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Load-dependent inverted U-shaped connectivity
of the default mode network in schizophrenia
during a working-memory task: evidence from

a replication functional MRI study

Feiwen Wang, MD*; Chang Xi, PhD*; Zhening Liu, MD, PhD; Mengjie Deng, MD;
Wen Zhang, MD; Hengyi Cao, PhD; Jie Yang, PhD; Lena Palaniyappan, MD, PhD

Background: Working-memory deficit is associated with aberrant degree distribution of the brain connectome in schizophrenia. How-
ever, the brain neural mechanism underlying the degree redistribution pattern in schizophrenia is still uncertain. Methods: We examined
the functional degree distribution of the connectome in 81 patients with schizophrenia and 77 healthy controls across different working-
memory loads during an n-back task. We tested the associations between altered degree distribution and clinical symptoms, and we
conducted functional connectivity analyses to investigate the neural mechanism underlying altered degree distribution. We repeated
these analyses in a second independent data set of 96 participants. In the second data set, we employed machine-learning analysis to
study whether the degree distribution pattern of one data set could be used to discriminate between patients with schizophrenia and con-
trols in the other data set. Results: Patients with schizophrenia showed decreased centrality in the dorsal posterior cingulate cortex
(dPCC) for the “2-back versus 0-back” contrast compared to healthy controls. The dPCC centrality pattern across all working-memory
loads was an inverted U shape, with a left shift of this pattern in patients with schizophrenia. This reduced centrality was correlated with
the severity of delusions and related to reduced functional connectivity between the dPCC and the dorsal precuneus. We replicated
these results with the second data set, and the machine-learning analyses achieved an accuracy level of 71%. Limitations: We used a
limited n-back paradigm that precluded the examination of higher working-memory loads. Conclusion: Schizophrenia is characterized
by a load-dependent reduction of centrality in the dPCC, related to the severity of delusions. We suggest that restoring dPCC centrality

in the presence of cognitive demands might have a therapeutic effect on persistent delusions in people with schizophrenia.

Introduction

Working-memory deficit — the failure to represent, maintain
and update information in a short period of time — is a key
feature of neurocognitive deficit in schizophrenia.! It emerges
in the prodromal stage, continues in the psychotic phase and
persists even after symptomatic remission, resulting in a life-
long cognitive burden.? This working-memory deficit appears
to play a role in recurrences and relapses, and to impede func-
tional recovery in schizophrenia; it is also associated with per-
sistent clinical symptoms.® Uncovering the elusive neurophys-
iological basis for such working-memory deficits might
provide novel interventional targets for disease-modifying,
procognitive interventions in people with schizophrenia.

The human brain has a well-replicated pattern of coordina-
tion among large-scale networks when it is performing tasks
that place demands on working memory. Such coordination
involves activation of the nodes of the central executive net-
work and the salience network, and deactivation of the default
mode network.*> The degree of this triple-network coordina-
tion varies with participants’ task engagement, and with per-
formance metrics. In general, inverted U-shaped neural re-
cruitment of the nodes of the central executive network,® along
with a linear load-related suppression of the default mode net-
work, has been noted in healthy participants in relation to su-
perior performance on tasks with working-memory demands.”

Compared to healthy participants, patients with schizo-
phrenia show 2 distinct, interrelated patterns of load-related
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abnormalities when they perform working-memory tasks.
First, patients show a blunting® or a leftward shift*'! of
the inverted U-shape relationship between working-
memory load and recruitment of the nodes of the central
executive network and salience network. Second, patients
show a lack of load-dependent suppression of the default
mode network,'? indicating higher activation*® in pa-
tients with schizophrenia relative to healthy controls; this
hyperactivation of the default mode network is associated
with working-memory impairment in patients with
schizophrenia.'>1¢

This pattern of “default mode network intrusion” dur-
ing working-memory tasks is not specific to established
schizophrenia:'” it appears even in those at risk'? and in the
first-episode phase. However, when sufficient task engage-
ment and performance is achieved,'® excess load-related
deactivation of the default mode network has also been re-
ported in patients with schizophrenia.'#!° These findings
indicate neural inefficiency (or “early peaking”) when han-
dling cognitive load in the neurocognitive networks. When
the demands of the working-memory task arise, patients
with schizophrenia disproportionately require higher re-
cruitment of the central executive network and the salience
network — and higher suppression of the default mode
network — to meet performance requirements,®!181° but
as they fail to sustain these neural resources at higher
working-memory loads, working-memory dysfunction
might become apparent.

