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1. INTRODUCTION
Individuals with schizophrenia (SCZ) often show impairments in their ability to monitor
their ongoing behavior (Malenka, et al. 1982, 1986; Frith and Done, 1989), and to adjust
their responses based on advance information or feedback (Elliott, et al. 1995). Detecting an
error in performance is a critical component of evaluative functions that allow the flexible
adjustment of behavior to optimize outcomes. Studies using single-unit recordings (Ito, et al.
2003, Niki and Watanabe, 1976), event-related potentials (e.g. Gehring, et al. 1993;
Falkenstein, et al. 1991) and functional magnetic resonance imaging (e.g. Carter, et al. 1998,
Ullsperger and von Cramon, 2004) present converging evidence in support of a specialized
error-detection system in the brain, which heavily relies on the dorsal anterior cingulate
cortex (dACC). In line with the view that impairments evaluating errors in schizophrenia
may contribute to non-flexible behavior, decrements in error-related responses in the dACC
have been repeatedly reported in the schizophrenia literature (for review see Mathalon, et al.
2009).

Consistent with the hypothesis that this error processing system is relevant for adjusting
behavioral responses, a number of studies have associated dACC activation with post-error
slowing, an error-based behavioral adjustment (Rabbitt, 1966), such that greater dACC
responses predict larger increments in reaction time following error-commission (Gehring,
et al. 1993; Debener, et al. 2005, Garavan, et al. 2002, Kerns, et al. 2004 but see Gehring
and Fencsik, 2001; Luu, et al., 2000; Fellows and Farah, 2005). However, in contrast with
the consistency of evidence for impairments in dACC responses to errors in schizophrenia,
behavioral measures of error-based behavioral adjustments in SCZ have generated mixed
results. A number of studies have reported intact post-error slowing (Laurens, et al. 2003,
Mathalon, et al. 2002, Morris, et al. 2006, Polli, et al. 2006, 2008) but others have reported
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significantly less slowing of reaction time after error commission in SCZ (Alain, et al. 2002,
Carter, et al. 2001, Kerns, et al. 2005, Kopp and Rist. 1999).

Although the dACC has received much attention in the error literature, accurate error-
detection and subsequent behavioral adjustments are unlikely to rely on a single brain
region. Accordingly, several studies have reported the activation of other regions in
association with error-commission in healthy adults, including regions in the anterior insula,
inferior parietal lobule, anterior prefrontal cortex (PFC), and thalamus (reviewed in Taylor,
et al. 2007). Previous studies have linked error-related activity in anterior frontal and parietal
regions with the awareness of making a mistake (Davies, et al. 2001, Falkenstein, et al.
1991, Falkenstein, et al. 2000, Hester, et al. 2005, Kaiser, et al. 1997, Mathalon, et al. 2003,
Mathewson, et al. 2005, Murphy, et al. 2006, Nieuwenhuis, et al. 2001) While a number of
studies have reported that post-error slowing occurs regardless of subjects’ awareness
(Hester, et al. 2005, Murphy, et al. 2006; Kaiser, et al. 2007), evidence from lesion studies
suggests that damage to lateral PFC (but not orbito-frontal or temporal) regions
compromises neural responses associated with error commission in dACC (i.e. error-related
negativity, Gehring, et al. 1993, Gehring and Knight, 2000, Ullsperger, et al. 2002,
Ullsperger and von Cramon. 2006). This finding is consistent with the hypothesis that the
interaction between the dACC and prefrontal regions plays a central role in the generation of
error-commission related neural responses, which is consistent with theories proposing that
the dACC signals the need to increase cognitive control and recruits lateral PFC regions
(Botvinick, et al. 2001, Carter, et al. 1998, MacDonald, et al. 2000). Further, this finding
suggests that it may be important to examine functional connectivity among regions
involved in error-processing in addition to activation levels in responses to errors. Other
work suggests that regions in the insula may signal uncertainty or more “affective”
responses associated with errors (Menon, et al. 2001, Brazdil, et al. 2002, Garavan, et al.
2002, Polli, et al. 2005), which may be less directly involved in regulating cognitive control.

