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Working memory (WM) impairment, a core feature of schizophrenia, is often associated with aberrant dorsolateral prefrontal cortex
(dlPFC) activation. Reduced resting-state connectivity within the frontoparietal control network (FPCN) has also been reported in
schizophrenia. However, interpretation of WM-related dlPFC dysfunction has been limited by performance differences between patients
and controls, and by uncertainty over the relevance of resting-state connectivity to network engagement during task. We contrasted brain
activation in 40 schizophrenia patients and 40 controls during verbal WM performance, and evaluated underlying functional connectivity
during rest and task. During correct trials, patients demonstrated normal FPCN activation, despite an inverse relationship between positive
symptoms and activation. FPCN activation differed between the groups only during error trials (controls4patients). In contrast, controls
demonstrated stronger deactivation of the ventromedial prefrontal cortex (vmPFC) during correct and error trials. Functional connectivity
analysis indicated impaired resting-state FPCN connectivity in patients, but normal connectivity during task. However, patients showed
abnormal connectivity among regions such as vmPFC, lateral orbitofrontal cortex, and parahippocampal gyrus (PHG) during both rest and
task. During task, patients also exhibited altered thalamic connectivity to PHG and FPCN. Activation and connectivity patterns that were
more characteristic of controls generally correlated with better performance. In summary, patients demonstrated normal FPCN activation
when they remained on-task, and exhibited normal FPCN connectivity during WM, whereas vmPFC deactivation differences persisted
regardless of WM performance. Our findings suggest that altered FPCN activation in patients reflects performance difference, and that
limbic and thalamic dysfunction is critically involved in WM deficits in schizophrenia.
Neuropsychopharmacology (2016) 41, 2411–2420; doi:10.1038/npp.2016.55; published online 11 May 2016
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INTRODUCTION

Working memory (WM) is an important component of
higher cognition and is essential for goal-directed behavior
(D'Esposito, 2007). Impaired WM is a well-documented
symptom in schizophrenia and arguably a core feature of the
disease. Many studies investigating WM deficits in schizo-
phrenia focus on the dorsolateral prefrontal cortex (dlPFC),
a region implicated in executive functions, goal-directed
planning, and inhibition (Jansma et al, 2004; Manoach et al,
2000; Potkin et al, 2009). However, the direction of dlPFC
findings has been inconsistent across studies, which have
demonstrated both diminished and enhanced dlPFC activa-
tion in schizophrenia (Carter et al, 1998; Manoach et al,
1999; Potkin et al, 2009).

Several factors could contribute to this discrepancy
(Manoach, 2003). Schizophrenia patients frequently perform
worse than controls in WM tasks (Johnson et al, 2006;
Meda et al, 2009), confounding brain activation differences
when the groups are compared at the same WM load. This is
especially problematic in block designs that average across
correct and error trials. Alternatively, the groups are
sometimes compared at different task loads to match
performance (Johnson et al, 2006). However, this approach
is also problematic as the tasks are not identical for both
groups.
Without fully controlling for performance differences over

the same dynamic range of WM load, it is difficult to know
whether performance deficits in schizophrenia reflect
primary dysfunction in task-related networks, suboptimal
activation of these networks, and/or downstream effects of
other disrupted networks (Van Snellenberg et al, 2006).
Indeed, WM function depends not only on activation
of dlPFC and other nodes within the frontoparietal control
network (FPCN) but also on deactivation of the default mode
network (DMN; Anticevic et al, 2010). Numerous recent
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studies have identified altered DMN activation and con-
nectivity in schizophrenia (Kim et al, 2009; Meda et al, 2009),
complementing a large volume of work implicating FPCN
dysfunction (Karlsgodt et al, 2007; Manoach et al, 2000;
Minzenberg et al, 2009; Potkin et al, 2009). However, the
relationship between WM deficits and both task-related
activation and intrinsic network connectivity remains
incompletely understood.
We used an event-related version of the Sternberg Item

Recognition Paradigm (SIRP) to investigate WM in schizo-
phrenia patients and controls. Unlike other WM paradigms
such as the Wisconsin Card Sorting Test and n-back, the
SIRP focuses primarily on the maintenance of information,
and the task is associated with linear changes in response
time, activation of FPCN, and deactivation of DMN, as a
function of WM load (Kim et al, 2009; Sternberg, 1966;
Yendiki et al, 2010). An event-related design allowed us to
separately examine load-dependent activation associated
with correct vs error trials. For regions that differed between
patients and controls, we used resting and task-based

functional connectivity analyses to better understand differ-
ences in network dynamics that lead to group differences
during WM performance.