In addition to inefficient regional activation or deactiva-
tion, aberrant brain connectivity in schizophrenia also con-
tributes to working-memory deficits. At the global connec-
tome level, we have shown that whole-brain connectivity
becomes more segregated in patients with schizophrenia,
with a more homogeneous redistribution of hubs in the
presence of working-memory demand.? At the network
level, previous studies have indicated that the major pos-
terior hubs of the default mode network might share neural
resources with the central executive network in healthy par-
ticipants,'>?! and that this connectivity might be reduced in
schizophrenia.!>*

At present, we do not know whether cognitive load has
specific effects on the global connectivity of hub regions in
patients with schizophrenia. In particular, it is unclear
whether the left shift of the inverted U-shaped model of
activation in patients with schizophrenia also affects the con-
nectivity pattens relevant to the handling of cognitive load.

Although working-memory deficits are seen as enduring
features of schizophrenia, patients’ tendency to experience
positive symptoms appears to be related to a reduced ability
to handle higher cognitive loads.? Stressful milieux that often
precede relapses affect working-memory capacity,® and
might operate through cognitive deficits to provoke a recur-
rence of positive symptoms. Social and emotional stimuli be-
come more distracting when patients” working-memory
loads are high.® At present, we do not know whether the
brain dysconnectivity related to working-memory load also
relates to the clinical symptoms of schizophrenia, especially
to positive symptoms.

Graph theory is a powerful tool for investigating the
topological characteristics of the brain network (i.e., the con-
figuration of relationships among connections).? In this ap-
proach, brain networks are depicted as graphs of nodes
(brain regions) connected by edges (the functional connec-
tivity between regions). This framework allows abstract and
complex relationships to be visually traceable, mathematic-
ally characterized and computed at an individual level for
statistical inferences.

The degree centrality (DC) and the eigenvector centrality
(EC) of a node in a graph (in this case, a brain region) repre-
sent the relative importance of that region for sustaining the
overall connectedness of the whole brain. Degree centrality
reflects the number of instantaneous functional connections
of a particular region with other brain regions (targets), ir-
respective of the connectedness of the target regions them-
selves. Eigenvector centrality considers the quality of the con-
nections, assigning a higher weight to those with highly
connected targets (e.g., brain hubs). If we consider a simple
model of information transmission across the brain that de-
pends only on the degree of connectivity of a region, then re-
gions with high DC are likely to have wider reach (i.e., many
direct connections), and those with high EC are likely to have
wider influence (i.e., connections with those regions are likely
to be connected to many other regions and thus have more
indirect connections).

In the present study, we used DC and EC indices to investi-
gate the voxel-wise effect of working-memory loads on the
functional connectome in 2 independent patient samples,
using an n-back task. We hypothesized that patients with
schizophrenia and healthy controls would exhibit load-
dependent centrality changes, most prominently in the default
mode network. We also hypothesized that altered centrality
patterns captured by EC and DC metrics would relate to the
positive symptoms of schizophrenia. Last, we tested whether
the centrality pattern carried sufficient illness-specific informa-
tion to discriminate between the patterns observed in patients
with schizophrenia and those observed in healthy controls.

Methods
Participants

The study cohort comprised a discovery data set (data set 1;
105 patients and 91 healthy controls) and a second independent
data set (data set 2; 56 patients and 55 healthy controls). All par-
ticipants were right-handed native Chinese speakers, and they
provided written informed consent for participation in the pro-
tocol, which was approved by the medical ethics committee of
the Second Xiangya Hospital, Central South University.

