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ABSTRACT
BACKGROUND: The neural correlates of working memory (WM) impairment in schizophrenia remain a key puzzle in
understanding the cognitive deﬁcits and dysfunction of dorsolateral prefrontal cortex observed in this disorder. We
sought to determine whether patients with schizophrenia exhibit an alteration in the inverted-U relationship between
WM load and activation that we recently observed in healthy individuals and whether this could account for WM
deﬁcits in this population.
METHODS: Medicated (n 5 30) and unmedicated (n 5 21) patients with schizophrenia and healthy control subjects
(n 5 45) performed the self-ordered WM task during functional magnetic resonance imaging. We identiﬁed regions exhibiting
an altered ﬁt to an inverted-U relationship between WM load and activation that were also predictive of WM performance.
RESULTS: A blunted inverted-U response was observed in left dorsolateral prefrontal cortex in patients and was
associated with behavioral deﬁcits in WM capacity. In addition, suppression of medial prefrontal cortex during WM
was reduced in patients and was associated with poorer WM capacity in patients. Finally, activation of visual cortex
in the cuneus was elevated in patients and associated with improved WM capacity. Together, these ﬁndings
explained 55% of the interindividual variance in WM capacity when combined with diagnostic and medication status,
which alone accounted for only 22% of the variance in WM capacity.
CONCLUSIONS: These ﬁndings identify a novel biomarker and putative mechanism of WM deﬁcits in patients with
schizophrenia, a reduction or ﬂattening of the inverted-U relationship between activation and WM load observed in
healthy individuals in left dorsolateral prefrontal cortex.
Keywords: Cognitive impairment, Functional magnetic resonance imaging, Inverted-U, Schizophrenia, Short-term
memory, Working memory
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Researchers have attempted for several decades to characterize the neurobiological mechanisms of deﬁcits in working
memory (WM) in patients with schizophrenia (1), which have
been closely linked to poorer functional outcomes (2,3).
Performance on WM tasks depends on dopamine function in
dorsolateral prefrontal cortex (DLPFC) (4–7), which along with
norepinephrine exerts a neuromodulatory inﬂuence on glutamatergic and gamma-aminobutyric acidergic networks that
are critical to WM representations (8). Given the numerous
dopaminergic abnormalities present in schizophrenia (4,9–11)
and the mounting evidence for a disruption in glutamate
(12,13) and gamma-aminobutyric acid (14,15) neurotransmission, disruption of WM representations in the DLPFC of
patients with schizophrenia seems clear, although the precise
nature of the disruption has yet to be elucidated.
A widely used approach to assaying DLPFC function during
WM performance has been noninvasive in vivo hemodynamic
imaging using functional magnetic resonance imaging (fMRI).
Initial fMRI studies demonstrated reduced activation in DLPFC
in patients during the performance of WM tasks (16–19), which