As with the basic science literature, the focus of studies of error processing in schizophrenia
has also been centered on error-related dACC responses, though some studies have reported
diminished error-related BOLD responses compared to healthy controls in other regions
(Kerns, et al. 2005, Laurens, et al. 2003, Polli, et al. 2008). However, no study has
specifically examined error related activity in schizophrenia across the brain regions
identified in the basic science literature as being involved in error processing. Determining
whether other regions besides dACC show altered error-related activation in schizophrenia,
and whether their activity is related to behavioral adjustments may clarify mixed findings
regarding the error-based behavioral adjustments in SCZ, and will expand our understanding
of how impairments evaluating errors may contribute to rigid behavior in this illness. In
addition, as individual differences and/or clinical conditions can represent a natural
manipulation of a given system, the study of error processing in schizophrenia can offer a
powerful tool to help us understand the significance of the different cognitive mechanisms
involved in error-processing (error monitoring, error detection, error-based behavioral
adjustments) and of the involvement of different brain regions in these processes.

In the current study, we sought to gain insight into the role of the core components of a
network specialized in processing error-related signals to error detection and supporting
error-based behavioral adjustments in SCZ and healthy controls (CON) by comparing
BOLD responses between groups and examining how: 1) a network of regions specialized in
processing error-related signals responds to error-commission during a cognitive task; 2)
regions sensitive to error-commission integrate into a network; and 3) brain activity and
brain network measures of functional segregation and integration among error-processing
regions relate to behavioral performance (i.e. accuracy and post-error slowing).
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We expected to replicate previous findings of reduced error-related dACC activity in SCZ,
and we predicted that altered error-related brain activation would extend beyond the dACC
into a distributed network. Based on previous studies, we expected to find a robust post-
error slowing effect in CON but a less robust effect in SCZ. In light of literature discussed
above, we predicted that we would find functional alterations in dACC and aPFC regions in
SCZ compared to CON, reflecting a compromise in the generation of error-commission
related neural responses and error-based behavioral adjustments. In addition, given that prior
research has shown that regions responsive to error commission form an integrated network,
it is also possible that the organization of this network may be altered in schizophrenia,
reflecting a compromise in proper information integration and segregation. If so, we wished
to determine whether reduced post-error behavioral adjustments would be associated with
alterations in error-related brain activity and functional connectivity in dACC and aPFC.

2. METHODS
2.1 Participants

Participants were recruited through the clinical core of the Conte Center for the
Neuroscience of Mental Disorders (CCNMD) at Washington University in St. Louis, and
included: 1) 37 individuals with DSM-IV schizophrenia (SCZ); and 2) 32 healthy control
participants (CON). Exclusion criteria included (a) substance abuse or any type of
dependence within the past three months; (b) the presence of any clinically unstable or
severe medical disorder; (c) present or past head injury with documented neurological
sequelae, and/or causing loss of consciousness; (d) meeting DSM-IV criteria for mental
retardation; and (e) pregnancy, or any contraindication to MR. Controls were excluded if
they had any lifetime history of, or first-order family member with, an Axis I psychotic
disorder, or any personal current mood or anxiety disorder other than Specific Phobias. All
participants provided written informed consent in accordance with Washington University
Human Subjects Committee’s criteria. The groups did not significantly differ in age, gender,
ethnicity, handedness, or parental education (see Table 1). All individuals with
schizophrenia were taking medications at the time of participation in the study. For details
on clinical assessment and symptom ratings please see Supplemental Material.

2.2 Tasks and materials
Participants performed three runs of a non-verbal “2-back” version of the “n-back” task
while being scanned. Each run included 4 initial fixation trials followed by alternating
“fixation” and “task” blocks in alternating order (3 task, 4 fixation). Stimuli consisted of
unfamiliar faces displaying either happy, neutral or fearful expressions matched in lighting,
location, distance, exposure, and arousal ratings (taken from Ekman and Friesen, 1975 and
Gur et al., 2002). Stimuli appeared one at a time on a screen, and participants were
instructed to press the target-button if the stimulus currently on the screen was the same as
the one two trials previously, or the non-target button if it was any other stimulus.
Participants did not receive feedback on their performance and error awareness was not
measured. Emotional stimuli were presented interleaved with neutral stimuli and presented
in three different emotional block-conditions: 1) fearful; 2) happy; and 3) neutral. During
each task-block, participants saw 32 stimuli, each displayed for 2.5 s followed by a 500 ms
inter-stimulus delay. 16 of these stimuli were always neutral fillers (occurring both as targets
and non-targets). The remaining 16 (also occurring as both targets and non-targets) were
either neutral, negative or positive, depending on task-condition (see Supplemental Material
for task-diagram). For the current purposes, the type of stimuli (fearful, happy, neutral) were
not relevant and this distinction was ignored in the analyses presented below, though we did
confirm that the effects of interest did not differ as a function of stimulus type. During
fixation-blocks (90 sec), a cross-hair appeared continuously, and subjects were told to fixate.
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Visual stimuli were generated by a G3 Macintosh computer and PsyScope, and projected
onto a computer screen behind the subject’s head within the imaging chamber. Participants
saw the screen through a mirror positioned approximately 8 cm above their face.