MATERIALS AND METHODS

Participants

Chronic, medicated outpatients with schizophrenia (n= 40),
and age- and gender-matched healthy controls (n= 40)
participated in this fMRI study. Exclusion criteria included
history of significant head injury, substance abuse, or
neurological disease. Patients were evaluated with the
Positive and Negative Syndrome Scale (PANSS) and Scale
for Assessment of Negative Symptoms (SANS). Demo-
graphics, medication use, and symptom severity are listed
in Table 1. All participants gave written informed consent.
The protocol was approved by the Partners HealthCare
Human Research Committee.

Table 1 Demographics, Clinical Measures, and Working Memory Task Performance

Controls SZ patients p-value

Demographics a

Age 37.7± 1.6 42.3± 1.6 NS

Sex 26 M/14 F 31 M/9 F NS

Race 29 Caucasian/11 other 25 Caucasian/15 other NS

Length of illness (years) − 17± 1.4

Handedness 3 left/37 right 6 left/34 right NS

Clinical

PANSS total − 72.4± 2.1

Atypical antipsychotics (%) − 72

Antidepressants (%) − 44

Anticonvulsants (%) − 33

Performance

Estimated verbal IQ 111.1± 1.4 102± 1.9 0.001

Load Controls SZ patients t p-value

WM task accuracy
(% correct)

1 96.6± 0.8 92.1± 1.5 2.68 0.009

3 95.6± 0.8 86.7± 2 4.08 0.0001

5 91.7± 1 78.9± 2.6 4.63 0.00001

7 84.6± 1.7 71.6± 2.2 4.68 0.00001

WM task RT (ms)

1 710± 18 794± 23 − 2.91 0.005

3 823± 21 938± 24 − 3.61 0.0005

5 907± 23 1003± 25 − 2.88 0.005

7 999± 27 1054± 27 −1.44 0.15

Abbreviations: F, female; M, male; NS, not significant; PANSS, Positive and Negative Syndrome Scale; RT, reaction time; SZ, schizophrenia; WM, working memory.
aMean± SEM is shown for quantitative parameters.
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Task

The SIRP was used to evaluate WM function at four different
loads (1, 3, 5, and 7 letters). Before scanning, subjects
performed a practice run to ensure that they understood the
task. To ensure adequate task engagement, subjects were only
included in the primary analysis if they demonstrated above-
chance performance during the practice run, and during
(at least) the easiest load condition during the scan. EPRIME
1.1 software presented the task during scans and collected
participants’ responses. Each block of the task comprised
encoding, delay, and multiple probe epochs (Figure 1). The
encoding phase started with presentation of a set of 1, 3, 5,
or 7 consonants (6 s). Then, the delay epoch was introduced
with a fixation cross (2 s), followed by presentation of 14
probes (consonants) for 1.1 s, separated by a varying
intertrial interval. Participants indicated, using a keypad
placed in the dominant hand, whether the letter displayed on
the screen was a target (ie, presented during the encoding
phase; 50% of probes) or a foil (not presented during
encoding; 50% of probes). Probes were jittered (range
1.7–3.6 s) using OptSeq to facilitate event-related analysis
(http://surfer.nmr.mgh.harvard.edu/optseq/). Each of the 4
task loads was used twice in a single run, totaling 112 trials
and 8 blocks. Participants completed three task runs that
lasted 7 min 20 s each.

MRI Acquisition and Preprocessing

MRI data were collected in a 3T Siemens TIM Trio System
with a 12-channel quadrature head coil. Preprocessing,
motion correction, and general linear model (GLM) analyses
were conducted using FreeSurfer Functional Analysis Stream
software (Burock and Dale, 2000). In addition to standard

motion correction, we censored time points and removed
runs that exceeded predetermined motion thresholds (see
Supplementary Materials and Methods for additional
details).