We performed psychiatric evaluations in all patients with
schizophrenia. We assessed clinical symptoms using the
Scale for the Assessment of Positive Symptoms (SAPS)*” and
the Scale for the Assessment of Negative Symptoms
(SANS).” We assessed cognitive function in all study partici-
pants using the information and digit-symbol subscales of
the Wechsler Adult Intelligence Scale-Chinese Revised
(WAIS-CR).»
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Detailed descriptions of all participants are provided in
Appendix 1, supplementary material S1, available at www jpn.
ca/lookup/doi/10.1503 /jpn.220053/ tab-related-content.

MRI data acquisition and preprocessing

We acquired data set 1 on a Philips Achieva 3 T scanner and
data set 2 on a Siemens Allegra 3 T scanner. Scanning factors
differed slightly (Appendix 1, supplementary material S2), and
we took these differences into account during preprocessing.
We accomplished data preprocessing using the DPABI tool-
box.* First, we dropped 2 volumes of data set 1 and 5 vol-
umes of data set 2 to achieve stability of magnetic saturation.
The remaining 248 volumes for each participant entered the
following preprocessing steps: slice timing correction, motion
realignment, smoothing and spatial normalization to Mon-
treal Neurological Institute (MNI) space. Nuisance covariates
(including 12 head-motion parameters, white matter and
ventricle signals) were regressed out. We preserved the
global signal because of the possibility of illness-related vari-
ance in global signals.?® We interpolated displaced volumes
using nearest-neighbour interpolation (frame-wise displace-
ment > 0.5 mm).3? Exclusion criteria included head motion
greater than 2.5° rotation or 2.5 mm translation in any direc-
tion, and failure of functional MRI (fMRI) data normalization
and registration to MNI space because of acquisition errors.
After quality control, 254 participants were included in the
final analysis (data set 1: 81 patients with schizophrenia and
77 healthy controls; data set 2: 46 patients with schizophrenia
and 50 healthy controls). We found no significant differences in
the total number of displaced volumes that underwent inter-
polation in patients versus controls across the 2 data sets (mean
+ standard deviation; data set 1: patients with schizophrenia =
154 + 18.2, healthy controls = 13.0 + 15.6, p = 0.36; data set 2:
patients = 7.3 + 9.73, healthy controls = 4.7 + 7.53, p = 0.14).

Calculation of degree centrality and eigenvector centrality

The working-memory paradigm comprised 2 load conditions
(0-back and 2-back); a detailed description of this paradigm is
provided in Appendix 1, supplemental material S3. Before
calculating the DC and EC maps, we reorganized the prepro-
cessed fMRI data. For each participant, we separately concat-
enated the fMRI volumes obtained under the 8 blocks of the
rest condition, the 4 blocks of the 0-back load and the 4 blocks
of the 2-back load, and we generated these 3 modes of fMRI
data with 80 volumes each.

We conducted the voxel-wise DC and EC value calcula-
tions using DPABI software® and the FastECM toolbox
(github.com/amwink/bias/tree/master /matlab/fastECM),
respectively. Before calculating centrality maps, we used a
mask to exclude white matter from the fMRI data; the
whole-brain voxel-based centrality maps were calculated
based on grey matter only. Voxel-wise DC indicates the
number of instantaneous functional connections of a voxel.
Voxel-wise EC attributes a value to each voxel in the brain:
a larger value indicates that a voxel is strongly correlated
with many other nodes, which are themselves central in the

network. Calculation details are presented in Appendix 1,
supplemental material S4. We processed the above manipu-
lations for the resting condition and the 0-back and 2-back
loads, and we generated 3 types of centrality maps for sta-
tistical analysis.

Statistical analysis

We used SPSS statistical software (version 22) to compare
demographic and clinical characteristics and working-
memory task performance across groups. We analyzed dif-
ferences in age, years of education, accuracy and response
time under the 0-back and 2-back loads using 2-sample t
tests. We analyzed sex differences using ? tests.

