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Working memory processing deficit associated with a
nonlinear response pattern of the anterior cingulate
cortex in first-episode and drug-naïve schizophrenia
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Impaired working memory (WM) is a core neuropsychological dysfunction of schizophrenia, however complex interactions among the
information storage, information processing and attentional aspects of WM tasks make it difficult to uncover the psychophysiological
mechanisms of this deficit. Thirty-six first-episode and drug-naïve schizophrenia and 29 healthy controls (HCs) were enrolled in this
study. Here, we modified a WM task to isolate components of WM storage and WM processing, while also varying the difficulty level
(load) of the task to study regional differences in load-specific activation using mixed effects models, and its relationship to distributed
gene expression. Comparing patients with HCs, we found both attentional deficits and WM deficits, with WM processing being more
impaired than WM storage in patients. In patients, but not controls, a linear modulation of brain activation was observed mainly in the
frontoparietal and dorsal attention networks. In controls, an inverted U-shaped response pattern was identified in the left anterior
cingulate cortex. The vertex of this inverted U-shape was lower in patients than controls, and a left-shifting axis of symmetry was
associated with better WM performance in patients. Both the above linear and U-shaped modulation effects were associated with the
expressions of the genes enriched in the dopamine neurotransmitter system across all cortical brain regions. These findings indicate
that a WM processing deficit is evident in schizophrenia from an early stage before antipsychotic treatment, and associated with a
dopamine pathway related aberration in nonlinear response pattern at the cingulate cortex when processing WM load.
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INTRODUCTION
Working memory (WM) deficits are a core neuropsychological
feature of schizophrenia [1], and often persist despite alleviation of
acute psychotic symptoms with antipsychotic treatment [2]. The
WM deficit explains a large proportion of variance in the disrupted
activities of daily living in schizophrenia [3]; nevertheless, due to
our limited understanding of its neural mechanisms, to date, no
effective treatments have been devised to reverse this key deficit
[4]. Uncovering the physiological basis of WM deficit may provide
new treatment opportunities to improve rates of functional
recovery in schizophrenia.
WM is characterized as a buffer for storage and processing of

information [5], and its impairment in schizophrenia is particularly
pronounced (Cohen’s d > 0.8) when processing demands (i.e., load)
are high [6]. Neuroimaging studies have associated WM with brain
regions in both the fronto-striatal and fronto-parietal networks [7].
However, mixed results have been reported with both hyperactivation

[8, 9] and hypoactivation [10] of the dorsolateral prefrontal cortex
(DLPFC) in schizophrenia, while some studies failed to identify any
significant aberrations in DLPFC activation [11]. Similarly inconsistent
findings have also been reported in the literature for the anterior
cingulate cortex (ACC) [8, 12].
These inconsistences may be due to the diversity of WM task

paradigms, engaging various WM components to different extents
[13]. The classic Sternberg Item Recognition Paradigm (SIRP) [14]
engages only WM storage without processing demands, while
n-back paradigms require an inseparable combination of the
storage, updating, and attentional components of WM [15]. Here,
we varied the difficulty levels for selective attention by applying a
prospective cue with the presented stimuli, and the difficulty level
peaked when targets and distractors were equally frequent.
The various levels of task difficulty (i.e., WM ‘load’) elicit different

degrees of activation in the relevant brain areas. In HCs, both
linear [16] and inverted-U shaped patterns of the DLPFC activation
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[8, 17] have been identified as WM load increases. In schizo-
phrenia, not only the linear pattern [18] but also a flattened [8] or
left-shifted inverted-U shaped [19, 20] pattern of DLPFC activation
have been reported. Here, we used a modified parametric SIRP
[21] to probe the load-sensitive pattern of brain activation while
disentangling the storage and the processing components of WM.
The inverted-U pattern has been hypothesized to be associated

with dopaminergic neurotransmission in the prefrontal cortex
(PFC) based on the dopaminergic drug effects observed in both
human and animal experiments [22]. A recent positron emission
tomography (PET) study of the amphetamine-induced changes in
dopamine in the DLPFC found that dopamine release was blunted
in patients compared with controls and the D2/3 availability was
associated with DLPFC activity during a WM task only in the
pooled sample of patients and controls [23]. However, there is
currently no direct evidence linking the distribution of inverted-U
pattern of brain activity to dopaminergic neurotransmission in the
human brain. We performed a transcriptomic analysis of brain
tissues to test if the WM load modulations are indeed associated
with the gene expressions for dopaminergic neurotransmission
across different brain regions.
Another reason for inconsistent findings with regard to the

neural underpinnings of WM deficit in schizophrenia are the
confounding effects of long duration of psychosis and antipsycho-
tic exposure in many studies; both of these can profoundly alter
brain activations during WM performance [24]. During a WM task,
greater activations in both the inferior and the middle frontal gyri
have been observed in patients with 10–19 years of schizophrenia
compared to patients with 3–9 years of this disorder [25].
Antipsychotics such as risperidone [26] and aripiprazole [27] can
alter the activation patterns of several brain regions including the
ACC during WM tasks. Therefore, we specifically recruited patients
with first-episode and drug-naïve schizophrenia (FEDN).
Our major aim was to test the hypotheses that the load-

dependent pattern of linear or inverted U-shaped brain activation
during WM performance in healthy controls (HCs) is altered in the
FEDN, and this load-dependent pattern is associated with
dopamine system enriched gene expressions across different
brain regions. We recruited 36 FEDN and 29 HCs matched for age,
sex and years of education. Brain activations for the WM
processing were isolated from the WM storage by our task design,
while activation patterns that related to WM load were compared
between patients and controls.