was taken to be consistent with impaired dopamine function in
DLPFC, given that dopamine in DLPFC had been shown to be
critical for WM performance in nonhuman primates (20,21).
However, subsequent studies failed to conﬁrm these ﬁndings,
instead showing greater DLPFC activation by patients (22–24),
and our meta-analysis revealed no difference in DLPFC
activation between patients and control subjects across 29
studies (25).
To account for these inconsistent ﬁndings, multiple authors
proposed that the normal response of DLPFC to parametric
variations in WM load may be nonmonotonic (i.e., an
“inverted-U”) (26–28), such that DLPFC activation declines at
higher WM loads, whereas patients with schizophrenia exhibit
a “left shift” in this inverted-U, leading to greater DLPFC
activation at lower WM loads and reduced activation at greater
loads. Although this notion became prevalent and received
considerable discussion (25,29–33), there has been no direct
evidence thus far to support it. Jansma et al. (29) did observe a
reduction in activation in DLPFC in patients from a 2-back to a
3-back load of the n-back task; however, their ﬁnding has not
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been replicated in the very large literature using n-back tasks,
their study was carried out with only 10 participants in each
group and included error trials, and no inverted-U was
observed in healthy participants. We propose that the failure
thus far to demonstrate the hypothesized inverted-U may be
due to the relative coarseness of the WM load manipulations
allowed by commonly used WM tasks, such as the n-back and
Sternberg tasks, where a limited number of steps restricts the
ability of the task to demonstrate an inverted-U. Consequently,
we adapted the self-ordered WM task (SOT), a classic neuropsychological test of DLPFC function (34), for use with fMRI.
Our version of the task allows for a gradual increase in WM
load from zero to seven items in a single trial, and SOT
performance correlates with performance on a visual change
detection task (35), the gold standard for estimating visual WM
capacity. Critically, two independent cohorts of healthy individuals showed an inverted-U response to increasing WM load
in the SOT in a network of regions including DLPFC (36).
We hypothesized that patients with schizophrenia would
exhibit a similar but left-shifted variant of this inverted-U.
Moreover, we hypothesized that this alteration would relate to
task performance and WM deﬁcit in patients. Consequently,
we sought to determine whether either an inverted-U pattern
of activation or the magnitude of activation (ﬁrst in DLPFC, but
also elsewhere in the brain) was 1) altered in patients with
schizophrenia relative to matched control subjects and 2)
predictive of performance on the task, as only regions showing
evidence of both 1) and 2) can be taken as putative neurobiological substrates explaining WM deﬁcits in schizophrenia.
Furthermore, because chronic dopamine D2 receptor antagonism by antipsychotic medications may affect DLPFC function, we included both unmedicated and medicated groups of
psychiatrically stable patients in our study. Consistent with our
work in healthy individuals, we restricted analysis of DLPFC
activation to correct trials, to limit the impact of poor performance, which has been shown to produce reduced DLPFC
activation in patients with schizophrenia (25,37).

METHODS AND MATERIALS
Participants
All procedures were approved by the New York State Psychiatric Institute Institutional Review Board. Participants provided
written informed consent, and patient participants were
deemed to have capacity to provide consent by an independent psychiatrist. Patients were outpatients recruited from
research facilities at the New York State Psychiatric Institute,
and control participants were recruited via advertisements.
The ﬁnal sample included 21 unmedicated patients, 30
medicated patients, and 45 healthy control subjects
(Supplemental Methods).
Inclusion criteria for patients were 1) lifetime DSM-IV
diagnosis of schizophrenia, schizoaffective, or schizophreniform disorder and 2) negative urine toxicology. Unmedicated
patients were medication free for at least 2 weeks, whereas
medicated patients were taking stable doses of risperidone,
aripiprazole, lurasidone, paliperidone, or haloperidol for at
least 4 weeks, with no antipsychotic polypharmacy and no
psychiatric emergency department visit or hospitalization for
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at least 3 months. Inclusion criteria for healthy control subjects
were 1) no history of a DSM-IV Axis I disorder, 2) no family
history (ﬁrst-degree relative) of psychotic illness, and 3)
negative urine toxicology. Exclusion criteria for all groups
included signiﬁcant medical and neurologic illnesses, current
misuse of substances other than nicotine, pregnancy, and
nursing. Groups were matched for age, sex, and parental
socioeconomic status. Table 1 summarizes demographic and
clinical data.

Task Procedures
Task procedures are detailed in the Supplemental Methods
and have been described previously (36). Brieﬂy, eight line
drawings of difﬁcult-to-verbalize objects were presented, and
participants were instructed to select each object once, in any
order. After each object was selected, all objects were
pseudorandomly rearranged on the screen. Participants then
had to select an object not already selected so that at each
step there was one more previously selected object to
remember. A perceptual and motor control task was used
following identical procedures except that one object was
marked with an asterisk, and participants were instructed to
select the marked object. Participants were paid $0.25 per
correct response for both tasks. Our primary measure of
performance was WM capacity, as estimated by a maximum
likelihood model (Supplemental Methods) (35).