We performed statistical analysis of the fMRI data using Sta-
tistical Parametric Mapping 12 software (www fil.ion.ucl.ac.uk/
spm). First, we used subtraction in the DC maps to generate
3 types of contrasts: 0-back versus rest, 2-back versus rest and
2-back versus 0-back. Then, we separately submitted the gen-
erated contrast maps for each participant to group analysis
using 2-sample ¢ tests to test for group differences, using sex,
age and years of education as covariates. We corrected all
data for multiple comparisons using false discovery rate cor-
rection at p < 0.05 and cluster k > 15.

Exploratory analysis

Correlation analysis

We extracted the centrality values of the regions that showed
group differences and conducted Pearson correlation analy-
sis between these centrality values and cognitive measures
and clinical symptoms. We further explored which subcom-
ponents of the relevant clinical scores were tonically varied
with altered centrality values.

Machine-learning analysis

We extracted the DC and EC values of regions that showed
significant group-related differences, and we conducted pat-
tern recognition analysis using the support-vector machine
(SVM) approach proposed by Cortes and Vapnik® and imple-
mented using the libsvm toolkit (www.csie.ntu.edu.tw/~cjlin/
libsvm/). We set the kernel function of the SVM as the sig-
moid type; all other related parameters used default set-
tings as a trade-off between training error and generaliz-
ability (c = 10; g = 1/number of all features; coef = 0), in line
with our previous work.* We used data set 1 to train the
classifier, and data set 2 as the testing sample. We calcu-
lated the average prediction accuracy, the area under the
curve, the true positive rate for schizophrenia and the true
positive rate for healthy controls to evaluate the perform-
ance of the classifier.

Functional connectivity analysis

Because the voxel-wise centrality index reflects the total de-
gree of functional connectivity between a certain voxel and
all other voxels of the brain, we performed a functional con-
nectivity analysis to locate areas with aberrant functional
connectivity that drove alterations in the centrality pattern.
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Results
Participant characteristics

Demographic and clinical findings from data set 1 are pre-
sented in Table 1. Patients with schizophrenia were some-
what older than the healthy controls (t = 2.07, p = 0.040), and
their years of education were notably lower (t = 6.5, p <
0.001). As expected, the working-memory performance of the
patients across all loads was worse than that of the healthy
controls, with a longer response time (0-back: t = 4.2, p <
0.001; 2-back: t = 2.8, p = 0.006) and lower accuracy (0-back:
t = —4.3, p < 0.001; 2-back: t = —6.7, p < 0.001). Patients also
scored lower on the Wechsler Adult Intelligence Scale-Chinese
Revised information (t = —4.4, p < 0.001) and digit-symbol (t =
-10.7, p < 0.001) subscales compared to healthy controls.

Group differences in data set 2 were generally consistent
with those in data set 1; details are provided in Appendix 1,
Table S1.

Centrality maps
In the “2-back versus rest” and “0-back versus rest” contrasts,

no brain areas showed group differences in the centrality in-
dex. However, in the “2-back versus 0-back” contrast, patients

with schizophrenia showed a strong reduction in DC (peak
MNI coordinates x, y, z = 0, =39, 33; cluster size = 19; t = -6.1;
Cohen d = 0.98; Figure 1) and EC (peak MNI coordinates x, y,
z = =3, =39, 33; cluster size = 15; t = —=5.3; Cohen d = 0.85;
Figure 1) in the dorsal posterior cingulate cortex (dPCC) com-
pared to healthy controls. We observed significant differences
in the centrality of the dPCC when we compared female pa-
tients with male patients (DC: p = 0.9; EC: p = 0.65).

