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Objective: The authors examined brain
activity associated with the internal moni-
toring of performance to test the hypothe-
sis that error-related activity in the anterior
cingulate cortex is impaired in patients
with schizophrenia.

Method: Seventeen patients with schizo-
phrenia and 16 healthy comparison sub-
jects underwent event-related functional
magnetic resonance imaging during a con-
tinuous performance task; stimulus degra-
dation was used to increase error rates.

Results: Comparison subjects, but not
schizophrenic patients, showed error-re-

lated activity in the anterior cingulate cor-
tex, and this difference in brain activity
was significantly different across the two
groups. Patients also showed less slowing
of reaction time after error commission.

Conclusions: Lower error-related activity
in the anterior cingulate cortex and less
performance adjustment after error com-
mission are consistent with the hypothe-
sis that disturbances in anterior cingulate
cortex function are related to a specific al-
teration in an evaluative component of
executive functioning—the internal mon-
itoring of performance.

(Am J Psychiatry 2001; 158:1423-1428)

Executive functions are those cognitive processes nec-
essary for controlled information processing and coordi-
nated actions (1). Impaired executive functioning has
served as the basis of a number of general theories of cog-
nitive dysfunction in schizophrenia (2-6) and has been
hypothesized to be related to the behavioral disorganiza-
tion characteristic of this illness. With the growing aware-
ness of the association between cognitive disability and
poor outcome in schizophrenia (7), there has been a re-
newed interest in understanding the nature of impaired
executive functioning in schizophrenia as well as its
pathophysiological substrates.

Two broad sets of processes have been considered as
contributors to executive functioning (1). Strategic pro-
cesses are those involved in the top-down control of cog-
nition. These functions include representing and main-
taining goals and allocating limited attentional resources.
These functions appear to rely on the integrity of regions
of the dorsolateral prefrontal cortex (8, 9). A second set of
processes, also essential for executive control, are those
involved in the ongoing evaluation of performance. These
evaluative functions are critical for the flexible adjust-
ments of top-down control needed for a seamless adapta-
tion to a constantly changing environment. A growing
body of data implicate the anterior cingulate cortex on the
medial surface of the frontal lobes in this function (1, 10).

Much of the theoretical and empirical work to date re-
lated to impaired executive functioning has focused on
impaired strategic processes and their association with
impairments in the dorsolateral prefrontal cortex and re-
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lated circuitry (11-14). These studies have provided in-
sights into the nature of impaired top-down cognitive
control in patients with schizophrenia and focused atten-
tion on the potential role alterations in the local circuitry
of this region and its development (15, 16) may have in
cognitive disability. Relatively little attention has been
paid to impaired performance monitoring functions in
patients with schizophrenia. However, a number of stud-
ies that have used resting single photon emission com-
puted tomography and positron emission tomography
(PET) (14, 17-19) have suggested abnormalities of this re-
gion both at rest and during the performance of tasks en-
gaging executive functions.

One way that the anterior cingulate cortex is thought to
contribute to internal performance monitoring functions
is through its sensitivity to errors. Event-related potential
(10) and, more recently, event-related functional magnetic
resonance imaging (fMRI) studies (20, 21) have shown ac-
tivation in this region associated with error commission as
well as evidence that this activity is coupled with perfor-
mance adjustments following error commission (10). Pre-
liminary electrophysiological evidence that error detec-
tion was impaired in patients with schizophrenia was
reported by Kopp and Rist (22), who reported that these
patients exhibited diminished error-related negativity, a
transient response locked event-related potential signal
that is observed concurrent with making an error during a
speeded response task. In the present study, we used
event-related fMRI and a speeded reaction time task to
test the hypothesis that a reduction in brain performance
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monitoring activity in the anterior cingulate cortex con-
tributes to impaired executive functioning in patients with
schizophrenia.