fMRI Procedures
fMRI Acquisition, Preprocessing, and First-Level
Modeling. Data were acquired on a Philips 1.5T Intera
scanner (Philips Healthcare, Andover, MA) and preprocessed
as described elsewhere (36) and in the Supplemental
Methods. Brieﬂy, images were slice-timing corrected, motion
realigned, normalized to a standard template, and smoothed.
Time series values were transformed to percent signal change
on a per-voxel basis. First-level modeling followed prior work
(Supplemental Methods) (36). Regressors of interest were
those reﬂecting correct trials in the control task or each of
the ﬁrst seven steps of the SOT, modeled separately. Step
eight was excluded because of poor performance by patients.
Incorrect trials were modeled separately and are not reported.
Two primary outcome measures were calculated for each
subject. First, the ﬁt to an empirical inverted-U shape obtained
from an independent healthy sample [study 1 in our previous
study (36)] was calculated at each voxel for each participant.
This ﬁt was obtained by regressing observed task activation at
each step on the inverted-U shape, such that larger positive
values indicate better ﬁt. Second, a task minus control
contrast was calculated as the average activation across the
ﬁrst seven steps of the SOT minus activation to the control
task. Although we did not hypothesize a between-group
difference in this contrast, it is a commonly used and
straightforward measure of regional brain activation to the
SOT relative to the control task.

Second-Level

Modeling. Both outcome measures
(regression betas indicating ﬁt to the inverted-U pattern, and
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Table 1. Demographic and Clinical Characteristics of Study Participants
Characteristic
n
Age, Years (SD)
Sex, M/F
Parental SES (SD)
Handedness, R/L
Age at Diagnosis (SD)a
Antipsychotic Medication History, DF/DN
Current CPE (mg) (SD)b

Unmedicated Patients

Medicated Patients

21

30

Healthy Control Subjects
45

33.2 (10.6)

36.4 (7.5)

34.0 (8.9)

11/10

17/13

21/24

43.4 (13.7)

41.0 (12.6)

42.1 (14.0)
44/1

19/2

27/3

18.1 (4.9)

22.2 (7.1)

—

12/9

—

—

—

270.6 (227.8)c

—

PANSS General

29.7 (8.8)

29.2 (7.9)

—

PANSS Positive

14.4 (5.9)

13.0 (6.6)

—

PANSS Negative

15.9 (5.9)

14.8 (6.0)

—

SANS

8.8 (4.4)

8.4 (3.4)

—

CPE, chlorpromazine equivalent dose; DF, antipsychotic drug free for at least 2 weeks (at least 6 weeks for aripiprazole); DN, antipsychotic drug
naïve; F, female; L, left; M, male; PANSS, Positive and Negative Syndrome Scale; R, right; SANS, Scale for the Assessment of Negative Symptoms;
SES, socioeconomic status.
a
Age at diagnosis refers only to primary psychotic disorder. Data were available only for 20 (95%) of the unmedicated sample and 13 (43%) of
the medicated sample.
b
Current antipsychotic dose compares with 100 mg oral chlorpromazine, using 2 mg haloperidol, 2 mg risperidone, 7.5 mg aripiprazole, 20 mg
lurasidone, 25 mg risperidone (depot), and 30 mg haloperidol (depot) (51). For depot paliperidone, we use the manufacturers’ recommended
equivalent for the depot to oral conversion (234 mg paliperidone palmitate [depot] every 28 days 5 12 mg oral paliperidone daily) and then
converted to oral chlorpromazine equivalents.
c
Three patients were also taking a nonantipsychotic mood stabilizer at the time of participation, and 11 patients were taking an antidepressant.

contrast values for overall activation) were analyzed in a series
of robust models (38); t tests for group comparisons or
multiple regressions for testing effects of WM capacity and
group were used as appropriate. These models evaluated 1)
whether there were group differences in activation or inverted–
U ﬁt and 2) whether activation or inverted–U ﬁt related to WM
capacity in each group and whether there were group differences in this relationship (group by WM capacity interaction).
See Supplemental Methods for multiple comparison
corrections.

Region of Interest. Second-level analyses were ﬁrst carried out in an anatomically and functionally deﬁned a priori
region of interest (ROI) of bilateral DLPFC (Supplemental
Methods) and subsequently in an exploratory whole-brain
analysis.