We extracted the centrality values for the dPCC and fitted
them to the changing working-memory loads in the patient
group, reflecting an inverted U-shaped model. We observed
the lowest centrality value in the rest condition (DC = 0.18 +
0.71; EC = 0.11 + 0.87) and the highest centrality value for the
0-back load (DC = 0.60 + 0.67; EC = 0.5 + 0.68), but a notable
drop again for the 2-back load (DC = 0.30 + 0.78; EC = 0.31 +
0.80). In contrast, healthy controls showed a tonic positive
correlation between dPCC centrality and working-memory
load (rest: DC = 0.18 = 0.73, EC = 0.26 = 0.77; 0-back: DC =
0.39 £ 0.72, EC = 0.37 + 0.73; 2-back: DC = 0.75 + 0.55, EC =
0.73 + 0.53). These findings were suggestive of a left shift of
the summit location of the centrality value of the dPCC in pa-
tients with schizophrenia compared to healthy controls, lead-
ing to the emergence of significant group differences in the
“2-back versus 0-back” contrast as reported above. Details
are provided in Figure 2.

Table 1: Participant demographic and clinical characteristics, data set 1

Patients with schizophrenia*

Healthy controls™®

ltem n=281 n=77 t/x? p value
Age, yr 24.46 +5.62 22.87 £3.90 2.069 0.040%
Sex, M/F 51/30 37/40 3.557 0.06
Education, yr 11.65+2.83 14.2+2.09 —6.502 <0.001%
Onset age, yr 22.58 +5.39 NA NA NA
lliness duration, mo 22.93+27.45 NA NA NA
Treatment duration, mo 7.53+13.62 NA NA NA
Total dosage, mg/dt 378 +238 NA NA NA
Scale for Assessment of Positive Symptoms

Total score 19.34 + 14.43 NA NA NA

Hallucination score 416 £5.61 NA NA NA

Delusion score 8.74 £7.27 NA NA NA

Bizarre behaviour score 3.27 £ 3.99 NA NA NA

Positive formal thought disorder score 3.01 +4.49 NA NA NA
Scale for Assessment of Negative Symptoms 35.03 £ 27.05 NA NA NA
Wechsler Adult Intelligence Scale—Chinese Revised

Information subscale score 16.70 +4.70 20.96 + 4.86 —4.396 <0.001%

Digit—symbol subscale score 63.21 £ 12.86 90.91 £12.73 -10.676 <0.001%
0-back load

Accuracy, % 78+23 92+ 15 —4.332 <0.001%

Response time, ms 570 £ 142 486 + 93 4.194 <0.001%
2-back load

Accuracy, % 48 + 24 74+19 -6.718 <0.001%

Response time, ms 725+ 176 649 + 141 2.805 0.006%

NA = not applicable.
*Values are mean + standard deviation, unless otherwise indicated.

TAntipsychotic dosage refers to dose equivalents for chlorpromazine calculated using the classical mean dose method.%

1Significant at p < 0.05.
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We used the subregion that showed significant group
differences under the “2-back versus 0-back” contrast in
data set 1 as a mask, and conducted the same analyses
for data set 2. Findings were consistent with those for
data set 1 (Appendix 1, supplementary material S5 and
Figure S2).

Differences between patients with schizophrenia and
healthy controls in the conventional task activation analysis
using the 0-back load, 2-back load and “2-back versus
0-back” contrast are shown in Appendix 1, Figure S3.

Exploratory analysis

Correlation analysis

After pooling samples from the 2 data sets and extracting the
centrality value of the dPCC from the “2-back versus 0-back”
contrast, we observed that both the DC (r = -0.21, p = 0.024)
and EC (r = —-0.275, p = 0.002) values were negatively cor-
related with scores on the Scale for Assessment of Positive
Symptoms (SAPS).

We divided the full SAPS scale into 4 component scales
(hallucination, items 1-7; delusion, items 8-20; bizarre be-
haviour, items 21-25; and positive formal thought disor-
der, items 26-34), and found that the negative relation-
ship between centrality value and SAPS score was driven

specifically by delusions (DC: r = -0.19, p = 0.036; EC: r =
-0.26, p = 0.004; Figure 3).