METHODS
Participants
In this study, 36 first-episode and drug-naïve patients with schizophrenia
(SZ: FEDN) were recruited from the psychological counseling clinic at the
Second Xiangya Hospital Affiliated to the Central South University, and 29
HCs matched with mean age, sex, years of education were recruited from
the local community and the university. For patients, the clinical
information was collected by an experienced psychiatrist at the hospital,
including the Positive and Negative Syndrome Scale (PANSS) scores. All
participants completed an WM task in the MRI scanner and another test for
complex attention and executive function outside the scanner after the
MRI experiment, namely the Trail Making Test (TMT)-A and B respectively
[28]. The detailed inclusion and exclusion criteria are provided in
Supplementary Method S1.
The study protocol was approved by the Second Xiangya Hospital Ethics

Committee. All participants provided written informed consent after informa-
tion on the research procedures had been provided by the study team.

Experimental paradigm
The experimental paradigm for working memory (WM) in this study was a
modified version of a parameterized, event-driven SIRP paradigm [21], which
consisted of 5 types of trials and each type had 8 trials (Fig. 1). The event-
design of this paradigm enabled us to separately analyze correct trials only,
thus minimizing any bias arising from the difference in task performances

between patients and controls [21]. In the stimulus period, a black screen
displayed four gray digits for 1500ms. At the end of this period, 1, 2, 3 or 4
digits were illuminated for 500ms in trials at load levels 1, 2, 3 and 4,
respectively. During the subsequent 4000ms delay period, participants were
instructed to focus only on those illuminated digits (i.e., the cued set) and to
memorize the digits which immediately followed them in the natural
sequence of numbers (the manipulated set; e.g., for the illuminated digits
1,5,3 in Fig. 1, the correct responses would be 2,6,4). In the probe period, an
illuminated digit was presented at the center of screen, and participants had
to decide whether this digit was (‘Yes’) or was not (‘No’) part of the
manipulated set using the left or right hand, respectively. The proportion of
Yes or No answers was 1:1 and was counter-balanced by hand. While the WM
‘load’ (for both WM storage and WM processing) increased with the size of
the manipulated set, the difficulty level of attentional processing peaked
when the cued (i.e., illuminated) set and the distractor (i.e., non-illuminated)
set had the same number of digits. On control trials, 4 gray digits appeared
on the screen during the stimulus period and none of them was illuminated.
Participants were instructed to memorize all 4 digits (i.e., the storage set) over
the delay period and to determine whether the illuminated digit shown
during the probe period was or was not part of the storage set. Trials were
counter-balanced by their types.

Data acquisition
Neuroimaging data were collected from all participants using a 3.0 T MRI
system (Intera Achieva, Phillips, Netherland). The scan of T1-weighted images
covered the whole brain with 36 slices on the axial position and aligned on the
AC-PC were acquired with the following parameters: repetition time
(TR)= 500ms, echo time (TE)= 11m, field of view (FOV)= 220mm×220mm,
matrix= 512 × 512; slice thickness = 4mm, without gap, and flip angle
(FA)= 8°. The functional images were acquired using the field echo-echo
planar (EPI) imaging sequence during the execution of the tasks with the
following parameters: TR= 2000ms, TE= 30ms, FOV= 240mm×240mm,
matrix= 64 × 64, slice thickness= 4mm without gap, in-plane resolution=
3.75mm×3.75mm, FA= 90° and 36 axial slices.

Data preprocessing
The preprocessing of fMRI images was completed using the fMRIPrep 20.2.3
([29] RRID:SCR_016216) based on Nipype 1.6.1 ([30, 31]; RRID:SCR_002502)
with the first 6 fMRI scans removed. Processing procedure included skull-
stripping, head-motion correction with six corresponding rotation and
translation parameters were estimated, slice timing correction, co-
registering to T1w with the boundary-based registration [32] cost-function,

Fig. 1 Working memory task design. The upper row for a control
trial: in the control trials displayed 4 gray digits and required
participants to memorize these digits (i.e., the storage set). In the
probe period, an illuminated digit was presented on the screen and the
participants had to indicate whether this digit was or was not part of
the storage set. The lower row for a trial at load level 3: In the stimulus
period, 4 gray digits appeared on a black screen. In the trial at load level
3, 3 of the 4 gray digits were illuminated. During the subsequent delay
period, participants were instructed to focus only on those digits which
had been illuminated and to memorize the digits which immediately
followed them in the natural sequence of numbers (i.e., the
manipulated set; e.g., for the illuminated digits 1,5,3 the correct
responses would be 2,6,4.). In the probe period, an illuminated digit was
presented at the center of screen, and participants should decide
whether this digit was (‘Yes’) or was not (‘No’) part of the manipulated
set. The load levels varied among 1, 2, 3 and 4 in this task.
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Fieldmap-less susceptibility distortion correction and normalizing to standard
spaces for generating a preprocessed BOLD run in MNI152NLin2009cAsym
space (Supplementary Methods S2). Participants whose mean frame-wise
displacement (FD) exceeded 0.5mm were removed from the further analysis.
The preprocessed images were resampled to 3´ 3 ´ 3 mm3 isotropic voxel
and spatially smoothed with 6mm full-width at half maximum Gaussian
kernel. Head-motion parameters were used as covariates of no interest for
further statistical analyses.

Quality control. (1) Participants whose accuracies in the control trials
failed to achieve 50% were excluded from the following analyses. In total, 4
patients were excluded here. (2) Due to a software malfunctioning, 2 HCs
were excluded for missing the records of the correct trials. 3) Two patients
and 1 HC were further excluded due to excessive head movement (i.e.,
meanFD > 0.5 mm). Finally, 30 FEDN patients and 26 HC entered the
following analyses in this study.

Statistical analysis
Demographic analysis. Both two-sample t-tests and variance analyses
were used where appropriate for group comparisons. Covariates, including
the age, sex and years of education, were controlled for when comparing
task performances. The group comparisons were also verified by involving
IQ as additional covariate. The false discovery rate (FDR; q < 0.05) was used
for the correction of multiple comparisons.