RESULTS
Task Performance
Accuracy, reaction times, and estimated WM capacity are
shown in Figure 1. Healthy participants had a mean (SD) WM
capacity of 5.63 (1.32), consistent with prior observations
(35,36), whereas patients had a WM capacity of 3.89 (1.93),
which differed signiﬁcantly from control subjects (p , .00001).
Unmedicated and medicated patients had WM capacities of
4.15 (1.88) and 3.72 (1.97), respectively (no signiﬁcant difference; p = .43).
All groups performed above chance at every step (onesample t tests, all p , .0001), and control subjects performed
better than patients at all steps (two-sample t tests, all p ,
.0001). Unmedicated patients performed better than medicated patients at step 2 (p , .005) and showed a trend

toward better performance at all other steps excluding step 7
(all p , .1). Control subjects responded signiﬁcantly faster
than patients at all steps (all p , .05) except step 2, at which a
trend was observed (p = .06). Patient groups did not differ in
reaction time (all p . .26).

fMRI Results
Activation to the SOT. Regions showing signiﬁcant differences in activation between the SOT and control task are
reported in Figure 2A and Supplemental Tables S1–S3. Patient
subgroups are displayed for illustrative purposes, and betweengroup analyses are reported separately (see later). Consistent
with our prior report (36), healthy control subjects showed
robust activation of the classic WM network, including bilateral
DLPFC, posterior parietal cortex, pre–supplementary motor
area, and left dorsal anterior insula, as well as premotor areas
and most of the lateral occipital lobe and fusiform gyrus. Control
subjects also demonstrated substantial deactivations throughout the default mode network, including medial prefrontal cortex
(mPFC), posterior dorsal cingulate, precuneus, and lateral
temporal lobes, as well as the temporal parietal junction. Both
patient groups showed patterns of activation and deactivation
similar to the patterns observed in healthy control subjects.
Regions Exhibiting Inverted-U Activation Pattern.
Regions that signiﬁcantly ﬁt an inverted-U activation pattern
are shown in Figure 2B and Supplemental Tables S4–S6.
These regions closely matched the regions in our prior work
(36), including bilateral DLPFC, posterior parietal cortex, pre–
supplementary motor area, premotor areas, lateral occipital
lobe, fusiform gyrus, and medial temporal lobe in healthy
control subjects, with a similar but less robust activation
pattern observed in both patient groups.
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Neurological Institute (MNI) coordinates 248, 15, 28; maximum t value 3.28) showed a poorer ﬁt to an inverted-U in
patients than in healthy control subjects (Figure 3A). Activation
in this region did not appear to be “left shifted” in the patient
group; rather, patients failed to show the clear rise and fall of
activation in this region observed in healthy control subjects,
leading to a ﬂatter pattern of response. Moreover, we
observed a positive relationship in both patient and control
groups between inverted-U ﬁt and WM capacity in left DLPFC,
which overlapped with the region showing a group difference
(Figure 3B; control subjects—109 voxels; MNI coordinates
251, 15, 31; maximum t value 3.17; patients—71 and 54
voxels; MNI coordinates 245, 33, 16 and 242, 9, 28;
maximum t values 3.24 and 3.42). Thus, the reduction in
inverted-U ﬁt in this region of left DLPFC can be considered a
putative neurobiological marker of WM deﬁcit in schizophrenia, as it is both deﬁcient in patients and associated with WM
capacity. No differences were observed within the DLPFC ROI
between the two patient subgroups.
Regions within the DLPFC ROI showing differences in
overall activation to the task (relative to the control task) are
shown in Supplemental Figure S1. Brieﬂy, inferior right prefrontal cortex showed greater activation in patients than in
control subjects, whereas a more dorsal and anterior area
showed a positive relationship between activation and WM
capacity in patients but not control subjects.

Whole-Brain Group Differences and Relationships to
Performance. The full set of regions showing signiﬁcant

Figure 1. Performance on the self-ordered working memory (WM) task.
(A) Accuracy, (B) reaction time, and (C) WM capacity data for participants in
all three groups over all eight steps of the task. The dotted line in (A) shows
the level of accuracy expected by chance at each step.

