpretation is more consistent with
findings of normal performance adjustments in this
and other studies (Kopp and Rist, 1994, 1999; Laurens
et al., 2003; Levy et al., 1998; Mathalon et al., 2002)
suggesting intact error awareness in patients. On the
antisaccade task, such learning might involve strength-
ening the non-dominant response of looking away from
the target while weakening the prepotent tendency to
look towards it. A failure of such learning in
schizophrenia might explain why patients maintain
such high error rates despite intact immediate error-
related performance adjustments that should improve
performance.
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Future studies that concurrently assess immediate
error-related performance adjustments and ACC
activity, via electrophysiology or neuroimaging, are
needed to address this question. If such studies found
increased error rates and reduced ACC activity in the
context of intact performance adjustments and asso-
ciated neural activity, this would support the hypoth-
esis of a selective impairment in ACC-based
reinforcement learning in schizophrenia. The present
findings provide a foundation for such studies by
suggesting that increased antisaccade error rates in
patients do not stem from a deficit of immediate error-
related performance adjustments.
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