Neuroimaging analysis
Brain activation: Brain activation was estimated by the general linear
model with default settings in the SPM12 (http://www.fil.ion.ucl.ac.uk/
spm). The WM contrast map was defined by comparing the delay stages
between the trials at each load level and the control trials, for which only
correct trials were included. Using the load level 4 contrast, we subtracted
the contribution of WM storage (i.e., the control trials) from a combination
of WM storage and processing (i.e., the trials at load level 4). Using the load
level 1, 2 and 3 contrasts, the contribution of WM storage was subtracted
from a combination of WM storage, processing and selective attention (i.e.,
the trials at load level 1, 2, 3). A linear regression model was used to
identify changes in brain activation between FEDN and HC while
controlling for the age, sex, years of education and mean FD. Following
the literature [33], significant clusters were detected when both FDR < 0.05
and cluster size >10 voxels in this analysis and all the following analyses.

Linear modulation: A linear mixed-effect model was used to assess the
significant modulation effect of the WM load on the brain activation across
the four WM loads. The fixed effects included the WM load, age, sex, years
of education and the mean FD, while the random effects included the
subject ID. Mathematically,

Activation � Cload ´ Load þ Ageþ Sex þ EducationþmeanFDþ 1jsubjectð Þ:

where the linear modulation was estimated by the coefficient Cload .

U-shaped modulation: The significant U-shaped modulation of WM
loads on brain activations was identified by a 2nd-order polynomial mixed-
effect model for each voxel:

Activation � Load2 þ Ageþ Sex þ EducationþmeanFDþ 1jSubjectIDð Þ:

For each significant cluster, let O be the 4 activation values for the 4 WM
load levels among participants, then the U-shape was characterized by

O � μ ´ load � αð Þ2þγ:

where α and γ were the axis of symmetry and the vertex of the parabola,
respectively.

Associations with behavior. Associations with neuroimaging-derived
variables were assessed for both task performance (i.e., task accuracy in
each WM load level and TMT response time) and symptom scores (i.e.,
PANSS) while controlling for age, sex, and education. Three groups of
neuroimaging-derived variables were considered: 1) Brain activations of
significant clusters as identified by the WM contrast map; 2) The linear
modulation effect of WM loads (i.e., Cload ) on brain activations for each
significant cluster; 3) The U-shape parameters (i.e., α and γ) of the quadratic
modulation effect of WM loads on brain activation for each significant
cluster. Significance was confirmed by FDR correction.

Transcriptome and gene enrichment analysis. Gene expression data of the
brain obtained from the Allen Human Brain Atlas (AHBA, http://www.brain-
map.org) were applied in the transcriptomic analysis. Reannotation, data
filtering, probe selection and normalization were included in the AHBA
preprocessing procedures. Partial least square (PLS) regression was
conducted. The significant PLS components were identified by 5000
permutations (p < 0.05) and were transformed to Z statistics using 5000
bootstraps. Gene enrichment analysis involving GO and Kyoto Encyclope-
dia of Genes and Genomes pathways was then conducted to identify the
expressions of the genes that were correlated with the modulation effects
of WM load on brain activations. More information can be found in
Supplementary Method S3.

RESULTS
Demographics
Key demographic and clinical characteristics of the 30 FEDN
patients (of whom 13 were females [43.33%] with a mean (SD) age
of 20.43 (4.56) years) and 26 HC (of whom 14 were females
[53.85%] with a mean (SD) age of 22.08 (2.64) years) are reported
in Table 1. Lower IQ was observed in patients compared with
controls (t46=−2.61, p= 0.0120). Age, sex, years of education and
mean FD were not different between patients and controls.

Working memory deficit in patients
Compared to control subjects, patients were impaired in both WM
storage and WM processing, with deficits in processing being more
pronounced than storage deficits, as indicated by lower accuracies
during the control trials (Standardized Mean Difference,
SMD ¼ �0:53; F1;46 ¼ 4:55; p ¼ 0:0386;uncorrected) and the trials
at load level 4 (SMD ¼ �1:05; F1;46 ¼ 14:99; p ¼ 0:0004; FDR
corrected; Table 1; Supplementary Table S9; Supplementary Fig. S2).
When adjusted for control trials, the accuracy at load level 4 remained
significantly lower in patients compared with controls (F1;45 ¼
10:41; p ¼ 0:0024; FDR corrected). However, the significant associa-
tion between the response time in TMT-A and the accuracy in the
trials at load level 4 in HCs (r ¼ �0:76; p ¼ 0:0006; n ¼ 19; FDR
corrected; Supplementary Fig. S3) was disrupted in patients (
r ¼ �0:24; p ¼ 0:2395; n ¼ 28; z ¼ 2:35; p ¼ 0:0188). After consid-
ering IQ as an additional covariate in the group comparisons, the
above findings of impaired WM performance (i.e., accuracy in the load
level 4, F1,40= 6.34, p= 0.0161) and the reduced WM-TMT-A
association (z= 2.97, p= 0.003) in patients remained significant.
Among patients, we found no significant association between
symptoms burden and WM task accuracy, indicating that this deficit
was not related to symptom severity.

Task-dependent brain activation
Among all participants, we found 3 activated clusters in the WM
contrast map as defined in the Methods, including 2 left frontal
clusters covering the supplementary motor area and precentral
gyrus and a superior parietal cluster (Supplementary Table S10,
Supplementary Fig. S4). We also found deactivations in 16 clusters
located in the frontoparietal area, the temporal cortex and the
occipital cortex (Supplementary Table S10; Supplementary Fig. S4).
Among these significant clusters after FDR correction, the PANSS-
positive score was associated with mean activations of two
clusters in the left fusiform gyrus (r ¼ 0:63; p ¼ 0:0006; n ¼ 29;
FDR corrected; Supplementary Fig. S5a) and the left angular gyrus
(r ¼ 0:63; p ¼ 0:0005; n ¼ 29; FDR corrected; Supplementary
Fig. S5b).
Among patients, we found 4 activation clusters, including 2

left frontal clusters covering the superior frontal cortex and
precentral gyrus as well as 2 left parietal clusters covering
the superior and inferior parietal cortices (Supplementary
Table S10; Supplementary Fig. S6). We also detected 3
deactivated clusters located in the right middle temporal cortex,
left middle occipital gyrus and fusiform gyrus (Supplementary
Table S10; Supplementary Fig. S6) among patients. However, no
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significant deactivation cluster was detected among HC. There
were no significant group differences in brain activation
between patients and controls.