2.3 Behavioral data acquisition, processing and analysis
A fiber-optic, light-sensitive key press interfaced with a PsyScope button box was used to
record subjects’ accuracy and reaction time (RT) while they performed the task in the
scanner. To examine the effect of accuracy on RT, we categorized data into correct and
incorrect response trials and into post-correct and post-incorrect response trials. For each
group, we calculated the mean error rate and mean post-error slowing. RT data was
examined using appropriately designed repeated measures ANOVAs.

2.4 fMRI data acquisition, processing and analysis
Functional scanning was performed on a 3T Siemens Allegra head-dedicated system at the
Research Imaging Center of the Mallinckrodt Institute of Radiology at the Washington
University Medical School. For details on scanning parameters, please see Supplemental
Materials.

Each subject’s fMRI data was analyzed using a General Linear Model (GLM). Trials were
coded for accuracy and estimates for each trial type (i.e. correct, incorrect) were modeled
including a parameter for each timepoint (7 frames for each estimate, a total of 21 seconds
given the 3 second TR) in the time course of each event type in the GLM, making no
assumptions about the shape of the response. The estimates from the individual subject
GLMs were then analyzed using repeated measures ANOVAs that treated participants as a
random factor. These included accuracy (correct, incorrect) and timepoint within trial
(frames 1–7) as within-subject factors and group as a between-subject factor. In some cases,
voxels within the same regions showed multiple effects (e.g., accuracy × time, group ×
accuracy, group × accuracy × time). In such cases, results for lower order interactions are
only presented when those voxels did not also show higher order interactions.

Regions of interest identification—To test our hypotheses, we defined as a priori
regions of interest (ROIs) a network of regions previously shown to demonstrate robust
error-related activity across a wide variety of tasks (Dosenbach, et al. 2006, 2007). We
created an ROI mask by taking the coordinates reported by Dosenbach et al., 2007 as the
center of spheres with a 10 mm radius (see Table 2). We conducted voxel-wise repeated
measures ANOVAs at a whole-brain level, and masked the resulting z-maps with our ROI
mask. Regions of significant task-related brain activation within this mask were identified
using a threshold criterion of p<.01 in voxel-wise comparisons and a minimum cluster-size
of 10 voxels. This cluster-size requirement provides further protection against type I error
(Forman, et al. 1995, McAvoy, et al. 2001) and was chosen based on Monte-Carlo
simulations.

Whole Brain Analyses—To look for non-predicted effects in regions outside the a priori
ROIs, we conducted whole-brain voxel-wise repeated-measures ANOVAs. The resulting
activation maps were thresholded for significance to obtain a whole-brain false positive rate
of .05 based on Monte Carlo simulations.

Individual Difference Analyses—To examine the relationship between brain activity in
response to error commission and behavioral adjustments, we analyzed the relationship
between the magnitude of post-error slowing and functional brain responses to errors. To
rule out confounds associated with lack of error-related responsivity in SCZ we focused our
analyses on regions that showed significant effects of accuracy in SCZ as well as CON, even

Becerril et al. Page 4

Neuroimage. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



if there was also a group difference in the effects of accuracy. In addition, we examined
whether individual differences in positive, negative or disorganization symptoms in SCZ
(see Supplemental Material for details of symptom assessments) were associated with the
magnitude of post-error slowing or brain activation in regions identified as showing
significant effects of accuracy in both groups.

Functional Connectivity Analyses—To examine task-related functional connectivity,
we extracted time-series data from our a priori defined ROIs showing significant error-
related activity (6mm in radius spheres, see Table 2 for center coordinates, IPL not
included). Before examining task-related functional connectivity, BOLD data was
additionally preprocessed to remove task and nuisance related signals as possible sources of
spurious correlations. Preprocessing, as well as further fcMRI analyses, were performed
using in-house software implemented in Matlab 7.4 and were based on previously published
fcMRI techniques (Fox et al., 2005; He et al., 2007). Briefly, (1) All images were spatially
smoothed by 6 mm full-width half-maximum (FWHM) Gaussian filter. (2) Images were
temporally filtered using high-pass filter with cutoff frequency of 0.009 Hz to remove low
frequencies and scanner drift; (3) Modeled after the procedure employed by Fox et al.
(2005), a set of nuisance regressors were removed from the signal using multiple regression:
a) 6 rigid-body motion correction parameters; b) ventricle signal; c) deep white matter
signal; and d) whole-brain signal. Further, to avoid correlations driven by the task structure
itself, fixation epochs were excluded from the time-series. All subsequent analyses were
based on the residual signal after removal was carried out for the listed nuisance regressors.
(For more details on nuisance regressors, please see Supplemental Material). After
preprocessing, we extracted time series data from each of our a priori ROIs and computed a
correlation matrix reflecting the time-series correlation between each pair of ROIs for each
subject (69×11×11). The ROI-ROI correlation coefficient represents the connectivity
strength. To allow group-level analysis, correlations were converted to Fisher’s z values.

