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A B S T R A C T

Schizophrenia is a severe mental disorder, and the onset of which is preceded by a stage of ultrahigh risk (UHR)
for developing psychosis. Therefore, analyzing individuals with UHR is essential for identifying predictive
biomarkers for the onset of schizophrenia. The current study aimed to identify such biomarkers based on a
voxelwise whole-brain functional degree centrality (FDC) analysis. Conjunction analysis showed that, compared
with healthy controls, both UHR subjects and patients with schizophrenia showed significantly increased FDC at
the medial prefrontal cortex (MPFC) and significantly decreased FDC at the right fusiform gyrus (FG). The
subsequent partial correlation analysis showed significant correlations between the disorganization symptoms
and FDCs at the MPFC and the right FG for both UHR subjects and patients with schizophrenia. These findings
suggest that FDC within the MPFC and the right FG could be candidate biomarkers for the onset of schizo-
phrenia.

1. Introduction

Schizophrenia is a severe mental disorder with approximately 1%
lifetime prevalence throughout the world. Although the exact etiology
of schizophrenia is still unknown, the dysconnectivity hypothesis, first
proposed more than twenty years ago (Friston and Frith, 1995;
Weinberger, 1993), has recently gained more attention among patho-
physiological theories of schizophrenia. As functional connectivity
analysis evolved from the seed-based to the network-based method
(which involves analyzing whole-brain functional connectivity among
each pair of voxels), the dysconnectivity hypothesis of schizophrenia
has also shifted from focusing on specific functional connectivity (e.g.,
from the dorsolateral prefrontal cortex to the contralateral

hippocampus; Rasetti et al., 2011) to covering whole-brain functional
connectivity (Chen et al., 2015; Palaniyappan and Liddle, 2014; van
Lutterveld et al., 2014; Wang et al., 2014).

Based on the graph theory, a fully connected network is defined as
nodes and the connections between them (edges). Several researchers
(Buckner et al., 2009; Dai et al., 2015; Liang et al., 2013; Zuo et al.,
2012) have recently used a method to measure the global functional
connectivity of each node by its functional degree centrality (FDC),
which is the total correlation of its time series with those of the rest of
the network. Unlike the traditional seed-based functional connectivity
analysis, FDC is not dependent on the previous definition of seeds and
can provide an unbiased approach to identify brain regions that exhibit
deficient functional connectivity in patients.
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The voxelwise FDC analysis, in which a node represents a voxel, has
been used in many previous resting-state fMRI studies to detect the
difference between schizophrenia patients and healthy controls (Chen
et al., 2015; Lei et al., 2015; Palaniyappan and Liddle, 2014; Skatun
et al., 2016; van Lutterveld et al., 2014; Wang et al., 2014). Although
the brain regions that showed abnormal FDC in schizophrenia across
these studies were not consistent, most of them were important brain
hubs, such as the prefrontal cortex (PFC), the inferior parietal lobule
(IPL), the anterior (ACC) and the posterior cingulate cortex (PCC),
among others.

By contrast, little is known about the FDC deficit in individuals at
ultrahigh risk (UHR) for developing psychosis. UHR is a period pre-
ceding the onset of mental disorder. Fusar-Poli and colleagues showed
that 36% of UHR individuals developed psychosis within three years
(2012) and 73% of those developing psychosis met the criteria for
schizophrenia (2013). Given that UHR is the intermediate state be-
tween health and mental disorder, analysis of individuals with UHR
provides a unique and important opportunity to identify biomarkers
that are predictive of the onset of schizophrenia.

To identify FDC-based biomarkers, the current study included three
groups of subjects: healthy controls, UHR subjects, and patients with
schizophrenia. We first identified brain regions in which FDCs were
different between UHR subjects and healthy controls. We then tested
whether the same FDC-based biomarkers differentiated schizophrenia
patients from healthy controls. Finally, we examined whether the FDCs
of these identified brain regions were associated with the severity of
positive, negative and disorganization symptoms within each group of
schizophrenia patients and UHR subjects, as one study showed that
disorganization symptoms were a very significant predictor of the
transition from the UHR to schizophrenia (Demjaha et al., 2012). Dis-
organization was measured using the scale of prodromal symptoms
(SOPS) in UHR subjects and by selected items of the positive and ne-
gative syndrome scale (PANSS) in schizophrenia patients.