GLM Analysis

We analyzed activations in the probe epochs, during which
subjects mentally scanned the memorized set, decided
whether the probe letter belonged to the set, and executed
a motor response. In our GLM design, each epoch began
when the probe stimulus was presented and continued until
the following stimulus was presented. The design matrix
included two main regressors of interest: correct response
and incorrect response. Each probe trial was assigned a load
coefficient (1, 3, 5, or 7) depending on the number of letters to
be memorized. For all task-based fMRI activation analyses, we
used a standard GLM to evaluate whether task load
(number of letters to hold online) was linearly related to
activation at each voxel (for volume-based analyses) or vertex
(for surface-based analyses). Epochs were convolved with
a gamma hemodynamic response function (delay= 2.25 s,
dispersion= 1.25 s; Dale and Buckner, 1997). Using an event-
related parametric design allowed us to analyze activations
arising during correct and error trials separately. Encoding
periods were also included as regressors. Skipped responses
were considered errors. The contrasts ‘Correct vs Fixation’ and
‘Error vs Fixation’ examined WM load-dependent activation
arising in response to correct and error trials, respectively.
Once parameter estimates were computed for each subject,
they were entered into a second-level random-effects group
analysis to compute group average and group difference maps,
which were then correlated with accuracy and symptom
severity in second-level analyses. For additional details see
Supplementary Materials and Methods.
For all GLM analyses, we used 10 000 Monte Carlo

simulations to correct for multiple comparisons across the
surface or volume (Hagler et al, 2006). Before simulations all
maps were thresholded using a height threshold (set to
po0.005). Monte Carlo analysis then determined the
likelihood that resulting clusters with a certain size would
be found by chance (cluster-wise probability). The corrected
p-value was set to 0.05 (two-tailed).

Functional Connectivity Analysis

To better understand the mechanisms underlying group
activation differences, we analyzed functional connectivity
during both resting and task states. Seeds were created using
a 6-mm sphere around the peak of activation difference
between the groups (Supplementary Table S1). For each seed
region, functional connectivity maps were generated by
computing the correlation between the mean signal time
course from this seed and the time courses from all voxels
using Pearson’s product moment correlation. For task-based
connectivity, correlation values were averaged across the
three SIRP runs to generate a single task connectivity map
per subject. These maps were then converted to z-maps using
Fisher’s z transformation, which enhances the normality of
the distribution of correlations. One-way ANOVA was then
used for each voxel to test for group differences. We
determined significance at cluster-wise po0.05 corrected for

Figure 1 Illustration of Sternberg Item Recognition Paradigm (SIRP). Each
block started with presentation of the memorized set, which consisted of
1, 3, 5, or 7 letters. Then, single letters were presented in succession.
Subjects’ task was to press ‘1’ on the keypad if the letter was a foil (not a
letter in the memorized set), and to press ‘2’ if it was a target. Subjects
completed three 7-min runs in the scanner, each of which consisted of 112
trials.
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multiple comparisons using a combination of uncorrected
height threshold (po0.0001) and a minimum cluster size,
which was determined using AlphaSim with the following
input parameters: Gaussian filter FWHM= 7.2 mm, cluster
connection radius= 2 mm, number of Monte Carlo
simulations= 10 000, and voxel threshold probability= 0.001.
The mask was set to the whole-brain template. FWHM was
calculated by averaging individual smoothness values that
were estimated on subjects’ residuals from a linear regression
analysis, in which time course of each seed was regressed out
from the preprocessed data. We used a more conservative
height threshold for the connectivity analysis, as it is a more
indirect measure and is arguably more sensitive to con-
founding sources than task-based activation, and therefore
might be more prone to type 1 errors (Buckner, 2010). Our
pipeline also took sign of correlations into account. We
reported pairs of regions for which the correlation was either
positive in both the groups or positive in one group and its
absolute value was smaller than 0.1 in the other, as it is
remains unclear that negative time-course correlations can
be interpreted as meaningful (Chai et al, 2012; Scholvinck
et al, 2010). In addition to the standard functional

connectivity analysis described above, we performed a
correlation analysis to assess whether the strength of
connectivity between regions that showed significant
between-group differences is associated with behavioral
measures such as accuracy and symptom severity. For this,
we computed the correlation between connectivity of all
pairs that showed significant between-group differences and
task accuracy (across both groups) and symptom severity (in
the patient group). We used Bonferroni correction to control
for multiple comparisons across pairs (pcorrectedo0.05;
puncorrectedo0.00167).

RESULTS

Behavioral Results

All included participants showed overall accuracy perfor-
mance that was significantly above chance in at least one of
the task loads. Controls performed more accurately than
patients at all load levels, and responded more quickly at
loads 1, 3, and 5 (Table 1).