To examine network properties, we analyzed functional connectivity data using graph
theory. Our ROI-ROI correlation matrix served as an adjacency matrix in which each ROI
represents a node and the interaction between ROIs or nodes is represented by an edge.
Connections between nodes (i.e. paths) can be determined using a threshold criterion as
existing or non-existing (i.e. binary adjacency matrix), or in addition using the time-series
correlation coefficient to gain information about the weight of an edge (i.e. weighted
adjacency matrix). We took information regarding the weight of the edges into account for
all measures of functional connectivity except efficiency (see below). Graph theory tools do
not allow negative correlations to be examined, thus we analyzed network properties first
using a correlation coefficient threshold of r=.1. This threshold was selected because it
allows one to eliminate weak correlations that may obscure more physiologically relevant
correlations, while still retaining a high degree of connections (Fair, et al. 2009). A less
stringent threshold (e.g., less than .1) makes it difficult to observe any structure in the data.
As higher threshold can sometimes be more informative as to the robustness of the network
links, we used a threshold of r=.15 when testing for key connections that differ between
groups. However, we did not examine even more conservative thresholds, as these may
result in finding no cohesiveness in the network at all. To obtain a measure of functional
integration in the network, we calculated the shortest path between nodes, and used the
average inverse shortest path length as an index of global efficiency. The length of a path can
be indicative of the potential for information integration between nodes, as communication
between regions is more likely to be robust in shorter paths. To obtain a measure of
functional segregation, we calculated the network’s clustering coefficient as the fraction of
node's neighbors that are also neighbors of each other. In addition, we obtained an index of
the centrality of each component by calculating the fraction of all shortest paths in the
network traversing a given node (i.e. betweenness). This measure highlights which
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components play an important part in the network, as higher values indicate nodes
participating in a large number of shortest paths. The indexes described obtained for each
individual were then entered into second level analyses examining between group
differences, as well as the relationship of these network properties with behavioral measures
within each group (i.e. accuracy, post-error slowing and -in the case of SCZ- symptom
ratings). All fcMRI analyses were conducted in MATLAB (The Mathworks, Inc., Natick,
MA). Graph theory analyses were performed using scripts adapted from (Rubinov and
Sporns (2009). Graph visualization was performed on NodeBox (De Bleser, et al., 2002).

3. RESULTS
3.1 Behavioral Results

Individuals with schizophrenia showed overall greater reaction times, SCZ: 879.6ms
SD=168.2ms; CON: 814.4ms SD=134.9ms; F(1,67)= 3.1, p=.08, and committed
significantly more mistakes than control subjects, SCZ: .85 SD= .08; CON: .93 SD=.07);
F(1,67)= 16.9, p<.001. To examine behavioral adjustments after committing an error, the
effect of accuracy on RT on the following trial was analyzed with a repeated-measures
ANOVA using trial-type based on previous trial accuracy (i.e. post-correct, post-incorrect)
as a within-subject factor and group (CON, SCZ) as a between-subject factor. We found a
significant trial-type × group interaction, F(1,67)= 4.5, p<.05. Within-group analyses
indicated that an error in the previous trial significantly slowed RT in the control group,
F(1,31)= 4.5, p<.05, but not in the schizophrenia group, F(1,36)= .12, p= .73 (see Figure 1).
See Supplemental Material for additional analyses that ruled out confounds of current trial
type (e.g., Target versus Non-target) on post-error slowing. The severity of negative,
positive and disorganization symptoms among individuals with schizophrenia were not
significantly associated with the magnitude of post-error slowing (all p= .32).

3.2 Neuroimaging results
3.2.1 fMRI Results: ROI-based Analyses—We computed voxel-wise ANOVAs using
accuracy (correct, incorrect) and timepoint within trial (frames 1–7) as a within-subject
factor and group (CON, SCZ) as a between-subject factor. A number of regions in the
dACC/msFC, bilateral aI/fO, left aPFC and left cerebellum showed a significant effect of
accuracy that interacted with time, but did not interact with group. As expected, these
regions showed greater activity in error trials than on correct trials (see Table 3 and Figure
2). Within-group analyses indicated this effect was present in both groups, except in the
aPFC in the case of controls and in the cerebellum in the case of individuals with
schizophrenia.