We found no significant associations between the cen-
trality value of the dPCC from the “2-back versus 0-back”
contrast and working-memory performance measures or
medication dose in either data set (Appendix 1, Table S2C).
We also found no significant associations between working-
memory performance and medication dose (Appendix 1,
Table S3). Detailed findings for the correlations between
DC and EC values in the dPCC and working-memory per-
formance and clinical symptoms are provided in Appendix 1,
Tables S2 and S4.

Machine-learning analysis

We extracted the voxel-wise DCs and ECs in the dPCC that
showed significant group-related differences in the “2-back
versus 0-back” contrast as features (total of 34 features:
19 voxels from the DC maps and 15 voxels from the EC
maps). These features then entered machine-learning analy-
sis. Using data set 1 as the training data set and data set 2 as
the sample set, we achieved classification results with aver-
age accuracy (70.53 %), area under the curve (0.71), true posi-
tive rate for schizophrenia (76.09 %) and true positive rate for
healthy controls (65.31%). The accompanying receiver oper-
ator characteristic plot is shown in Appendix 1, Figure S4.
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Figure 1: Centrality differences between patients with schizophrenia and healthy controls. (A) Patients with schizophrenia showed decreased
degree centrality in the dorsal cingulate cortex under the “2-back versus 0-back” contrast compared to healthy controls. (B) Patients with
schizophrenia showed decreased eigenvector centrality in the dorsal cingulate cortex under the “2-back versus 0-back” contrast compared
with healthy controls. DC = degree centrality; EC = eigenvector centrality.
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Figure 2: Centrality of the dorsal cingulate cortex across all working-memory loads. Diagrams in the left panel illustrate the centrality distribu-
tion of the dPCC during the 0-back and 2-back loads, and the “2-back versus 0-back” contrast; the horizontal axis represents the centrality
value of the dPCC, and the vertical axis represents the number of participants. Diagrams in the right panel illustrate the centrality value of the
dPCC across different working-memory loads. The horizontal axis represents working-memory loads and the vertical axis represents the cen-
trality value of the dPCC. (A) Patients with schizophrenia showed decreased degree centrality in the dPCC in the “2-back versus 0-back” con-
trast compared to healthy controls, and their centrality pattern across all working-memory loads fit an inverted U-shaped pattern. (B) Patients
with schizophrenia showed decreased eigenvector centrality in the dPCC in the “2-back versus 0-back” contrast compared to healthy controls,
and their centrality pattern across all working-memory loads fit an inverted U-shaped pattern. DC = degree centrality; dPCC = dorsal posterior

cingulate cortex; EC = eigenvector centrality.

Functional connectivity analysis

We selected the detected dPCC area (cluster size = 19) as the
seed and performed whole-brain functional connectivity
analysis using data set 1. Under the “2-back versus 0-back”
contrast, we observed decreased functional connectivity be-
tween the seed and the dorsal precuneus (t = —-6.24, Cohen d =
0.99), the right middle occipital gyrus (t = -5.82, Cohen d =
0.93) and the right superior temporal gyrus (t = —5.51, Cohen
d = 0.88) in patients with schizophrenia compared to healthy
controls; no areas showed increased functional connectivity
with the dPCC in patients with schizophrenia. Details are pro-
vided in Figure 3 and Table 2.

We extracted the statistic map of the functional connectiv-
ity analysis from data set 1 as a mask and conducted the
same functional connectivity analysis using data set 2; find-
ings were consistent with those of data set 1 (details in
Appendix 1, supplementary material S6).

Similar to the DC of the dPCC, the functional connectivity of
the dPCC and regions with reduced connectivity in patients with
schizophrenia also fit an inverted U-shaped pattern in both data
sets (Appendix 1, Tables S5 and S6, and Figures S5 and S6).