Figure 2 Brain regions showing parametric activation in response to increasing task load during correct and error epochs. Each surface map is represented
by four images with lateral and medial views on the left and right hemisphere. Maps for both control (left) and patient (middle) groups are shown together with
group difference maps (right). Left lateral view of the group difference map for Correct vs Fix was tilted 20° for a better view of the postcentral gyrus.
Both controls and patients demonstrated load-dependent activation in FPCN and deactivation in the DMN during correct epochs. Deactivation in
mPFC was stronger in controls during both conditions. During error epochs, activation in the right dlPFC, SMG, and MTG was selectively stronger in controls.
Colorbar denotes the p-value. All clusters displayed on maps survive correction for multiple comparisons using 10 000 Monte Carlo simulations at clusterwise
po0.05.
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GLM Results

Between-group differences in load-dependent activation
during correct and error epochs (vs fixation periods) are
shown in Figure 2 and Supplementary Table S1.

Correct epochs. Both controls and patients showed robust
load-dependent FPCN activation in correct epochs, and
notably this activation did not differ between the groups.
This pattern was also evident when separately examining
each load (Supplementary Figure S1). However, we observed
stronger deactivation in the left lateral orbitofrontal cortex
(lOFC) and bilateral ventromedial prefrontal cortex
(vmPFC) in controls compared with patients. Conversely,
patients showed greater activation in left postcentral gyrus.

Error epochs. During error epochs, controls showed signi-
ficantly greater activation in FPCN territory, including right
supramarginal gyrus (SMG), middle temporal gyrus (MTG),
and dlPFC (Figure 2). In addition, voxel-wise analysis
revealed that left thalamus was more strongly activated in
controls during error epochs (Supplementary Figure S2).
Controls again showed significantly stronger deactivation in
bilateral vmPFC.

Correct vs Error epochs. Within-group analysis contrasting
correct and error trials revealed that right frontoparietal
areas, dorsal anterior cingulate, and precuneus showed
increased activation during error trials (vs correct) in
controls (Supplementary Figure S3). Patients showed
reduced activation in pre- and postcentral gyrus, but increa-
sed activation in bilateral supramarginal gyrus, precuneus,
and superior frontal gyrus during error epochs (vs correct).

Performance correlations. Correlation with accuracy did
not reach significance for any brain regions during correct
trials. During error epochs, accuracy correlated positively
with the degree of activation in regions of the FPCN,
including bilateral superior parietal lobule (SPL), bilateral
dlPFC, dorsomedial prefrontal cortex (dmPFC), and bilateral
insula, and with the degree of deactivation in regions of the
DMN, including posterior cingulate cortex and medial
prefrontal cortex (Supplementary Figure S4A). Post hoc
analyses of significant regions revealed interactions of the
group X activation on accuracy in six predominantly task-
negative areas; performance depended on activation more
strongly among patients (Supplementary Figure S4B).

Symptom correlations. An inverse correlation was ob-
served in patients between severity of PANSS positive sub-
scale score and activation in left and right dlPFC during
correct epochs (Supplementary Figure S5). No significant
correlations were found for activity during error epochs or
for SANS scores.

Additional analyses. See Supplementary Results and
Supplementary Figures S6 and S7 for additional analyses
concerning symptom–performance correlations, exclusion of
below-chance performance at higher WM loads, and
response time differences.

Functional Connectivity

Functional connectivity analyses were performed for both
resting and task states. Seed regions were based on the
primary task-based GLM analysis (Supplementary Table S1).
To further control for head motion, an important potential
confound in functional connectivity (Power et al, 2012), we
conducted additional quality control analyses in which we
removed problematic runs from the analysis using a
stringent (0.6 mm) movement threshold; results were largely
unchanged (Supplementary Results).

Resting-state connectivity. Supplementary Table S2 and
Figure 3 display region pairs for which functional con-
nectivity differed significantly between the groups at rest. In
patients, two different seeds in left vmPFC, which had been
associated with reduced task-based deactivation, also showed
abnormally strong connectivity with lOFC, another region in
the cortical limbic network (as defined by Yeo et al, 2011).
Connectivity of left postcentral gyrus with left insula, right
inferior frontal gyrus, and left thalamus was also abnormally
enhanced in patients.

Right dlPFC, a region parametrically activated with
increasing task load, showed reduced coupling with right
inferior temporal gyrus (ITG) in patients. In the right
hemisphere, we also observed stronger connectivity between
SMG and MTG in controls as compared to patients. These
results overall indicate stronger coupling within the FPCN in
controls and a shift in patients’ connectivity patterns within
the networks involved in sensory and affective processing.