Group Differences and Relationships to Performance
in DLPFC. A region of left DLPFC (141 voxels; Montreal
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group differences or relationships to performance in
inverted-U ﬁt or task activation are shown in Supplemental
Figures S2 and S3 and Tables S7 and S8. We were primarily
interested in identifying regions that exhibit both 1) a group
difference and 2) a relationship to WM capacity in either
inverted-U ﬁt or task activation, as with the left DLPFC region
identiﬁed in the earlier ROI analysis and consistent with a
neurobiological substrate of WM deﬁcit. Consequently, for
both inverted-U ﬁt and task activation, we produced conjunction maps of regions showing both of these effects (1 and 2)
(Figure 4). This analysis recapitulated our ROI-based ﬁnding of
a putative substrate of WM deﬁcit in left DLPFC for inverted-U
ﬁt and further identiﬁed a region of mPFC that showed
greater overall activation in patients and a negative relationship with performance in patient and control groups, demonstrating that failure by patients to adequately suppress
activation in this region during task performance is associated
with their deﬁcit in WM. In addition, a region of visual cortex
in the cuneus demonstrated increased activation in
patients with schizophrenia, along with a positive relationship
to WM capacity observed in healthy individuals (but not
patients).
To tease apart the relative, unique contributions of each of
these ﬁndings to individual differences in WM capacity, we
extracted mean values (either inverted-U ﬁt betas or task
minus control contrast values, as appropriate) from each
cluster (minimum 10 voxels) identiﬁed in the conjunction
images shown in Figure 4. These were averaged within each
cluster to produce a scalar value for each participant in each
cluster, which was then related to WM capacity in a
step-forward linear regression model selection framework
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Figure 2. Within-group activation
and inverted-U ﬁts during working
memory. (A) Regions showing signiﬁcant activation (hot color spectrum) or
deactivation (cool colors) to the selfordered working memory task compared with the perceptual and motor
control task. (B) Regions in the present study cohort that show a signiﬁcant positive ﬁt to the inverted-U
pattern of activation identiﬁed in our
previous report in an independent
sample of healthy individuals.

(Supplemental Methods). The impact of symptoms (the three
Positive and Negative Syndrome Scale subscales) on WM
capacity was also evaluated in this framework. The resulting
model demonstrated independent contributions to WM
capacity from 1) the inverted-U ﬁt in the smaller left prefrontal
cortex region, which behaved very similarly to the larger
DLPFC cluster (see later) and was positively associated with
WM capacity; 2) cuneus, in which activation was positively
associated with WM capacity; and 3) the suppression of
activation in mPFC, where activation was negatively associated with WM capacity in patients (but not control subjects).
No symptom variables were signiﬁcant. In addition, diagnosis
still had a signiﬁcant impact on WM capacity in the model, and
a trend was observed toward further WM deﬁcit in medicated
patients. Moreover, all variables retained in the regression
model were also signiﬁcant predictors in bivariate simple linear
regression models. In all, the model accounted for 55.5% of

the variance in WM capacity, whereas a model with diagnostic
information removed accounted for 37.9% of the variance in
WM capacity. Critically, inverted-U ﬁt in the larger left DLPFC
region was correlated with the smaller region that remained in
the model (r 5 .57, p , .00005), and if we substituted it into
the model in place of the smaller region, the model remained
largely unchanged, although the p value for this region was
then only at trend level (p 5 .071). Taken together, these
observations suggest that the contributions of the two left
prefrontal regions in Figure 4 were largely indistinguishable,
although slightly more robust in the smaller of the two regions.

DISCUSSION
These data identify two potential neurobiological mechanisms
of WM deﬁcits in patients with schizophrenia, one of which
has not been previously identiﬁed in the literature. First,
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Figure 3. Group differences in inverted-U activation in dorsolateral prefrontal cortex and associations with working memory (WM) capacity. (A) Top: Region
showing a signiﬁcant difference between patients and control subjects in inverted-U ﬁt within the dorsolateral prefrontal cortex region of interest. Bottom: Line
plot showing activation at each step of the task in each of the three groups within the region above. (B) Regions showing a signiﬁcant relationship between
inverted-U ﬁt and WM capacity within the dorsolateral prefrontal cortex region of interest. Scatterplots show the average inverted-U ﬁt in signiﬁcant voxels for
each participant, plotted against WM capacity. Shaded regions on brain surfaces show the spatial extent of the dorsolateral prefrontal cortex region of
interest. fMRI, functional magnetic resonance imaging.