Linear modulation effect of WM load on brain activation
observed in patients
We found significant modulation effects of the WM load on brain
activations of 16 clusters located in the frontoparietal network,
dorsal attention network, and the temporal cortex and the
occipital cortex among patients only (Table 2; Supplementary

Fig. S7). However, no significant associations between these linear
modulation effects and either symptom scores or task perfor-
mances were found after FDR correction. No significant group
difference in the linear modulation was identified between HCs
and patients.

Inverted U-shaped modulation of brain activation observed in
controls
The lack of significant linear modulation effect of the WM load on
brain activations in HC might be due to the well-known inverted

Table 2. Significant clusters linearly modulated by the memory load during the working memory task in patients.

Role Cluster ID Brain region BA Cluster size Peak (MNI)

X Y Z Peak T

Activation >0 1 L_SPC, L_IPC 7 692 −27 −55 42 7.39

2 L_Postcentral, L_Precentral 6 505 −51 −10 48 6.19

3 L(R)_SMA 6 164 −3 3 63 4.88

4 R_SPC 7 68 31 −70 48 4.80

5 L_Lingual 18 16 −15 −64 −13 4.51

6 L_ITC 37 20 −51 −52 −10 4.42

7 R_Precentral 6 13 58 −4 48 4.20

8 L_MFC 46 27 −27 39 18 4.04

9 R_IPC, R_Postcentral 2 38 49 −34 57 3.83

10 R_Postcentral 3 13 49 −25 42 3.78

Activation <0 11 R_MTP, R_MTC 21 43 55 9 −22 −4.99

12 R_SupraMarginal 41 40 64 −40 36 −4.91

13 L_MOG 18 47 −27 −91 3 −4.19

14 R_IOC 18 28 31 −97 −4 −4.51

15 L_MTC 14 39 58 −67 24 −3.93

16 L_ STP 38 11 −39 15 −19 −3.9

SPC superior parietal cortex, IPC inferior parietal cortex, SMA Supplementary motor area, ITC inferior temporal cortex, MFC middle frontal cortex, MTP middle
temporal pole, MTC middle temporal cortex, MOG middle occipital gyrus, IOC inferior occipital cortex, STP superior temporal pole.

Table 1. The demographics of all participants.

SZ patients (Mean ± SD) HC (Mean ± SD) T/χ2/F P value

Subjects (Female) 30(13) 26 (14) 0.617 0.4320

Age 20.43 ± 4.56 22.08 ± 2.64 −1.62 0.1117

Education (year) 11.63 ± 1.47 12.31 ± 1.09 −1.92 0.0598

Mean FD 0.16 ± 0.08 0.19 ± 0.11 −1.15 0.2539

IQ 113.62 ± 13.58 122.73 ± 9.87 −2.61 0.0120

PANSS

Total 79.07 ± 10.64 / / /

Positive 21.86 ± 5.47 / / /

Negative 16.10 ± 6.69 / / /

General 41.10 ± 7.52 / / /

WM task performanceb

Load 0 accuracy 87.65 ± 12.80 93.25 ± 7.38 4.55 0.0386*b

Load 4 accuracy 88.70 ± 9.65 96.63 ± 3.85 14.99 0.0004***a, b

TMT task performance

TMT-A time 36.41 ± 16.36 30.82 ± 11.09 1.53 0.2224b

TMT-B time 78.72 ± 35.47 57.62 ± 17.50 6.18 0.0166*a, b

FD frame-wise displacement, PANSS Positive and Negative Syndrome Scale, WM working memory.
*p < 0.05; ***p < 0.001.
ap value survived FDR correction.
bComparison controlled for age, sex, and years of education.
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U-shaped modulation effect discussed earlier and reported
elsewhere [8, 34]. Indeed, we found a significant cluster showing
an inverted U-shaped modulation effect after FDR correction
among HC, which was located in the left ACC (10 voxels; T ¼
�5:88 at the peak voxel �3; 51;�4½ � Fig. 2).

Individual U-shaped function associated with WM
performance in patients
Compared to the HCs, FEDN patients showed lowered vertex (i.e.,
γ; F1;53 ¼ 8:7; p ¼ 0:0048; FDR corrected), indicating an ineffective
activation of this brain region in patients during the task. After
including IQ as an additional covariate, the finding of the lowered
vertex of the inverted U-shaped ACC activation in patients
remained significant (F1,44= 7.04, p= 0.0112). In patients, the
greater axis of symmetry (i.e., α) was associated with worse load 4
accuracy performance (r ¼ �0:46; 95%CI;�0:09to� 0:66; p ¼
0:0193; n ¼ 28; Fig. 3), indicating an earlier peak of engagement
of this brain area at a lower level of task difficulty. No symptom
association was significant for these U-shaped parameters.

Dopamine related biological processes associated with the
modulation effects
For both the linear modulation effect in patients and U-shaped
modulation effect in HCs, the first PLS components (PLS1)
explained the maximum percentage of variance of the modulation
effects (Supplementary Results S1). The robustness of the gene
weights in PLS1 was confirmed by the leave-one-donor-out
procedure. We found that a dopamine related GO term for
biological process was enriched in the positive gene set
associated with the linear modulation effect, i.e., the “dopamine
receptor signaling pathway” (GO:0007212; Supplementary
Tables S1–2). This GO term was also enriched in the positive
gene set for the U-shaped modulation effect on the brain
activations among HCs (Supplementary Tables S3–4). These
enrichment findings remained significant when only the genes
ranked in the top 1% were included in the positive gene sets
(Supplementary Tables S5 and S7).