Method

Subjects

Twenty-four schizophrenic patients and 23 healthy compari-
son subjects were studied. All subjects were right-handed, as de-
termined by the first three questions of the Edinburgh Handed-
ness Inventory (23). Subjects gave written informed consent for
the study, which was approved by the Biomedical Institutional
Review Board of the University of Pittsburgh. Three patients and
three comparison subjects were excluded because of excessive
movement, two patients and three comparison subjects were ex-
cluded because they did not perform the task correctly or made
insufficient errors, and two patients and one comparison subject
were excluded because they could not tolerate the scanner or
data were lost for technical reasons. There were no significant dif-
ferences between subjects who were excluded for the above rea-
sons and those who remained in the analysis on gender, diagno-
sis, or total Positive and Negative Syndrome Scale (24) score (all
p>0.30). Healthy comparison subjects who were excluded were
nonsignificantly older than those who were included (mean=37.8
years [SD=3.6] versus 33.5 years [SD=6.0], respectively; t=1.8, df=
22, p<0.08). Our final group consisted of 17 schizophrenic pa-
tients and 16 comparison subjects who were matched for age
(mean=33.5 years [SD=5.8] and 34.1 years [SD=7.7], respectively;
t=0.28, df=31, p<0.79), gender (patients: five women and 12 men,
comparison subjects: five women and 11 men; X2=0.01, df=1,
p<0.91), and parental education (mean=13.5 years [SD=1.8] and
13.1 years [SD=3.6]; t=0.34, df=31, p<0.71). Patients were all clini-
cally stable outpatients at the time of testing as per scores on the
Positive and Negative Syndrome Scale (total score: mean=25.7
[SD=7.5]; positive symptom score: mean=7.1 [SD=3.2]; negative
symptom score: mean=10.7 [SD=3.3]). All patients were receiving
antipsychotic medications (haloperidol: N=4, fluphenazine: N=2,
olanzapine: N=5, quetiapine: N=3, and clozapine: N=3) at stable
doses for at least 30 days before scanning. All patients met DSM-
IV criteria for schizophrenia as per the Structured Clinical Inter-
view for DSM-IV (SCID) as well as review of their medical records
and discussion with their treating clinician. Mean duration of ill-
ness for the patient group was 16.0 years (SD=9.1). Comparison
subjects were evaluated with the nonpatient version of the SCID
and were excluded for any lifetime history of axis I disorder as well
as a family history of psychotic disorder. Exclusion criteria for
both groups included a lifetime history of seizures or significant
head trauma, a history of mental retardation, a history of sub-
stance abuse or dependence within the previous 6 months, and
any contraindication for MRI scanning.

Event-Related fMRI Methods

Subjects performed 10 to 14 blocks of a 10-trial continuous
performance task while in the scanner. The number of blocks var-
ied from 10 to 14 depending upon the subjects’ ability to tolerate
the procedure and their error rates. Subjects were presented with
single letters at the center of a computer display and instructed to
press a target button whenever an “A” (cue) was followed by an
“X” (probe) and to press a nontarget button for all other stimuli.
Subjects responded with their dominant (right) hand. In the ver-
sion used, the majority of trials were valid “A followed by X” trials.
Each stimulus appeared for 500 msec, followed by a 9500-msec
interstimulus interval. Hence, the length of each trial (cue-probe
pair) was 20 seconds. In alternating blocks, the stimuli were de-
graded by removing pixels from the display in order to increase
error rates. We have previously shown that error-related brain ac-
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tivity, localized to the anterior cingulate cortex, is elicited when
stimulus degradation is used to elicit errors. We have previously
interpreted this result as reflecting response conflict, since tran-
sient, response-related activity has also been observed in the
same region of the anterior cingulate cortex during correct trials
in which response conflict is present (20). The degree of stimulus
degradation was individually titrated during a practice session in
the scanner to ensure that subjects were making errors and to
equate the difficulty of the degraded condition for the two groups.
There was no difference in the level of stimulus degradation used
between the groups (patients: mean=85.9% [SD=6.4%], compari-
son subjects: mean=88.7% [SD=10.8%]). There was also no signif-
icant difference in the percentage of errors made (patients:
mean=16.3% [SD=13.4%], comparison subjects: mean=13.1%
[SD=9.4%)]). Eight 2.5-second fMRI scans were acquired during
each 20-second scan—four following the cue and four following
the probe—and stimulus presentation was synchronized with
scanning so that the data could be analyzed in an event-related
manner.