However, as shown in Table 3 and Figure 3, larger regions (non-overlapping with ones
described above) in the dACC/msFC, bilateral aI/fO, and inferior cerebellum showed
significant group × accuracy interactions, with a greater response in error trials compared to
correct trials in controls, but not in SCZ. In addition, bilateral regions in the lateral
cerebellum showed greater responses to errors than correct trials in controls, but the opposite
in SCZ (greater responses in correct compared to error trials). Further, additional regions in
the dACC/msFC, right aPFC and bilateral thalamus demonstrated group × accuracy × time
interactions (see Table 3). In the dACC/msFC and thalamic regions, these interactions
reflected greater error responsivity in controls than in patients. In right aPFC, the pattern of
response differed between CON and SCZ, with a more sustained error response in CON.
Our results support previous findings showing that both the dACC and regions outside the
dACC are sensitive to error commission in healthy controls. Further, our results demonstrate
that abnormalities in functional brain response to errors among individuals with
schizophrenia extend beyond the dACC to almost all of the regions involved in error-related
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processing in healthy individuals, though the pattern of impairments differed somewhat
across regions.

3.2.2 fMRI Results: Individual Difference Analyses—We examined the relationship
between the magnitude of post-error slowing and functional brain responses to errors, but
only in regions that showed significant error related activity in SCZ as well as CON to rule
out confounds associated with lack of error responsivity in SCZ (i.e., dACC/msFC_1,
dACC/msFC_3, average of R al/fO_1 and L af/fO_1, R aPFC, see bolded regions in Table
3). We conducted linear regressions in which post-correct RT and group were entered in
Step 1 to predict post-error RT; activity in regions showing significant effects of accuracy
were entered in Step 2, and the interaction between group and activity in regions showing
significant effects of accuracy were entered in Step 3 to determine any additional significant
variance. This analysis yielded a significant model for step 1, F Change(2,66)= 88.02, p<.
001 and for step 2, F Change(4,62)= 3.2, p=.019, but not for step 3, F Change(4,58)= 1.44,
p.23 Within Step 2, greater activity in dACC_3 predicted greater post-error slowing,
tdACC3= 2.97; p<.005. Conducting the same analysis for each region individually (to account
for potential spurious interactions among regions) showed that the effect in dACC_3 was
still present: step 2 F Change(1,65)= 4.25, p=.043; tdACC3= 1.07; p<.05. Adding the
interaction between group and dACC activity in Step 3 did not account for any significant
increase in variance, F Change(1,64)= .174, p= .68. As shown in Figure 4, greater ACC
activity to errors predicted greater post-error slowing for both CON and SCZ. These results
suggest the contribution of error-related dACC signals to post-error behavioral adjustments
is blunted, but still semi-functional in SCZ. Further, including dACC_3 activity as a co-
variate in the behavioral analysis eliminated the Trial-Type (post-correct; post-error) ×
Group interaction for post-error slowing, F(1,67)= 2.6, p=.1. This result suggests that the
reduced post-error slowing effects in SCZ may indeed be mediated by reduced dACC
responsivity to errors.

The severity of negative, positive and disorganization symptoms among individuals with
schizophrenia were not significantly associated with the magnitude of activation in regions
showing significant effects of accuracy in both groups.

3.2.3 fcMRI Results—Group differences in functional connectivity properties at a
network level were tested using 2-tailed t-tests. As shown in Table 4, we found no evidence
of between group differences in the network’s overall clustering coefficient, global
efficiency or connectivity strength using threshold criterions of r=.1 and of r.15. However,
as show in Figure 5, the integration of the error processing network does appear to differ
somewhat between patients and controls, with the cerebellar regions less connected to the
network among individuals with schizophrenia at a threshold of both r=.1 and r=.15, and the
dACC less well connected at a threshold of r=.15.