DISCUSSION
To our knowledge, this is one of the first studies of the nonlinear
brain responses to a WM task in FEDN patients with schizophrenia.
We found a significant disruption in the neural underpinnings of
WM processing in the FEDN patients with a reduced prominence
of the inverted U-shaped functional hemodynamic response
pattern of the left ACC to various levels of the task difficulty.
The use of FEDN patients precluded possible confounding effects
of duration of illness and antipsychotic exposure. Among the
FEDN patients, earlier engagement (i.e., the further left-shifted axis
of symmetry in the U-shape activation) was associated with better
accuracy in trials at load level 4 during the WM task. These
findings in the FEDN sample highlight that the deficits in WM
processing (i) occur early in the illness (FE), (ii) precede
antipsychotic exposure (DN), (iii) occur regardless of symptom
severity (lack of correlation with PANSS), and (iv) relate to
insufficient or inefficient recruitment as necessitated by task
demands (lowered vertex at median load of inverted U).
Our findings provide new evidence concerning the cognitive

nature of WM deficits in FEDN patients with schizophrenia.
Previous meta-analysis of cognitive performance in drug-naïve
patients with schizophrenia found that the WM deficit was a large
effect SMD ¼ �0:97ð Þ [35], comparable to that identified in first-
episode patients receiving antipsychotic treatment
(SMD ¼ �0:79) [36]. In the current FEDN sample, we found a
larger effect size for WM processing (SMD ¼ �1:05) but a smaller
effect size for WM storage (SMD ¼ �0:53), with the processing
deficit remaining significant even after controlling for the inter-
individual variations in WM storage capacity. Compared with WM
storage, WM processing is either likely to engage similar brain
areas to a higher extent, or to activate more prefrontal cortical
regions, or both of these [37]. Therefore, these findings in the
FEDN sample indicate that the WM deficit in schizophrenia likely
reflects the etiopathology of this disorder and establishing its early
neural correlates may help to illuminate the mechanisms under-
pinning the psychotic symptoms as well as the cognitive deficits
of schizophrenia.

Fig. 2 Comparison of the inverted U-shaped modulation effect of working memory load on brain activation. a A significant cluster in the
anterior cingulate cortex (ACC) modulated by the working memory load following an inverted U-shape in healthy controls (HC); b Inverted
U-shapes fitted for the ACC activations against 4 loads in both HC (left) and patients (right) during the working memory task.
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Notably, our finding of a linear modulation of the parietal cortex
by WM load emphasizes executive attentional aspects of WM in
schizophrenia. WM capacity is often considered to be limited [38],
and it is essential to focus on certain aspects of the environment
or certain neural representations in the memory buffer for
superior performance in WM tasks [13, 37]. In the literature, WM
performance has been correlated with the ability to control
attention [39]. In the current sample, we found that WM
performance (i.e., load-4 accuracy) was significantly correlated
with attention (i.e., TMT-A) but not with executive function (i.e.,
TMT-B). Compared with HCs, this WM-attention correlation
significantly decreased and became nonsignificant in patients.
These results indicate a significant contribution of attentional
impairment to the WM deficit in schizophrenia. Our neuroimaging
findings of both the superior and the inferior parietal cortexes
during WM in patients might provide neural correlates for this
contribution. The involvement of both the dorsal and the ventral
attention networks in WM, especially the parietal cortex for its
selective attentional control during WM tasks, has long been
reported in the literature [40–42]. However, antipsychotics have
been reported to affect both WM [43] and selective attention [44].
Hence, the current finding provides new evidence emphasizing
selective attention deficits associated with the parietal cortex in
FEDN patients with schizophrenia during WM tasks.
Our WM task revealed a nonlinear response pattern within the

rostral ACC (rACC) to varying difficulty levels of the attentional
processing during the WM task. Structural connectivity analyses
have shown that the rACC is a connection hub linking areas
concerned with attention and motivation in both monkeys and
humans, as it is anatomically located between the subgenual ACC
and the dorsal ACC [45]. Here, our working memory task required
selective attention to the illuminated digits with the gray digits as
distractors. The inverted U-shaped activation of the rACC cluster
suggested that selective attention requirements peaked when 2
digits were illuminated and 2 digits were gray. This nonlinear
response may also reflect the well-known inverted-U shaped

dopamine actions on the selective attention component of WM
[22], given dopaminergic projections from the ventral tegmental
area to the ACC [46]. Indeed, we found that the dopamine
receptor signaling pathway was enriched in the genes with
expressions correlated with WM load modulation effects across
the cortical brain regions. Particularly, the Anaplastic Lymphoma
Kinase gene (ALK, Z ¼ 12:55) which enhances dopamine receptor
D2 (DRD2) desensitization [47] was less expressed in the brain
regions with stronger U-shaped modulations (e.g., rACC; r ¼
�0:14; p<0:001; Supplementary Fig. S8) compared to brain
regions with weaker U-shaped modulation in HCs (Supplementary
Table S7). Taken together, these findings indicate that the
dopaminergic neurotransmission system is associated with the
pattern of load-dependent brain activation during the WM task,
possibly linked with a putative role for cortical dopamine in
cognitive effort [48]. Note in our experiment, the inverted
U-shaped activation of the DLPFC was not significant; this may
be due to the WM load in current task still being within the
hypothesized limit of WM capacity (e.g., the magic number 4 in
short-term memory [38]). It is notable that most demonstrations of
the inverted-U shaped function in DLPFC have involved use of the
n-back paradigm which requires active generation of items from
working memory over time and with interpolated distraction,
whereas the present SIRP task requires only 2-choice recognition.
This delayed matching task requirement was also employed in
another study apparently failing to show inverted-U shaped
DLPFC activations [11]. Hence, the recruitment of DLPFC probably
depends on precise working memory task requirements.
Disruptions of this inverted U-shaped activation of the rACC

cluster in patients thus provide neural correlates of the WM deficit
in schizophrenia. A previous n-back WM study in schizophrenia
under stable antipsychotic medication had reported that the
activity of the ACC increased from 0-back to 2-back and then
decreased at 3-back [49]. Here, we found that in the FEDN
patients, this inverted U-shape had a lowered vertex when
compared with HCs. Possible interpretations of these findings

Fig. 3 Association between the inverted U-shape parameter and working memory performance. Performance was measured by accuracy
in the trials at load level 4. U-shape was characterized by the axis of symmetry. These measures were first regressed against the covariates age,
sex and education before plotting the residuals.