Functional images were acquired by using a 1.5-T Signa whole
body scanner (GE Medical Systems, Milwaukee) with a standard
head coil. Functional scans were obtained by using a two-shot T»-
weighted spiral-scan pulse sequence (TR=1250 msec, TE=35
msec, flip angle=60°, field of view=24 cm). Sixteen axial slices
(3.75-mm? voxels) were obtained parallel to the anterior commis-
sure-posterior commissure line every 2.5 seconds. Scanning was
event related, with acquisition of images synchronized to stimu-
lus presentation. Structural images were obtained before func-
tional scanning by using a standard T;-weighted pulse sequence.
Images for all subjects were coregistered to a common reference
structural MRI scan with a 12-parameter automated algorithm
(25). They were then smoothed by using an 8-mm full width at
half maximum three-dimensional Gaussian filter to accommo-
date individual differences in anatomy. Finally, data were pooled
across subjects to increase the signal-to-noise ratio.

Data Analysis

After reconstruction, functional data were aligned to the first
scan by using automated image registration (25). Data were then
transformed to a common reference space (26), globally normal-
ized and smoothed by using an 8-mm full width at half maximum
Gaussian kernel. Group analyses were then performed by using a
mixed-model analysis of variance (ANOVA) in which subject was
arandom factor and diagnosis, accuracy (correct versus incorrect
response following probe presentation), and scan (the four se-
quential scans acquired beginning with the presentation of the
probe) were fixed factors. F maps were thresholded for a signifi-
cance value of p<0.005 with a contiguity threshold of eight contig-
uous voxels, corresponding to an image-wise false positive rate of
p<0.05, corrected for multiple comparisons (27). Data were then
transformed into Talairach space by using AFNI software (28) for
display purposes and to localize the results in standard coordi-
nates. For contrasts involving regions of interest identified in the
above voxel-wise contrasts, data were averaged across all the vox-
els in the region of interest and contrasted by using mixed-model
ANOVA.

Results

To ensure that signal-to-noise ratios were not impaired
by nonspecific factors such as differences in head move-
ment during scanning or other nonspecific factors, esti-
mated movement parameters were extracted from the au-
tomated image registration log files, and signal-to-noise
ratio maps were computed. Six subjects (three schizo-
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FIGURE 1. Anterior Cingulate Cortex Activity in Patients With Schizophrenia and Healthy Comparison Subjects During a

Continuous Performance Task?®
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a After incorrect responses, activity in the anterior cingulate cortex of the healthy subjects was significantly higher than activity seen after cor-
rect responses (F=11.3, df=1, 45, p<0.0001); this increase in anterior cingulate cortex activity after incorrect responses was not seen in the

patients with schizophrenia (F=0.48, df=1, 48, p<0.70).

phrenic and three comparison) were excluded from the
analysis because they had mean movement in one or
more dimension of more than 4 mm or degrees (approxi-
mately one voxel). For the remaining groups, there were
no significant differences on any dimension on the esti-
mated movement parameters. When the groups were con-
trasted on signal-to-noise ratio maps across all regions of
interest for which group contrasts were conducted, no sig-
nificant differences were observed (patients: mean=736,
SD=737, comparison subjects: mean=704, SD=720).

As in a previous study that used this paradigm (20), the
healthy comparison subjects showed a robust, transient,
response-related increase in the anterior cingulate cortex
during error commission (75 voxels, centroid of activa-
tion [x,y, z]: 0, 27, 36). A small area of right anterior medial
frontal cortex (Brodmann’s area 10) and left posterior pa-
rietal cortex (Brodmann'’s area 40) also showed error-re-
lated activity in the healthy comparison subjects. Schizo-
phrenic patients failed to show an increase in activity in
the anterior cingulate cortex (or any other region of the
brain) during commission of errors. In the direct contrast
of the two groups, there was a large area of the anterior
cingulate cortex, centered on the ventral bank of the cin-
gulate sulcus (Brodmann’s area 24) and extending into
adjacent Brodmann’s area 32, that showed a significant
group-by-accuracy-by-scan interaction (54 voxels, cen-
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troid of activation: 2, 21, 36). The contrast between the er-
ror-related activity observed in the anterior cingulate cor-
tex in comparison subjects and in the schizophrenic
patients is shown in Figure 1.