To examine these observations quantitatively, we compared the betweenness and clustering
coefficient of the dACC and of the average of the four cerebellar regions between groups at
threshold r=.15 using independent sample t-tests. However, as shown in Table 5, we found
no evidence of significant differences between groups in these measures. In addition, we
computed the average connectivity strength between the dACC and the bilateral al/fO, and
aTh regions, as well as the average connectivity strengths of the four cerebellar regions to
the rest of the network, and compared them across groups. As shown in - Table 5, the results
indicated that both dACC and the cerebellar regions showed weaker connections in SCZ
compared to CON, but only the cerebellar regions were significantly less integrated to the
rest of the network in SCZ compared to CON.
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3.3.4 fcMRI: Brain connectivity and behavioral measures correlations—To test
whether the network organization properties of regions sensitive to error-commission
contributed to behavioral performance, we used a linear regression model in which post-
correct RT and group were entered in Step 1 to predict post-error RT; functional
connectivity measures (i.e. network’s overall clustering coefficient, connectivity strength)
were entered in Step 2, and the interaction between group and these measures were entered
in Step 3 to determine any additional significant variance. To specifically test hypothesis
regarding dACC and aPFC interactions, we used a similar model in which the connectivity
strengths between the dACC and the aPFC were entered in step 2. However, no significant
predictions were found for any of these models. In addition, we examined the relationship
between network properties and accuracy, as well as with clinical symptoms of
schizophrenia using correlation analyses. These analyses, however, yielded no significant
associations.

4. DISCUSSION
The present study investigated how a network of brain regions previously identified as
processing error-related signals responds to error-commission during a cognitive task in
individuals with schizophrenia and healthy controls, as well as the characteristics of the
network formed by these regions. In addition, we examined how error-related brain activity
and network measures of functional segregation and integration among these error-
processing regions related to accuracy and post-error slowing.

4.1 Error-based behavioral adjustments
Consistent with previous literature, we found a significant effect of prior trial accuracy in
reaction times in CON, such that responses were overall slower in trials following an
incorrect compared to a correct response. However, this effect was not present in SCZ. This
result is consistent with the idea that errors set in motion behavioral adjustments, and with
the hypothesis that impairments in the ability to evaluate errors in schizophrenia results in a
compromised ability to adjust behavior according to environmental demands (Malenka et
al., 1982, 1986, Ellliott, 1995). Given that individuals with schizophrenia performed more
poorly than control subjects, one may ask whether the lack of behavioral adjustments after
error commission is merely reflecting this difference in performance between groups. In this
sense, however, it is important to note that although individuals with schizophrenia
committed significantly more mistakes than control subjects, their performance was well
above chance. Moreover, given that individuals with schizophrenia were actively engaged in
the task –as evidenced by accuracy rates– the prediction might be to find greater error-
related activity in individuals with schizophrenia compared to controls if they showed more
errors. However, our results were in the opposite direction. In this context, we believe our
findings can be clearly interpreted as a diminished responsivity to errors.

4.2 Error-related activity
We observed significantly greater activity during error compared to correct trials in a
network of regions comprising regions in the dACC, aPFC, aI/fO, thalamus and cerebellum
in CON, replicating prior work implicating these regions in signaling error-commission
(Dosenbach, et al. 2006, 2007). Of note, the IPL did not demonstrate a significant effect of
trial accuracy in the ROI analyses. However, in an exploratory whole brain analysis (see
Supplemental Material), a slightly more caudal region in the right IPL demonstrated a
significant accuracy × time interaction. As we expected, error-related dACC activity was
reduced in SCZ compared to CON. Also in line with our predictions, we found that altered
error-related brain activation in SCZ extended beyond the dACC into a distributed network
that comprised all of the regions involved in error-related processing in CON. However, the
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alterations in error related brain responses in schizophrenia were somewhat complex.
Specifically, we found regions in dACC, right al/fO, left aPFC, and left cerebellum that
showed a significant effect of accuracy that did not differ significantly between groups. In
these regions, both CON and SCZ demonstrated significantly greater responses to errors
than to correct responses. However, we found additional regions of dACC, left al/fO, right
aPFC, right cerebellum and left thalamus that clearly showed reduced or even absent error
related responding in SCZ. On the surface, this might raise questions as to whether there are
functional subdivisions within these regions that may differ in their responses to errors or
their impairment in SCZ. Although this is possible, examination of the time-courses in
Figure 2 suggests that the magnitudes of the error related responses were blunted in SCZ in
all regions, even though their responses were not significantly different than controls in this
specific ROIs. Thus, overall, we think the most parsimonious explanation of the results is
that while there is still some responsivity to errors in SCZ, this functional activation
response is clearly blunted across all regions involved in the error-processing network.