N. Feng et al.

557

Neuropsychopharmacology (2023) 48:552 – 559



suggest a role for the anterior cingulate in exerting cognitive effort
to resolve conflict resulting from ambiguity (e.g., in distraction
conditions) [50]. Furthermore, those patients with left-shifted
inverted U-shaped functions achieved better WM performance.
These findings are supported in the literature from various
imaging modalities with different analytic approaches. Changes
in this cognitive control system including the ACC have been
associated with schizophrenia in two recent meta-analyses in
terms of gray matter volume and functional connectivity,
respectively [51, 52]. The reduction of functional connectivity
between the ACC in the ventral attention network and the anterior
temporal lobe in the default mode network in schizophrenia is a
disorder-specific dysconnectivity, since it was found to be intact in
both bipolar disorder and depression [53]. Through effective
connectivity analyses, the dysregulation of the attentional control
aspect of WM in schizophrenia might be due to reduced
communication between the default mode network and the
fronto-parietal network when compared with HCs [54]. The
reduced communication between these two networks might be
disrupted during working memory tasks by aberrant salience
signals from the attention network [55].
Several limitations of the current study should be mentioned.

Sample size was limited, though we applied FDR correction to
each analysis, with primary hypotheses tested with sufficient
power. Some of our secondary analyses failed to reject the null
hypotheses (e.g., activation/deactivation group differences, as well
as symptom relationships with U-shape parameters), studies with
a larger sample are needed to verify these findings. The current
study excluded patients having a history of alcohol or drug abuse,
but did not collect data on tobacco use. Given the possible effect
of smoking on cognition [56], future studies are needed to test
whether our findings would be affected by the tobacco use.

CONCLUSION
In a first-episode and drug-naïve cohort of patients with
schizophrenia, deficits in WM processing (rather than WM storage
capacity) are already present at early stages of this disorder and
are linked partly to attentional impairment. Our WM task further
discovered an inefficient engagement of an inverted U-shaped
response pattern in the left ACC and its association with dopamine
expression pathways and WM processing deficits in schizophrenia.

DATA AVAILABILITY
The data of this study are available within the limits set by ethically approval, upon
reasonable request to the corresponding authors.

CODE AVAILABILITY
The Matlab and R codes of this study are available at https://github.com/
Fengnanahub/task-fMR-processing-Code-for-manuscript.git.

REFERENCES
1. Silver H, Feldman P, Bilker W, Gur RC. Working memory deficit as a core neu-

ropsychological dysfunction in schizophrenia. Am J Psychiatry. 2003;160:1809–16.
2. Plana-Ripoll O, Pedersen CB, Agerbo E, Holtz Y, Erlangsen A, Canudas-Romo V,

et al. A comprehensive analysis of mortality-related health metrics associated
with mental disorders: a nationwide, register-based cohort study. Lancet.
2019;394:1827–35.

3. Green MF, Kern RS, Heaton RK. Longitudinal studies of cognition and functional
outcome in schizophrenia: implications for MATRICS. Schizophr Res.
2004;72:41–51.

4. Sinkeviciute I, Begemann M, Prikken M, Oranje B, Johnsen E, Lei WU, et al. Efficacy
of different types of cognitive enhancers for patients with schizophrenia: a meta-
analysis. NPJ Schizophr. 2018;4:1–14.

5. Baddeley AJS. Working memory. Science. 1992;255:556–59.

6. Reichenberg AA. The assessment of neuropsychological functioning in schizo-
phrenia. Dialogues Clin Neurosci. 2010;12:383–92.

7. Darki F, Klingberg T. The role of fronto-parietal and fronto-striatal networks in the
development of working memory: a longitudinal study. Cereb Cortex.
2015;25:1587–95.

8. Van Snellenberg JX, Girgis RR, Horga G, van de Giessen E, Slifstein M, Ojeil N, et al.
Mechanisms of working memory impairment in schizophrenia. Biol Psychiatry.
2016;80:617–26.

9. Callicott JH, Bertolino A, Mattay VS, Langheim FJ, Duyn J, Coppola R, et al. Phy-
siological dysfunction of the dorsolateral prefrontal cortex in schizophrenia
revisited. Cereb Cortex. 2000;10:1078–92.

10. Loeb FF, Zhou X, Craddock KE, Shora L, Broadnax DD, Gochman P, et al. Reduced
functional brain activation and connectivity during a working memory task in
childhood-onset schizophrenia. J Am Acad Child Adolesc Psychiatry.
2018;57:166–74.

11. Anticevic A, Repovs G, Barch DM. Working memory encoding and maintenance
deficits in schizophrenia: neural evidence for activation and deactivation
abnormalities. Schizophr Bull. 2013;39:168–78.

12. Glahn DC, Ragland JD, Abramoff A, Barrett J, Laird AR, Bearden CE, et al. Beyond
hypofrontality: a quantitative meta‐analysis of functional neuroimaging studies
of working memory in schizophrenia. Hum Brain Mapp. 2005;25:60–69.

13. Ku Y. Selective attention on representations in working memory: cognitive and
neural mechanisms. PeerJ. 2018;6:e4585–e85.

14. Sternberg S. High-speed scanning in human memory. Science. 1966;153:652–54.
15. Owen AM, McMillan KM, Laird AR, Bullmore E. N‐back working memory para-

digm: a meta‐analysis of normative functional neuroimaging studies. Hum Brain
Mapp. 2005;25:46–59.