When normal subjects make an error, their reaction
times are slower on the subsequent trial (29). This phe-
nomenon, sometimes referred to as the “Rabbitt effect,”
was considered to be evidence for central error monitoring
processes long before cognitive neuroscience was able to
show evidence of brain activity associated with such a pro-
cess. It has previously been reported that the magnitude of
the error-related negativity correlates with the degree of
slowing following error commission (10). We contrasted re-
action times before and after commission of errors across
the two groups and found that the patients with schizo-
phrenia exhibited significantly less slowing of reaction
time after error commission. For comparison subjects, the
mean reaction after an error was 708.13 msec (SD=216.6),
whereas after a correct response it was 596.7 msec (SD=
172.3). For the schizophrenic patients, mean reaction
times after incorrect and correct responses were 801.7
(SD=167) and 774.9 (SD=157.3) msec, respectively. Hence,
the mean Rabbitt effect for the comparison subjects was
111.4 msec, whereas for the schizophrenia patients it was
only 26.8 msec (F=6.1, df=1, 31, p<0.02).
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Discussion

This is the first study to our knowledge to use event-
related fMRI to investigate brain activity associated with
the internal monitoring of performance in patients with
schizophrenia. We found that relative to matched compar-
ison subjects, error-related activity in the anterior cingu-
late cortex was impaired in the patient group. Associated
with this impairment, error-related performance adjust-
ments also differed between patients and comparison
subjects, with patients exhibiting less of the normal reac-
tion time adjustment following errors or Rabbitt effect.
These results are consistent with our hypothesis that a
performance-monitoring deficit based in the anterior cin-
gulate cortex contributes to impaired executive function-
ing in patients with schizophrenia.

A number of previous investigators have proposed mod-
els of impaired self-monitoring in patients with schizophre-
nia (30, 31). These models have proposed that the internal
monitoring of actions is disrupted through an impairment
of corollary discharge, the copy of a motor plan that is re-
turned to a central monitor in order to evaluate a move-
ment before or as it is executed. Some theories of error de-
tection also assume an underlying mechanism involving a
comparison of an efference copy of an action together with
a representation of the correct action, referred to as the
“comparator” hypothesis (32). From this perspective, our
results are consistent with a disturbance of an efference
copy mechanism. However, previous theories related to al-
tered efference copy in schizophrenia have focused on this
disturbance as a potential mechanism for positive symp-
toms in which putatively self-generated actions are attrib-
uted to an external agent, e.g., inner speech is mistaken for
an external voice. Our hypothesis of impaired performance
monitoring in patients with schizophrenia emphasizes the
relevance that this deficit may have for impaired executive
functioning in this illness. Furthermore, we have proposed
that error detection in humans can be understood without
the need for a comparator function involving efference
copy mechanisms (33). On the basis of the observation that
the same regions of the anterior cingulate cortex show ac-
tivity during error commission and during tasks that elicit
response conflict—as well as results from computational
modeling studies that have shown that response conflict is
particularly high during error commission—we have hy-
pothesized that the anterior cingulate cortex contributes to
evaluation of performance by detecting response conflict
without the need for a comparator. In the present study, we
could not examine activity related to response conflict be-
cause there were too few trials eliciting response conflict
during the nondegraded blocks (generally fewer than five
per subject). However, in a previous PET study that used the
Stroop task (34), schizophrenic patients exhibited lower an-
terior cingulate cortex activity during the color-incongru-
ent, response conflict-eliciting condition of this task. Fur-
ther studies examining both error-related and response
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conflict-related activity in the anterior cingulate cortex are
currently underway in our laboratory.