Task-state connectivity. Supplementary Table S2 and
Figure 4 depict brain regions that showed significantly
different task connectivity between the groups. Coupling
between vmPFC and right parahippocampal gyrus was
stronger in controls. We also observed stronger coupling
from right SMG to right pallidum and thalamus in controls.
Left thalamus showed weaker coupling with bilateral
dmPFC, right dACC, and left IPL (all part of FPCN) in
patients, whereas its connectivity was enhanced with
parahippocampal gyrus and Rolandic operculum in patients
as compared with controls. Notably, however, connectivity
within cortical FPCN nodes did not differ between patients
and controls during task, as they did at rest.

Behavioral correlations. For each pair of regions that
showed significant difference in functional connectivity bet-
ween the two groups, we evaluated the correlation between
connectivity of that pair and accuracy (across all partici-
pants) as well as between connectivity and PANSS/SANS
scores (in patients). Bonferroni correction controlled for
multiple comparisons across connectivity pairs. None of the
pairs showed significant correlation with PANSS or SANS
scores. Accuracy correlated positively with resting-
state connectivity within the somatomotor network (between
two locations in left postcentral gyrus, p= 0.0005, r= 0.381).
Accuracy correlated negatively with resting-state coupling
between left vmPFC and right lOFC (limbic network,
p= 0.00045, r=− 0.384), and between left postcentral gyrus
and left insula (p= 0.00011, r=− .0419)—both of which
showed patient4control connectivity. Accuracy correlated
positively with task-state thalamocortical connectivity (left
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thalamus and right dmPFC, p= 0.00034 and r= 0.391),
which showed control4patient connectivity.

DISCUSSION

Although prefrontal dysfunction has been consistently
implicated in fMRI studies of schizophrenia, differences in
WM performance have posed a ubiquitous confound in
interpreting activation differences between patients and
controls (Minzenberg et al, 2009). Further, previous func-
tional connectivity work has largely been limited to resting-
state studies, leaving uncertain the relevance of resting-state
FPCN abnormalities to its recruitment during WM. Here
using event-related fMRI analysis in parallel with resting and

task-based connectivity, we demonstrate that patients are
capable of normal FPCN activation when they are adequately
engaged in the task (as gauged by correct performance).
Further, patient deficits in FPCN connectivity during rest,
which were similar to previous studies (Baker et al, 2014), do
not persist during WM performance. Conversely, patients
consistently demonstrate impaired deactivation of vmPFC (a
limbic ‘task-negative’ region) regardless of accuracy, as well
as altered vmPFC and thalamic connectivity during WM.
These findings challenge the primacy of frontoparietal
dysfunction during WM in schizophrenia; alternately, they
suggest that although dlPFC (and, more broadly, FPCN)
dysfunction is a marker of performance differences, limbic
and thalamic network disruptions are critically involved in
WM deficits.

Figure 3 Differences in functional connectivity between the groups at rest. Seed regions are indicated with a circle on their respective activation maps
above the connectivity maps, which reflect the p-values derived from an ANOVA. Colored seed labels represent the effect from which the seed was defined;
green: Correct vs Fix, red: Error vs Fix. Right dlPFC was more strongly coupled with right ITG in controls, whereas left vmPFC was more strongly coupled with
bilateral lOFC in patients. In controls, right SMG showed stronger coupling with right MTG. Controls also showed enhanced coupling within left postcentral
gyrus, whereas patients showed increased coupling between this region and left insula. Colorbar denotes the − log(p) value and all the effects are shown at
po0.001 for illustration purposes.
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FPCN Function and Its Relation to Performance in
Schizophrenia

In the setting of reduced accuracy during SIRP performance,
patients also exhibited reduced FPCN activation during
error epochs, a finding that in itself resonates with previous
reports describing FPCN dysfunction in schizophrenia.
Further, during error epochs, the relationship between left
dlPFC activation and overall accuracy was stronger in
patients than controls. It remains unclear, though, whether
diminished error-related FPCN activation in patients pri-
marily reflects a failure of sustained engagement in task, or,
alternatively, reduced baseline activity or impaired activation
of error-monitoring circuitry. Although limited by

substantial bin size discrepancies, a direct contrast of correct
and error epochs (Supplementary Figure S3) suggests that
controls—but not patients—scale up activation in right
frontoparietal regions and bilateral dACC during errors. The
dACC is a key node in the error-monitoring circuit that
coordinates with FPCN (Agam et al, 2013) and shows
hypoactivation in schizophrenia patients following antisac-
cade errors (Polli et al, 2008). As our task was not specifically
designed to induce errors, other experimental designs may be
more helpful in addressing this issue.
However, other findings suggest that FPCN function

during WM in patients can be surprisingly robust. During
correct epochs, patients’ load-dependent activation within
the task-positive network did not differ from that of controls,