16. Smith EE, Jonides J, Marshuetz C, Koeppe RA. Components of verbal working
memory: evidence from neuroimaging. Proc Natl Acad Sci. 1998;95:876–82.

17. Callicott JH, Mattay VS, Bertolino A, Finn K, Coppola R, Frank JA, et al. Physiolo-
gical characteristics of capacity constraints in working memory as revealed by
functional MRI. Cereb Cortex. 1999;9:20–26.

18. Johnson MR, Morris NA, Astur RS, Calhoun VD, Mathalon DH, Kiehl KA, et al. A
functional magnetic resonance imaging study of working memory abnormalities
in schizophrenia. Biol Psychiatry. 2006;60:11–21.

19. Thomas ML, Duffy JR, Swerdlow N, Light GA, Brown GG. Detecting the inverted-U
in fMRI studies of schizophrenia: a comparison of three analysis methods. J Int
Neuropsychol Soc. 2022;28:258–69.

20. Metzak PD, Riley JD, Wang L, Whitman JC, Ngan ET, Woodward TS. Decreased
efficiency of task-positive and task-negative networks during working memory in
schizophrenia. Schizophr Bull. 2012;38:803–13.

21. Walter WHJPRN. Evaluation of a novel event-related parametric fMRI paradigm
investigating prefrontal function. Psychiatry Res. 2005;140:73–83.

22. Cools R. D“Esposito MJBP. Inverted-U-shaped dopamine actions on human
working memory and cognitive control. Biol Psychiatry. 2011;69:e113–e25.

23. Slifstein M, van de Giessen E, Van Snellenberg J, Thompson JL, Narendran R, Gil R,
et al. Deficits in prefrontal cortical and extrastriatal dopamine release in schizo-
phrenia: a positron emission tomographic functional magnetic resonance ima-
ging study. JAMA Psychiatry. 2015;72:316–24.

24. Jauhar SJM, McKenna PJ. Schizophrenia. Lancet. 2022;399:473–86.
25. Matsuo K, Chen S-HA, Liu C-M, Liu C-C, Hwang T-J, Hsieh MH, et al. Stable

signatures of schizophrenia in the cortical–subcortical–cerebellar network using
fMRI of verbal working memory. Schizophr Res. 2013;151:133–40.

26. Lane CJ, Ngan ETC, Yatham LN, Ruth TJ, Liddle PF. Immediate effects of risper-
idone on cerebral activity in healthy subjects: a comparison with subjects with
first-episode schizophrenia. J Psychiatry Neurosci. 2004;29:30–37.

27. Schlagenhauf F, Dinges M, Beck A, Wüstenberg T, Friedel E, Dembler T, et al.
Switching schizophrenia patients from typical neuroleptics to aripiprazole: effects
on working memory dependent functional activation. Schizophr Res.
2010;118:189–200.

28. Stebbins GT. Neuropsychological Testing. In: Goetz CG, editors. Textbook of
Clinical Neurology (Third Edition). 2007. p. 539–57.

29. Esteban O, Markiewicz CJ, Blair RW, Moodie CA, Isik AI, Erramuzpe A, et al.
fMRIPrep: a robust preprocessing pipeline for functional MRI. Nat Methods.
2019;16:116–17.

30. Krzysztof G, Burns CD, Cindee M, Dav C, Halchenko YO, Waskom ML, et al. Nipype:
a flexible, lightweight and extensible neuroimaging data processing framework
in python. Front Neuroinform. 2011;5:13.

31. Gorgolewski KJ, Esteban O, Markiewicz CJ, Ziegler E, Ellis DG, Notter MP, et al.
Nipype:1.6.1. Software. 2018. https://doi.org/10.5281/zenodo.596855.

32. Greve DN, Fischl BJN. Accurate and robust brain image alignment using
boundary-based registration. Neuroimage. 2009;48:63–72.

33. Genovese CR, Lazar NA, Nichols T. Thresholding of statistical maps in functional
neuroimaging using the false discovery rate. Neuroimage. 2002;15:870–8.

N. Feng et al.

558

Neuropsychopharmacology (2023) 48:552 – 559

https://github.com/Fengnanahub/task-fMR-processing-Code-for-manuscript.git
https://github.com/Fengnanahub/task-fMR-processing-Code-for-manuscript.git
https://doi.org/10.5281/zenodo.596855


34. Karlsgodt KH, Sanz J, van Erp TG, Bearden CE, Nuechterlein KH. Cannon TDJSr. Re-
evaluating dorsolateral prefrontal cortex activation during working memory in
schizophrenia. Schizophr Res. 2009;108:143–50.

35. Fatouros-Bergman H, Cervenka S, Flyckt L, Edman G, Farde L. Meta-analysis of
cognitive performance in drug-naïve patients with schizophrenia. Schizophr Res.
2014;158:156–62.

36. Mesholam-Gately RI, Giuliano AJ, Goff KP, Faraone SV, Seidman LJ. Neurocogni-
tion in first-episode schizophrenia: a meta-analytic review. Neuropsychology.
2009;23:315.

37. Eriksson J, Vogel EK, Lansner A, Bergström F, Nyberg L. Neurocognitive archi-
tecture of working memory. Neuron. 2015;88:33–46.

38. Cowan N. The magical number 4 in short-term memory: a reconsideration of
mental storage capacity. Behav Brain Sci. 2001;24:87–114.

39. Kane MJ, Bleckley MK, Conway AR, Engle RW. A controlled-attention view of
working-memory capacity. J Exp Psychol Gen. 2001;130:169–83.

40. Awh E, Vogel EK, Oh S-H. Interactions between attention and working memory.
Neuroscience. 2006;139:201–08.

41. Godwin D, Ji A, Kandala S, Mamah D. Functional connectivity of cognitive brain
networks in schizophrenia during a working memory task. Front Psychiatry.
2017;8:294.