patients with schizophrenia demonstrated a ﬂattening of the
inverted-U pattern of activation over increasing WM loads
observed in the DLPFC of healthy individuals, a pattern that
was associated with reduced WM capacity. This represents
the ﬁrst clear demonstration of an alteration in the longhypothesized inverted-U relationship between WM load and
DLPFC activation in patients with schizophrenia, although the
alteration we observed does not take on the form of a “left
shift,” as initially described (26–28). Rather, the ﬂattening or
blunting of the inverted-U observed here was proposed later,
to explain ﬁndings of a reduced load-activation slope in
patients relative to control subjects (30), although no
inverted-U was observed directly in that study. Second,
patients demonstrated a relative failure to deactivate mPFC
during WM task performance, which was also associated with
greater deﬁcits in WM capacity among patients with schizophrenia. This failure to deactivate portions of the so-called
default mode network by patients with schizophrenia has been
widely reported (39–42), although we are aware of only one
prior report linking deactivation of this region to WM task
performance in healthy individuals (but not patients) (43).
Finally, activation in medial visual cortex (cuneus) was both
signiﬁcantly increased in schizophrenia and positively associated with WM capacity. Critically, multiple regression indicated an independent role for each of these three mechanisms
in WM deﬁcits. Moreover, these ﬁndings were obtained in an
analysis using only task steps that were performed correctly,
mitigating contamination of fMRI activation measures by trials
on which participants were disengaged or otherwise unable to
effectively use their WM.
Despite tremendous interest in DLPFC dysfunction as the
(putative) primary neuropathologic substrate of WM deﬁcits in
schizophrenia, clear evidence for a functional abnormality in
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this region that is associated with individual differences in WM
capacity has failed to emerge until this report, and conﬁdence
in our ﬁnding is enhanced by the (relatively) large sample
employed here and by the inclusion of a substantial number of
medication-free patients. Although the present results cannot
speak directly to the molecular underpinnings of WM deﬁcits
in schizophrenia, and would certainly beneﬁt from replication,
we report here a direct connection between DLPFC dysfunction and WM deﬁcits in schizophrenia in a clinical sample.
Critically, this dysfunction does not come in the form of simply
increased or decreased activation, but rather in a more subtle
alteration of an activation pattern associated with strong WM
capacity across diagnostic groups, which can (presumably) be
elucidated only under conditions that allow for ﬁne-grained
manipulation of WM over a broad range of WM loads; namely,
a failure to show a robust inverted-U relationship between WM
load and activation in left DLPFC. This ﬁnding has important
implications for future work, which will be needed to better
understand how this functional alteration in inverted-U activation in DLPFC operates in clinical samples and animal models,
and which could potentially identify new targets for treatment
of cognitive deﬁcits in schizophrenia. That is, the overwhelming majority of WM tasks that have been used to
probe WM in both clinical and basic research employ at
most two or three WM loads, which is likely insufﬁcient to
characterize the inverted-U activation pattern (or lack thereof)
shown to be associated with WM capacity in the present
study.
A critical unresolved question relates to the functional
signiﬁcance of the inverted-U observed in healthy control
subjects, which we have discussed at length elsewhere (36).
The initial formulation of the inverted-U hypothesis (26,27)
speculated that it may occur as a result of task disengagement,
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Figure 4. Brain regions showing
group differences and an association
with working memory (WM) for either
inverted-U ﬁt or task activation. (A)
Regions in a whole-brain analysis
showing both a signiﬁcant difference
between patients and control subjects
and an association with WM capacity
in at least one group for the invertedU ﬁt. (B) Regions in a whole-brain
analysis showing both a signiﬁcant
difference between patients and control subjects and an association with
WM capacity in at least one group for
activation to the self-ordered WM
task. Scatterplots in (A) and (B) show
the relationship between the circled
region and WM capacity, after adjusting WM capacity for other predictors
in the full model described in the text.
(C) WM capacity regressions for a
simple model including only diagnostic and medication grouping variables
(left) and for a full model determined
with step-forward model selection
(right), including the four circled
regions identiﬁed in (A) and (B).

which is an unlikely explanation for the present ﬁndings given
that we analyzed only correctly performed trials and that
reaction times increase at higher loads even in poor performers
(36). Moreover, the observed positive association between the
inverted-U pattern and WM capacity also suggests that this
activation pattern is adaptive. Although at the present time we
are unable to deﬁnitively adjudicate between competing possibilities, in general terms it seems most likely that the inverted-U