Figure 4 Differences in functional connectivity between the groups during the task. Seed regions are indicated on their respective activation maps above the
connectivity maps, which reflect the p-values derived from an ANOVA based on the average of three task runs in each subject. Colored seed labels represent
the effect from which the seed was defined; red: Error vs Fix. The left thalamus showed enhanced coupling with dmPFC and left IPL in controls, whereas its
connectivity to left PHG and left ROp was enhanced in patients. Functional connectivity between vmPFC and right PHG was enhanced in controls.
Schizophrenia patients also showed increased coupling between middle temporal regions. Colorbar denotes the − log(p) value and all the effects are shown at
po0.001 for illustration purpose.
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suggesting a capacity for normal FPCN activation. Indeed,
several other investigators using cognitive control (Lesh
et al, 2015) and WM (Johnson et al, 2006; Walter et al, 2007)
tasks have also reported no significant difference in
dlPFC activation during correct trials between medicated
first-episode schizophrenia patients and healthy indivi-
duals. Further, in our study, although positive symptoms
negatively correlated with activation in FPCN (echoing
previous results from Menon et al, 2001), patients still
showed normal activation of the network during correct
trials. Finally, FPCN regions that showed reduced coupling
during resting state in our study did not appear to differ
in functional connectivity during task. Taken together,
these data suggest that (1) patients are capable of relatively
normal FPCN physiology during WM and (2) previously
reported FPCN abnormalities in block-design fMRI studies
principally reflect the influence of error epochs, which
contribute to the block-averaged signal disproportionally in
patients.

Limbic and Default vmPFC and Their Relation to
Performance in Schizophrenia

Despite the clear role of FPCN in mediating WM processes
(Curtis and D'Esposito, 2003; Heinzel et al, 2014), our
findings call into question whether physiology differences
outside of the FPCN are more fundamentally relevant to
altered WM processing in schizophrenia. Arguably, such
changes should not be confounded by performance differ-
ences between the groups. Like many executive function
tasks, the SIRP deactivates limbic and default networks
(Fryer et al, 2013). Regardless of performance, schizophrenia
patients failed to deactivate bilateral vmPFC, a region
assigned to the limbic network (Yeo et al, 2011). Patients
also showed abnormally strong resting functional connectiv-
ity between vmPFC and lOFC, a region previously associated
with emotion regulation processes and rumination (Eryilmaz
et al, 2014; Goldin et al, 2008). Altered prefrontal connec-
tivity in schizophrenia patients may underlie impaired
filtering of irrelevant information (Anticevic et al, 2012), a
phenomenon that may have contributed to the inverse
correlation between vmPFC–lOFC connectivity and accuracy
in our study.
Furthermore, inverse to the FPCN pattern, activity during

error epochs in parts of vmPFC previously assigned to DMN
(Yeo et al, 2011) correlated negatively with accuracy rates in
the patient group. DMN deactivation has been linked to
successful performance in cognitive tasks (Anticevic et al,
2010; Hahn et al, 2007), whereas failure of DMN deactivation
during verbal WM has been observed in schizophrenia
(Matsuo et al, 2013). Functional connectivity changes in
DMN have also been reported in schizophrenia patients
and their first-degree relatives (Garrity et al, 2007;
Whitfield-Gabrieli et al, 2009). Effective connectivity
between areas of the DMN including vmPFC has been
correlated with WM performance in schizophrenia and
bipolar patients (Wu et al, 2014). Taken together, our
findings are consistent with the previous studies and suggest
that task-related deactivation of the DMN during WM
performance is associated with better performance in
schizophrenia.