42. Marek S, Dosenbach NU. The frontoparietal network: function, electrophysiology,
and importance of individual precision mapping. Dialogues Clin Neurosci.
2018;20:133–40.

43. Reilly JL, Harris MS, Keshavan MS, Sweeney JA. Adverse effects of risperidone on
spatial working memory in first-episode schizophrenia. Arch Gen Psychiatry.
2006;63:1189–97.

44. Oranje B, Aggernaes B, Rasmussen H, Ebdrup B, Glenthøj B. Selective attention
and mismatch negativity in antipsychotic-naïve, first-episode schizophrenia
patients before and after 6 months of antipsychotic monotherapy. Psychol Med.
2017;47:2155–65.

45. Tang W, Jbabdi S, Zhu Z, Cottaar M, Grisot G, Lehman JF, et al. A connectional
hub in the rostral anterior cingulate cortex links areas of emotion and cognitive
control. Elife. 2019;8:e43761.

46. Bannon MJ, Roth RH. Pharmacology of mesocortical dopamine neurons. Pharm
Rev. 1983;35:53–68.

47. He D, Lasek AW. Anaplastic lymphoma kinase regulates internalization of the
dopamine D2 receptor. Mol Pharm. 2020;97:123–31.

48. Westbrook A, van den Bosc R, Määttä JI. Dopamine promotes cognitive effort by
biasing the benefits versus costs of cognitive work. Science. 2020;367:1362–66.

49. Jansma J, Ramsey N, Van Der Wee N, Kahn R. Working memory capacity in
schizophrenia: a parametric fMRI study. Schizophr Res. 2004;68:159–71.

50. Aben B, Cristian Buc C, Van den Bussche E. Cognitive effort modulates con-
nectivity between dorsal anterior cingulate cortex and task-relevant cortical
areas. J Neurosci. 2020;40:3838–48.

51. Goodkind M, Eickhoff SB, Oathes DJ, Jiang Y, Chang A, Jones-Hagata LB, et al.
Identification of a common neurobiological substrate for mental illness. JAMA
Psychiatry. 2015;72:305–15.

52. McTeague LM, Huemer J, Carreon DM, Jiang Y, Eickhoff SB, Etkin A. Identification
of common neural circuit disruptions in cognitive control across psychiatric
disorders. Am J Psychiatry. 2017;174:676–85.

53. Yang C, Chia-Chun H, Kun-Hsien C, C-CQLA. Transdiagnostic and illness-
specific functional dysconnectivity across schizophrenia, bipolar disorder, and
major depressive disorder. Biol Psychiatry Cogn Neurosci Neuroimaging.
2020;5:542–53.

54. Pu W, Luo Q, Palaniyappan L, Xue Z, Yao S, Feng J, et al. Failed cooperative, but
not competitive, interaction between large-scale brain networks impairs working
memory in schizophrenia. Psychol Med. 2016;46:1211–24.

55. Luo Q, Pan B, Gu H, Simmonite M, Francis S, Liddle PF, et al. Effective connectivity
of the right anterior insula in schizophrenia: the salience network and task-
negative to task-positive transition. NeuroImage Clin. 2020;28:102377.

56. Xu J, Mendrek A, Cohen MS, Monterosso J, Rodriguez P, Simon SL, et al. Brain
activity in cigarette smokers performing a working memory task: effect of
smoking abstinence. Biol Psychiatry. 2005;58:143–50.

AUTHOR CONTRIBUTIONS
QL and XW made substantial contributions to the conception or design of the work;
NF, LP, TR, LC, SF, XL, XW, and QL contributed substantially to the acquisition, analysis
or interpretation of data for the work; NF, LP, TR, XW, QL contributed to the drafting
the work or revising it critically for important intellectual content; All authors gave the
final approval of the version to be published. All authors made agreement to be
accountable for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and
resolved.

FUNDING
This study was partially supported by grants from the National Key Research and
Development Program of China (No. 2019YFA0709502), the National Natural Science
Foundation of China (No. 81873909, 81930095 and 31671144), the Science and
Technology Commission of Shanghai Municipality (No. 20ZR1404900 and
20DZ2260300), the Shanghai Municipal Science and Technology Major Project
(No.s 2018SHZDZX01 and 2021SHZDZX0103), the Fundamental Research Funds for
the Central Universities.

COMPETING INTERESTS
TR reports consultancy and royalties for Cambridge Cognition, research grant for
Shionogi, and the editorial honoraria for Springer-Nature and Elsevier. LP reports
personal fees from Otsuka Canada, SPMM Course Limited, UK, Canadian Psychiatric
Association; book royalties from Oxford University Press; investigator-initiated
educational grants from Janssen Canada, Otsuka Canada outside the submitted
work. The other authors report no biomedical financial interests or potential conflicts
of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41386-022-01499-8.

Correspondence and requests for materials should be addressed to Xiang Wang or
Qiang Luo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to
this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

N. Feng et al.

559

Neuropsychopharmacology (2023) 48:552 – 559

https://doi.org/10.1038/s41386-022-01499-8
http://www.nature.com/reprints
http://www.nature.com/reprints

	Working memory processing deficit associated with a nonlinear�response pattern of the anterior cingulate cortex�in�first-episode and drug-naïve schizophrenia
	Introduction
	Methods
	Participants
	Experimental paradigm
	Data acquisition
	Data preprocessing
	Quality control

	Statistical analysis
	Demographic analysis
	Neuroimaging analysis
	Brain activation
	Linear modulation
	U-shaped modulation
	Associations with behavior
	Transcriptome and gene enrichment analysis


	Results
	Demographics
	Working memory deficit in patients
	Task-dependent brain activation
	Linear modulation effect of WM load on brain activation observed in patients
	Inverted U-shaped modulation of brain activation observed in controls
	Individual U-shaped function associated with WM performance in patients
	Dopamine related biological processes associated with the modulation effects

	Discussion
	Conclusion
	References
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