2. Materials and methods

2.1. Subjects

The sample consisted of 30 schizophrenia patients, 30 UHR subjects
and 30 healthy controls. All subjects had normal or corrected-to-normal
vision and were right-handed as assessed by the Edinburgh handedness
inventory. Subjects with head motions of more than 3 mm or 3° during
scanning for any of the volumes were rescanned. None of the partici-
pants reported any history of hard drug use (e.g., cocaine, crack, heroin,
methamphetamine, etc.). Demographic and clinical information is
shown in Table 1. Both schizophrenia patients and UHR subjects were
recruited from the Beijing Anding Hospital. Schizophrenia patients
were diagnosed according to the consensus of two experienced psy-
chiatrists using the Structured Clinical Interview for DSM-IV (SCID),
and their symptoms were assessed using the positive and negative
syndrome scale (PANSS). All patients were treated with stable doses of
atypical antipsychotics for more than 2 weeks. Antipsychotic medica-
tions included clozapine, olanzapine, risperidone, aripiprazole, and
haloperidol. No antidepressants were in use. Some patients had taken
2.5-5 mg diazepam occasionally for their insomnia. However, patients
were asked not to take diazepam or other benzodiazepines at least 24
hours before the scheduled fMRI scan (an appointment would be can-
celed if they did). Exclusion criteria for schizophrenia patients included
a history of other Axis I psychiatric disorders and severe brain injury
(any closed or open injuries that might be related to current symptoms
or cognitive functions), current substance abuse, and currently experi-
encing acute psychotic symptoms that would jeopardize the integrity of
the fMRI scan. UHR subjects were diagnosed based on the consensus of
two experienced psychiatrists using the Structured Interview for Pro-
dromal Syndromes (SIPS), and their symptoms were assessed using the
Scale of Prodromal Symptoms (SOPS). Exclusion criteria were the same

as that used for schizophrenia patients. None of the UHR subjects were
treated with antipsychotics or antidepressants. Finally, we recruited
healthy controls by advertisement from the same geographical region of
the schizophrenia patients and UHR subjects. All healthy controls were
assessed by experienced psychiatrists to screen for any personal or fa-
mily history of psychiatric disorders.

This study's protocol was reviewed and approved by the
Institutional Review Board of the Institute of Cognitive Neuroscience
and Learning at Beijing Normal University. All subjects were Han
Chinese and gave written informed consent for this study. This study
was conducted in accordance with the approved protocol.

2.2. Imaging data acquisition

All imaging data were acquired at the Brain Imaging Center of
Beijing Normal University. All subjects were scanned on a Siemens 3T
scanner (Siemens, Erlangen, Germany) with their head snugly fixed
with straps and foam pads to restrict head movement. Resting-state
images were acquired first, followed by a T1 image scan. During the
resting-state fMRI data collection (lasting approximately 8 min-
utes), all subjects were required to keep their eyes closed, to stay still
but relaxed, and not to think of anything in particular and not to fall
asleep. The resting-state images were collected axially using an echo-
planar imaging (EPI) sequence: repetition time (TR)= 2000 ms; echo
time (TE)= 30 ms; flip angle (FA)= 90o; field of view
(FOV)=200×200 mm2; matrix size= 64×64; axial slices= 31; 4.0
mm slice thickness without gap; voxel size= 3.125× 3.125× 4.0
mm3. Structural images were acquired using a T1-weighted sagittal 3D
magnetization-prepared rapid gradient echo (MPRAGE) sequence:
TR=2530 ms; TE=3.45 ms; FA=7o; FOV=256×256 mm2; matrix
size= 256×256; slices= 176; thickness= 1.0 mm; voxel
size= 1.0× 1.0×1.0 mm3.

2.3. fMRI data preprocessing

Functional imaging data were preprocessed and analyzed using
Statistical Parametric Mapping (SPM12, Wellcome Department of
Cognitive Neurology, London, UK). Preprocessing was performed as
follows: The first 10 images were discarded to ensure magnetic signal
stabilization, and the remaining images were corrected for slice timing
and head motion. Next, individual T1-weighted images were coregis-
tered to the mean functional images and then segmented into gray
matter, white matter, and cerebrospinal fluid. Transformations from
individual native space to MNI space were computed with the DARTEL
toolbox (Ashburner, 2007). Next, the functional images were resampled
to voxel size 3.0×3.0× 3.0 mm3 and spatially smoothed with a 6 mm
full width at half maximum (FWHM) Gaussian kernel. Finally, the
functional images were linearly detrended and temporally bandpass
filtered (0.01-0.1 Hz) to reduce low-frequency drifts and high-fre-
quency physiological noise. To further minimize the effects of con-
founding factors, the Friston 24 head motion parameters and white
matter and cerebrospinal fluid signals were regressed out from each
voxel's time series. The global mean signal was not regressed out be-
cause it has been suggested to reflect important neuronal activity rather
than noise (Fox et al., 2009; Gotts et al., 2013; Hahamy et al., 2014;
Murphy et al., 2009; Saad et al., 2013), which is consistent with some
previous studies on network analysis (Guo et al., 2015; Li et al., 2018;
van Lutterveld et al., 2014; Wang et al., 2015).