Discussion

The current study aimed to investigate voxel-wise centrality
pattern changes across all working-memory loads in a large
sample of patients with schizophrenia using DC and EC indi-
ces; we replicated our analysis in a second independent sam-
ple with different scanning parameters. We report 3 main
findings here. First, compared to healthy controls, patients
with schizophrenia displayed decreased centrality in the
dPCC with increased cognitive load, and this load-dependent
reduction in dPCC connectivity was related to the severity of
positive symptoms — especially delusions. Second, the load-
related centrality changes in dPCC connectivity fit an in-
verted U-shaped model, with a left shift of distribution in pa-
tients with schizophrenia compared to healthy controls.
Third, reduced functional connectivity of the precuneus,
middle occipital gyrus and superior temporal gyrus with the
dPCC contributed to the load-dependent reduction in dPCC
centrality in patients with schizophrenia.

We observed an inverted U-shaped relationship between
the centrality of the dPCC and working-memory loads in
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Figure 3: Exploratory analysis. (A) The degree centrality value in the dorsal cingulate cortex was negatively correlated with SAPS (r = -0.21,
p = 0.024) and delusion (r = -0.19, p = 0.036) scores. (B) The eigenvector centrality value in the dorsal cingulate cortex was negatively cor-
related with SAPS (r = -0.275, p = 0.002) and delusion (r = —0.26, p = 0.004) scores. (C) Brain regions showing significant group differences in
functional connectivity compared to the dorsal cingulate cortex under the “2-back versus 0-back” contrast. DC = degree centrality; EC = eigen-
vector centrality; HC = healthy control; SAPS = Scale for Assessment of Positive Symptoms; SZ = schizophrenia.

Table 2: Regions that showed abnormal connectivity with the dorsal posterior cingulate cortex in patients with

schizophrenia in the “2-back versus 0-back” contrast

Peak coordinates

Brain regions Cluster size, voxels X, Yz t Cohen d
Patients with schizophrenia < healthy controls
Dorsal precuneus 178 6, —45, 51 -6.24 0.9995
Right middle occipital gyrus 102 48,-75,6 -5.82 0.9322
Right superior temporal gyrus 22 66,18, 3 -5.51 0.8826

Patients with schizophrenia > healthy controls
Not available

the patient group in data set 1; we had similar findings in
data set 2. Many previous studies have suggested that the
dPCC is a crucial component of the default mode net-
work,* and a common hub shared with the default mode
network and other large-scale networks,?' assisting in

resource allocation and outcomes during task performance.
The dPCC also participates in sharing attentional focus be-
tween the default mode network and the frontoparietal net-
work, showing a high degree of connectivity with attention
networks at rest.”
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We did not observe an inverted U pattern of connectivity for
the dPCC in healthy controls. In nodes of the default mode net-
work (unlike in task-positive nodes such as the lateral prefrontal
regions®), the most often-reported relationship between deacti-
vation and working-memory performance to date has been a
linear one (also seen in our activation contrasts presented in
Appendix 1, Figure S3). In healthy controls, higher loads may be
required for the same pattern to emerge as is seen in patients.’

The reduced load-dependent connectivity of the dPCC in
schizophrenia raises an important question about the physio-
logic role of the dPCC in working-memory tasks. The conven-
tional notion that the default mode network is a task-negative
network that “distracts” from task performance is increas-
ingly being challenged.**** Thus, when demands on working-
memory capacity increase, task-related engagement of certain
segments of the default mode network may be required to
maintain task performance.

In people with schizophrenia, several observations support a
role for failed default mode network suppression in relation to
reduced performance during working-memory tasks,*"* but
excess default mode network deactivation compared to
healthy controls occurs when performance is optimal."$1 In
the present study, we noted a load-dependent reduction in the
centrality of the dPCC and in its connectivity with other re-
gions of the default mode network (e.g., the precuneus) in con-
junction with reduced performance in patients with schizo-
phrenia compared to healthy controls. This occurred despite a
notable load-dependent reduction in deactivation (or nonsup-
pression) of the default mode network in general and the
dPCC in particular in patients with schizophrenia. As well, the
important role of the cingulate cortex in emotion has been pro-
posed in previous theories,* and as part of the limbic system,
the cingulate cortex plays complex roles in the emotional and
memory domains.* Reduced load-dependent connectivity of
the dPCC in people with schizophrenia might be also related
to frustration (or weakening of efforts) when facing higher cog-
nitive demands. Together, reduced centrality and insufficient
suppression indicate a failure of efficient load-dependent con-
tribution from the default mode network to ongoing demands
of the working-memory task in people with schizophrenia.