As previously mentioned, executive functioning appears
to be implemented in the brain by a distributed network of
regions, including the dorsolateral prefrontal cortex, and it
is highly likely that disturbances are present in this region
of the brain in patients with schizophrenia. Could the
changes in error-related activity observed in the anterior
cingulate cortex in the present study simply be secondary
to changes in other regions, such as the dorsolateral pre-
frontal cortex? We cannot exclude this possibility, but we
believe that it is unlikely. In a study of the error-related neg-
ativity in subjects with focal lesions of the dorsolateral pre-
frontal cortex but intact anterior cingulate cortices, the
frontal patients showed an increase in the event-related
potential signal associated with correct response and no
change with respect to the amplitude of the error-related
wave form. The pattern of reduction of the error-related
negativity in the study by Kopp and Rist (22) and the pat-
tern of MR signal change in the present study is quite dif-
ferent to that observed in the frontal patients. In these two
studies there were no differences in activity associated with
correct responses but markedly lower error-related effects.
An examination of conflict-related activity in the anterior
cingulate cortex may be even more informative with regard
to this issue. An impairment in attentional control associ-
ated with dorsolateral prefrontal cortex dysfunction
should elicit greater conflict. As such, impaired dorsolat-
eral prefrontal cortex together with intact anterior cingu-
late cortex should produce greater cingulate response,
while impaired conflict detection in this region would pre-
dict lower activity in this region. We have recently shown,
using event-related methods, that top control functions of
the dorsolateral prefrontal cortex and conflict-related ac-
tivity in the anterior cingulate cortex can be dissociated in
time (9). With this approach it should be possible to tease
apart the relative contribution of these two regions to im-
paired executive functioning in schizophrenia, and these
studies are also underway in our laboratory.

A caveat regarding the results of the present study, as
well as the previous event-related potential study (22) sug-
gesting diminished error-related brain activity in patients
with schizophrenia, is that the patients were all treated
with antipsychotic medications. Previous studies have
shown that antipsychotic drugs decrease blood flow and
metabolism in the anterior cingulate cortex. Reductions in
anterior cingulate cortex resting metabolism and in the
anterior cingulate cortex response during cognitive acti-
vation—which we would interpret as related to response
conflict (19)—have previously been reported in unmedi-
cated patients, but it is unknown how antipsychotic drugs
might affect error-related activity in this region of the
brain. Further studies examining error-related and re-
sponse conflict-related activity in the anterior cingulate
cortex in unmedicated patients before and after the initia-
tion of treatment are needed in order to examine the pos-
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sibility that antipsychotic medication may have a deleteri-
ous effect on the internal monitoring of performance in
schizophrenia. An additional limitation is that data from
several subjects had to be excluded from analysis because
of excessive movement or because they were unable to
perform the task. This raises an issue regarding the gener-
alizability of results obtained from functional brain imag-
ing studies to the broad population of schizophrenic pa-
tients. While, on the one hand, this limitation implies that
results from cognitive fMRI studies of schizophrenia
might not always be fully generalizable to the broad popu-
lation of patients, on the other hand it is likely that such
studies are biased against confirming hypotheses regard-
ing the brain circuitry underlying impaired cognition in
this illness, since the most severely affected patients can-
not be studied. Hypotheses that are confirmed by these
methods might then be considered to have survived a
more stringent test by being confirmed in a subset of more
mildly affected patients. The development of methods
that permit more rapid data acquisition, as well as the use
of simplified behavioral paradigms, may reduce the im-
pact of this potential sampling bias in the future.

In conclusion, in the present study, patients with schizo-
phrenia showed less error-related activity in the anterior
cingulate cortex during event-related fMRI as well as asso-
ciated impairments in performance adjustments following
error commission. These data provide preliminary evi-
dence for impaired anterior cingulate cortex-based evalua-
tive function, and, hence, a specific contribution of distur-
bances in this region of the brain to impaired executive
functioning in schizophrenia. Further studies examining
response conflict-related activity during correct responses,
medication effects, and the relative contributions of me-
dial and lateral frontal cortical disturbances are likely to
further increase our understanding of the functional neu-
roanatomy of cognitive disability in schizophrenia.
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