Thalamus–FPCN Disconnection in Schizophrenia
During Task Performance

The thalamus, a critical node in thalamo-cortico-basal
ganglia circuitry, also showed hypoactivation in patients
during error epochs. Activation maps for ‘Correct vs fix’ and
‘Error vs fix’ contrasts (Supplementary Figure S2) suggests
that for patients, correct performance depended strongly on
activation of the thalamus. Interestingly, the consistent co-
activation of thalamus and cortical FPCN regions in controls
(regardless of performance) raises the question of whether
the thalamus modulates cortical activity in the FPCN.
Indeed, functional connectivity analysis of task blocks
showed that the thalamus was more strongly coupled with
regions of the FPCN such as dmPFC, dACC and left IPL in
controls than in patients. As this thalamocortical connectiv-
ity did not differ between the groups during resting state, it is
possible that the thalamus has a task-specific role in
modulating FPCN activation, an idea supported by the
observed correlation between left thalamus–dmPFC coupling
and accuracy rate. Notably, in a mouse pharmacogenetic
study, decreases in mediodorsal thalamic activity triggered
selective impairments in spatial WM and disrupted syn-
chrony between the thalamus and mPFC, implying a causal
relationship (Parnaudeau et al, 2013). Although we are
limited by the resolution of our functional space, based on
prior diffusion imaging-guided parcellation of the human
thalamus (Behrens et al, 2003; Mang et al, 2012), we estimate
that the peak difference between the groups in the thalamus
lies in the medial anterior complex, which has extensive
projections to the prefrontal cortex and encompasses the
mediodorsal thalamus. Therefore, our results may concur
with the direct evidence on thalamus–mPFC connectivity
provided by Parnaudeau and colleagues.
Although the exact role of the thalamus in WM is unclear,

evidence from primate studies suggests that mediodorsal
nucleus of the thalamus might transmit prospective motor
information to the dlPFC (Tanibuchi and Goldman-Rakic,
2003; Watanabe and Funahashi, 2012). A meta-analysis of
human imaging studies reported the left thalamus, dlPFC,
and dACC to be activated significantly less in schizophrenia
patients during cognitive tasks (Minzenberg et al, 2009). In
addition, structural thalamocortical connectivity to the
lateral prefrontal cortex was previously associated with
WM performance (Marenco et al, 2012). In addition to the
decreased thalamus–FPCN coupling, we also observed
abnormally increased connectivity between the thalamus
and parahippocampal gyrus in patients during task perfor-
mance. Structural changes in parahippocampal gyrus in
patients with chronic schizophrenia have been previously
reported (Schreiber et al, 2011). The current results there-
fore suggest that a shift from a normal thalamocortical
(specifically, FPCN) coupling to an abnormal thalamolimbic
coupling may contribute to WM differences between
controls and patients.
One potential limitation of studies, including the present

one, of chronic schizophrenia patients is the difficulty of
controlling for the medication effects. Notably, despite
equivalent performance compared with controls, unmedi-
cated individuals with high genetic loading for schizophrenia
exhibit abnormal FPCN activation (Seidman et al, 2006) and
medial prefrontal deactivation (Landin-Romero et al, 2014)
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during WM. A recent multimodal study on first-episode
psychosis also showed that medicated patients and healthy
controls do not differ significantly in dlPFC activation during
a cognitive control task (Lesh et al, 2015). It is therefore
possible that the lack of difference in dlPFC activation
between patients and controls during correct performance
partially reflects the medication effects. Further, the small,
but statistically significant difference in estimated verbal IQ
between the groups may also contribute to differences in
activation and connectivity, despite matching for other key
demographic variables.
An additional limitation of our design was that it collapsed

all error types into a single category to maximize statistical
power. It is possible that controls and patients committed
different type of errors (eg, honest mistakes or slips) and
some of the group differences in activation may have arisen
due to these differences. It is important to note, however,
that our additional analysis in which we regressed out
average reaction time values shows that our results were not
confounded by reaction time differences between the groups.
Finally, some degree of co-activation during task might have
contributed to the task-based connectivity measure for
certain pairs of regions.
In conclusion, using an approach that facilitated compa-

rison of schizophrenia patients and controls despite perfor-
mance differences, we demonstrated that patients exhibit
robust load-dependent thalamic and FPCN activation during
accurate WM performance, but show deficient FPCN
activation during error epochs. However, patients fail to
deactivate the medial prefrontal cortex regardless of
performance. Connectivity results further substantiate that
altered thalamic and limbic network functions underlie WM
performance differences in schizophrenia patients, and
underscore the importance of looking beyond frontoparietal
network function in studies of WM abnormalities.
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