We found that the a region in the dACC/msFC (the one demonstrating a time × accuracy ×
group interaction) was predictive of post-error slowing, replicating prior work (Gehring, et
al. 1993, Garavan, et al. 2002; Kerns, et al. 2004; Debener, et al. 2005). Importantly, this
was the only region that was predictive of posterror slowing. This finding suggests a special
role for dACC responses in generating error-based behavioral adjustments. Based on this
finding, and given that the response in this region to errors was blunted in SCZ, one can
speculate that the lack of post-error slowing in SCZ may be due to this reduced dACC
response to errors. Although one cannot draw causal inferences from correlational data, the
fact that the group differences in post-error slowing were eliminated after adjusting for the
magnitude of dACC response is consistent with such a causal hypothesis. Overall, these
results are consistent with the hypothesis that the dACC plays a central role increasing
cognitive control to adjust behavioral responses (Carter, et al. 1998; MacDonald, et al. 2000,
Yeung, et al. 2004), and that dACC impairments in SCZ play a major role in impaired
behavioral adjustments in this illness. An important question to be addressed in future
research is the degree to which impairments in error related processing in other regions of
the network reflect a primary impairment in dACC responses. For example, if aI/fO activity
reflects emotional responses associated with error-commission (Menon, et al. 2001, Brazdil,
et al. 2002, Garavan, et al. 2002, Polli, et al. 2005), individuals with schizophrenia may
show reduced al/fO responses because they fail to detect the errors, and not because they fail
to have an emotional response to errors that are detected. As another example, it is possible
that aPFC responses to errors are reduced in schizophrenia because the dACC fails to signal
the need for an adjustment in cognitive control, though it is also possible that the a PFC may
not be able to mount a cognitive control adjustment even when given appropriate cues
(Botvinick, et al. 2001, Braver, et al. 2009). Future work using designs that allow for
examination of trial-by-trial adjustments in brain activity (e.g., slow event-related design) or
which utilize methods with finer grained temporal resolution (e.g., MEG) will be able to
address such questions.

4.3 Measures of functional integration and functional segregation
We found that overall connectivity strength, clustering coefficient (a measure of global
functional segregation), and efficiency (a measure of global functional integration) were
comparable between groups. We did not find that dACC/msFC regions were significantly
less connected to rest of the network in SCZ compared to CON, though the graph analyses
provided some hints in this direction. However, cerebellar regions were significantly less
connected to the rest of the network in SCZ. Although the later result was not predicted a
priori, it is consistent with theories proposing that cortico-thalamic-cerebellar loops are
affected in SCZ (Andreasen, et al. 1996). Our findings are overall consistent with theories
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proposing that alterations in the integration of information between brain regions play a
central role in the pathophysiology of schizophrenia (Friston and Frith, 1995). At the same
time, the pattern of results we observed suggests that rather than exhibiting global
differences in network organization, alterations in functional connectivity in individuals with
schizophrenia are greater for some nodes than others. However, it is possible that given that
our ROIs constituted a relatively small network, graph theory measures were not optimally
suited to detect differences in overall network organization. Nonetheless, our results
indicated important differences at the individual node level, with interactions between
dACC/msFC and cerebellar regions with the rest of the network specially affected in SCZ.

We had predicted dACC-PFC interactions would be central to implement cognitive control.
However, we found no evidence for a relationship between dACC-aPFC connectivity and
the magnitude of post-error adjustments. Interestingly, the organization of our network
indicated that the PFC regions were more strongly connected to al/fO regions than to the
dACC. In addition, we observed that connections between the insula and prefrontal regions
and between the thalamus and cerebellum were the most vulnerable, in the sense that they
broke off from the network when we increased the threshold. This suggests the speculative
possibility that there are subnetworks within the global error processing network, and that
the integration of subnetworks into a larger network may be particularly impaired in
schizophrenia. Such a hypothesis needs to be explored in future research using large samples
that would provide the necessary power to detect potential subtle effects.

A limitation of this study is that all participants with schizophrenia were taking
antipsychotic medications, which may interact with task performance and brain activity.
However, to control for the effect of medication, medication dosages were converted to
chlorpromazine equivalents (Woods, 2003, Atkins, et al. 1997, Bai, et al. 2007, Bazire,
2009) and correlated with brain activation in regions showing error-related effects in both
groups. We found no evidence of a significant association between medication and brain
activation. Furthermore, an important proportion of individuals with schizophrenia are
chronically medicated, thus, we believe it is important to assess the functioning of patients
on medications if this is their typical state.