reﬂects an adaptive shift in cognitive strategy that patients (or at
least many patients) fail to engage. For example, as we have
argued elsewhere, participants may gradually shift from a WMmediated to a long-term memory–mediated strategy that
requires less reliance on active maintenance (36). In this case,
the failure by patients to exhibit this neural response could
reﬂect inefﬁcient strategy use, direct impairment to the WM
system that limits the extent of DLPFC activation (ﬂattening the
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inverted-U), impairment in long-term memory that renders a
strategy switch maladaptive, or impairment in whatever mechanism initiates such a switch. All these possibilities warrant careful
consideration in future work speciﬁcally designed to determine
the mechanism and functional signiﬁcance of this inverted-U.
In addition to the previously discussed ﬁnding in DLPFC, an
unhypothesized potential substrate of WM deﬁcit in schizophrenia was identiﬁed in the mPFC. This region of the so-called
default mode network has been linked to self-referential thought
in studies of social cognition (44–46) and to autobiographical
memory retrieval (47–50), suggesting that its association with
poor WM capacity when activation of the region is not fully
suppressed by patients during the SOT may reﬂect a failure to
fully suppress task-irrelevant, self-referential or autobiographical cognition during WM task performance in individuals with
schizophrenia. We also observed a region of the cuneus that
was activated more by patients with schizophrenia than healthy
control subjects, but that also showed a positive association
between activation and WM capacity. Although we can only
speculate regarding the precise implications of this ﬁnding, it is
consistent with a compensatory mechanism in at least some
patients, such that despite deﬁcits in WM capacity, at least
some gains were possible because of (or were indexed by)
increases in activation in downstream visual cortical regions
representing the task stimuli.
In our view, this work highlights the critical importance of
linking observed differences in neural activity (or blood oxygen
level–dependent [BOLD] signal) between patients and healthy
individuals with measurable nonneural outcomes, such as task
performance, cognitive deﬁcit, or clinical symptoms. Without
such a link (even one that is merely correlational), observations
such as the widely reported reduction in activation of DLPFC
during WM task performance in patients with schizophrenia
are difﬁcult to interpret. If such a reduction is not clearly linked
to poorer performance, which it is not in the large majority of
the literature, it cannot be concluded that such a ﬁnding is
related to cognitive deﬁcits or WM impairment; indeed, it could
be epiphenomenal to some other disease process that is
irrelevant to the process being studied. In the present study,
we observed no relationship between the overall level of
activation in DLPFC and WM capacity in either healthy
individuals or patients with schizophrenia, consistent with
the literature, although the pattern of activation across loads
within DLPFC was predictive of capacity. This is suggestive of
a dynamic process that may depend more on the ability to
ﬂexibly alter the neural processes brought to bear on a
behavioral goal in the course of a single trial than it does on
the ability to produce a large increase in BOLD signal in a
region thought to carry out executive control processes. In our
view, the ﬁeld should strive to move away from simply
describing alterations in BOLD signal in patient samples and
attempt to rigorously characterize biomarkers of WM or other
cognitive deﬁcits, such as those described here. Once a
biomarker has been established, and ideally replicated,
researchers can then attempt to characterize other cognitive,
neural, molecular, or genetic mechanisms associated with the
biomarker and ultimately attempt to identify interventions
(pharmacologic or otherwise) that target the biomarker and
could potentially produce improvements in WM or other
cognitive deﬁcits.
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Finally, it is important to bear in mind that our two patient
samples were identiﬁed more naturalistically than experimentally. Our unmedicated group consisted of psychiatrically stable outpatients who either refuse to take
medications or were off medications for reasons unrelated
to this study. Thus, they represent a population that is
distinct from our medicated sample in ways that extend
beyond medication status, and so any differences (or
similarities) cannot necessarily be attributed to the medications per se. For example, the close correspondence in
overall symptoms between the two groups (Table 1)
strongly suggests that our unmedicated sample is more
mildly psychotic than our medicated sample. Similarly,
there was considerable suggestive (i.e., trend-level) evidence that the medicated patients may have performed
more poorly on the SOT than the unmedicated patients.
Although this poorer performance could plausibly be an
effect of antipsychotic medications, it could also reﬂect
more serious impairment in the medicated patients. Thus,
although the lack of differences between patient groups in
any of our neural outcome measures or in the observed
relationships between neural outcomes and WM capacity
suggests that the phenomena under consideration are not
strongly impacted by antipsychotic medication, it is possible that these medications do exert important inﬂuences
that have been missed in this study as a result of other
systematic differences between these two groups.
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