Our results indicate that load-dependent loss of dPCC
prominence in people with schizophrenia likely plays an im-
portant role in the mechanism of delusions. Although any sin-
gle brain region is unlikely to play a causal role in the forma-
tion and maintenance of delusions, reduced centrality of the
default mode network (dPCC) during a working-memory
task in patients most affected by delusions might reflect a role
of failed information transmission in the severity of delusions.
In particular, social cues that present higher cognitive de-
mands might induce a failed integration of brain regions cen-
tred in the default mode network, abetting delusional fea-
tures.*#” Thus, when they face increased cognitive demands,
people with schizophrenia may be unable to efficiently mar-
shal neural resources centred on the default mode network to
aid in information processing, arriving at or resisting the revi-
sion of incorrigible beliefs. Given the lack of further decision-
making experiments or social cognition tasks in the present
study, we call for future studies to test these speculations.

The reduction in dPCC centrality that we observed was re-
lated mainly to decreased functional connectivity with the
dorsal anterior and central precuneus. The anterior dorsal
precuneus has strong functional connectivity with the sen-
sorimotor cortex,*# and it has been suggested as a region of
the sensorimotor network. The dorsal central precuneus is a
cognitive-associative area connected with the frontoparietal
and attention networks.***’ Other areas with significant func-
tional connectivity differences, including the middle occipital
gyrus® and superior temporal gyrus,’ are related to visual or
auditory function, which belong to the sensory system. In the
context of the resource-allocation function of the dPCC dur-
ing task performance,® our findings may demonstrate that
patients inefficiently source sensorimotor contributions, lead-
ing to the working-memory deficits we observed.

Limitations

Our study had numerous strengths and some limitations. We
replicated our observations in a second independent data set,
irrespective of differences in age of onset in data set 2. None-
theless, we used a limited n-back paradigm that precluded
examination of the parametric effect of higher working-
memory loads (a contrast from Thomas and colleagues®).
Second, all patients with schizophrenia were taking anti-
psychotic medications, and this might have influenced some of
our findings, although we did not observe a correlation be-
tween total antipsychotic dose and working-memory perform-
ance (Appendix 1, Table S3). Third, the patients with schizo-
phrenia in the present study had fewer years of education than
the healthy controls, and previous studies have demonstrated
that this factor influences the neural mechanisms of working-
memory performance. We adjusted for this influence by using
education level as a covariate in statistical analyses, but non-
linear effects might still be relevant. Finally, although our
study was powered to demonstrate group differences in cen-
trality distributions, the variance in working-memory per-
formance was insufficient to uncover correlations between
task accuracy and connectivity; this factor might explain the
lack of expected correlation between dPCC centrality and
working-memory metrics (Appendix 1, Table S4). Clinical
samples with higher-performing patients and targeted recruit-
ment of slower and more inaccurately performing healthy par-
ticipants will be needed to avoid type 2 errors in this case.

Conclusion

Schizophrenia is characterized by a load-dependent reduc-
tion in the centrality of the dPCC; this reduction relates to the
severity of delusions that persist despite treatment. The cen-
trality value of the dPCC under all working-memory loads fit
an inverted U-shaped model, we found a left shift of this
model distribution in patients with schizophrenia compared
to healthy controls. This finding raises the question of
whether noninvasive neuromodulation approaches that re-
store dPCC centrality in the presence of cognitive demands
might have a distinct therapeutic effect on persistent positive
symptoms (especially delusions) in schizophrenia.
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