5. CONCLUSIONS
Individuals with schizophrenia demonstrated a significant compromise in post-error
slowing, a type of error-based adjustment. Our imaging results supported previous findings
showing that the ACC as well as regions outside the ACC are sensitive to error commission.
Further, they demonstrated that abnormalities in brain responses to errors among SCZ
extend beyond the dACC to almost all of the regions involved in error-related processing in
CON. However, our results also highlight the central role of the dACC in behavioral
adjustment, as this was the only brain region whose activity was predictive of individual
differences in post-error slowing. Moreover, the integration of error-processing network of
regions differed between groups, with the cerebellar regions and the dACC less connected to
the network in SCZ compared to CON. Taken together, these results support the hypothesis
that behavioral rigidity in SCZ may be linked to alterations in dACC function leading to a
compromise in the implementation of cognitive control. Our findings highlight the
importance of examining the integration of the dACC with other regions involved in error-
related processing in more detail.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of accuracy on previous trial on Median RTs
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Figure 2. Time-courses of regions within regions of interest showing a significant accuracy ×
time interaction
Note: dACC= dorsal anterior cingulate cortex; msFC= medial superior frontal cortex; aI=
anterior insula; fO= frontal operculum; aPFC= anterior prefrontal cortex. Timecourses
between homologous regions were highly correlated, thus, for simplicity, only right aI/fO
timecourse is shown.
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Figure 3. Time-courses of regions within the error-network showing a significant interaction
with group
Note: dACC= dorsal anterior cingulate cortex; msFC= medial superior frontal cortex; aI=
anterior insula; fO= frontal operculum; aPFC= anterior prefrontal cortex; sup= superior; inf=
inferior. Timecourses between homologous regions were highly correlated, thus, for
simplicity, only left aI/fO and right sup cerebellum time-courses are shown in group ×
accuracy interaction, and only left thalamus time-course is shown in group × accuracy ×
time interaction
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Figure 4.
Post-error slowing and brain activity correlations
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Figure 5. Error Network Graphs in healthy controls and in individuals with schizophrenia
Each ROI is represented by a node. Significant connections between ROIs are represented
by a weighted line (the greater the correlation coefficient, the thicker the line). Nodes in
cyan represent the most interconnected ROIs.
Note: R= right; L= left; aPFC= anterior prefrontal cortex; aI= anterior insula; fO= frontal
operculum; msFC= medial superior frontal cortex; aTh= anterior thalamus; dACC= dorsal
anterior cingulate cortex; Cereb = cerebellum; lat= lateral; inf= inferior.
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Table 1

Demographics and Clinical Characteristics

Characteristics SCZ (n=37) CON (n=32) t or X2 p

Age (yrs) 36.86 (9.14) 36.19 (10.86) 0.28 0.78

Gender (%) 0.03 0.86

  Female 32% 34%

  Male 68% 66%

Ethnicity (%) 0.02 0.88

  African American 49% 47%

  Caucasian 51% 53 %

Handedness 28R/4L/5LR 28R/1L/2LR 1.3 0.21

Parental Education 14.09 (3.19) 13.03 (2.32) 1.53 0.13

Education Years 13.3 (2.39) 15.66 (4.23) 1.87 0.07

Smoker (%) 57% 16% 11.69 < 0.001

Social Anhedonia Scores 4.92 (2.1) 2.35 (2.2) 4.9 < 0.001

Physical Anhedonia Scores 6.67 (4.17) 3.71 (3.1) 3.4 < 0.001

Negative Symptoms Rating 1.84 (.95) .26 (.31) 8.8 < 0.001

Positive Symptoms Rating 1.59 (1.4) .02 (.09) 6.4 < 0.001

Disorganization Symptoms Rating 1.09 (.78) .46 (.45) 3.8 < 0.001

Age onset 19.4 (7.7) N/A

Illness duration (yrs) 17.4 (11.2) N/A

Atypical medications only (%) 92 % N/A

Combination typical/atypical (%) 2.6 % N/A

Note: L= Left handed; R= Right handed; LR= Ambidextrous; N/A= does not apply
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Table 2

Regions of interest

Region Name
Talairach Coordinates

x y z

Right Inferior Parietal Lobule 51 −47 42

Left Inferior Parietal Lobule −51 −51 36

Right Anterior Insula/
Frontal Operculum

36 16 04

Left Anterior Insula/
Frontal Operculum

−35 14 05

Dorsal Anterior Cingulate Cortex/
Medial Superior Frontal Cortex

−01 10 46

Right Anterior Prefrontal Cortex 27 50 23

Left Anterior Prefrontal Cortex −28 51 15

Right Anterior Thalamus 10 −15 08

Left Anterior Thalamus −12 −15 07

Right Lateral Cerebellum 31 −61 −29

Left Lateral Cerebellum −32 −66 −29

Right Inferior Cerebellum 18 −89 −33

Left Inferior Cerebellum −19 −80 −33
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