2.4. Functional Degree Centrality (FDC) analysis

FDC is a measure in graph theory that estimates the total functional
connectivity between a voxel and the rest of the brain (Buckner et al.,
2009; Zuo et al., 2012). It has often been used to identify the hub re-
gions of the brain network (Dai et al., 2015; Liang et al., 2013; Liu et al.,
2015; Rubinov and Sporns, 2010). Specifically, Pearson's correlation
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coefficients were computed in all possible pairs of voxels, which re-
sulted in a whole-brain functional connectivity matrix. This step was
restricted to a predefined gray matter mask that was the same as in
previous studies (Zhou et al., 2014; Zuo et al., 2012). The FDC for a
given voxel was calculated using the following equation (Buckner et al.,
2009; Zuo et al., 2012):
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where rij was Pearson's correlation coefficient between voxel i and voxel
j, and r0 was a correlation threshold that was used to eliminate possible
spurious correlations arising from noise. In this study, r0= 0.2. Dif-
ferent correlation thresholds did not change the connection pattern
significantly, which is consistent with previous reports (Dai et al., 2015;
Liu et al., 2015). The FDC map for each individual was then produced.
Finally, the FDC map was standardized to a z-score map and was used in
the subsequent statistical analysis (Buckner et al., 2009; Liu et al., 2015;
Zhou et al., 2016). The z-score standardization is calculated using the
following formula:
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where μ and σ are the mean and SD, respectively, of the FDC map.

2.5. Statistical analysis

Demographic information was compared between the three groups

by a Chi-square test (for gender) or one-way ANOVA (for the other
variables). We first compared between UHR subjects and healthy con-
trols across the whole brain and then compared between schizophrenia
patients and healthy controls. We also did a conjunction analysis to
identify the common FDC deficit between the two comparisons. The
conjunction analysis, or the conjoint testing for the same effect in dif-
ferent subjects, has been widely used in previous fMRI studies
(Friston et al., 1999). To correct for multiple comparisons in all these
analyses, significance was determined using a voxel-level threshold of P
< 0.005 and cluster-level familywise error (FWE) corrected P < 0.05.

Finally, we extracted the mean FDC within each significant cluster
in the above conjunction analysis and tested the association with the
symptoms (positive, negative and disorganization) using the partial
correlation analysis. For UHR subjects, disorganization was measured
using the score of the disorganization subscale within SOPS/SIPS. Age
and gender were controlled for in the correlation analysis of UHR
subjects. For schizophrenia patients, disorganization was measured by
the sum of three items (P2 conceptual disorganization, N5 difficulty in
abstraction, and G11 poor attention) of the PANSS (Rodriguez-Jimenez
et al., 2013; Wallwork et al., 2012). In the correlation analysis of
schizophrenia patients, age, gender, and medicine dose were added as
control variables.

3. Results

As shown in Table 1, all demographic and clinical characteristics
were comparable across the three groups. The mean FDC map for each

Table 1
Demographic and clinical characteristics of the subjects.

Mean±SD F or x2 P
Schizophrenia UHR Healthy Control

Gender (M/F) 22/8 14/16 17/13 4.49 0.11
Age (y) 25.77± 7.06 23.67± 4.01 25.00± 3.69 1.28 0.28
Education (y) 12.6±3.29 13.70± 2.34 14.07± 2.66 2.24 0.11
aMedicine 9.016± 7.71 - - - -
Illness duration (m) 51.53± 50.53 - - - -
Inpatient times 1.43±0.97 - - - -
PANSS - -
Positive scores 23.80± 6.84 - - - -
Negative scores 22.13± 7.31 - - - -
General psychopathology scores 42.43± 7.98 - - - -
bDisorganization 7.87±3.35 - - - -
Total scores 88.03± 16.21 - - - -

SIPS - -
Positive symptom score - 5.00± 4.13 - - -
Negative symptom score - 6.26± 5.41 - - -
General symptom score - 3.23± 3.35 - - -
Disorganized symptom score - 2.80± 2.83 - - -
Total scores - 17.30± 13.32 - - -

UHR, ultrahigh risk subjects.
a Chlorpromazine equivalents.
b The score consists of items of conceptual disorganization, difficulty in abstraction, and poor attention.

Fig. 1. Mean FDC maps within healthy controls, UHR subjects, and schizophrenia patients. UHR: ultrahigh risk subjects.
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group is shown in Figure 1. The direct comparison between UHR sub-
jects and healthy controls showed significantly increased FDC in UHR
subjects in the right ventrolateral prefrontal cortex (VLPFC, T=4.67,
FWE corrected P=0.009) and medial prefrontal cortex (MPFC,
T=4.22, FWE corrected P=0.005). UHR subjects also showed sig-
nificantly decreased FDC in the right FG (T=3.77, FWE corrected
P=0.032; see Figure 2.A and Table 2).

Compared to healthy controls, schizophrenia patients showed sig-
nificantly increased FDC in the MPFC (T=4.47, FWE corrected P <
0.001). A cluster within the dorsolateral prefrontal cortex (DLPFC,
T=5.25, FWE corrected P=0.005) also showed significantly in-
creased FDC in schizophrenia patients, although the right VLPFC
(T=4.22, FWE corrected P=0.054), which differed between UHR
subjects and healthy groups, did not differ between schizophrenia pa-
tients and healthy individuals. In addition, significantly increased FDC
was also found in schizophrenia patients in both sides of the IPL (for the
left side, T=4.26, FWE corrected P=0.001; for the right side,
T=4.07, FWE corrected P=0.015). Two brain regions showed de-
creased FDC in schizophrenia patients: the right FG (T=5.13, FWE
corrected P< 0.001), and the left FG (T=4.79, FWE corrected P<
0.001; see Figure 2.B and Table 2).

A conjunction analysis of the two comparisons (UHR subjects vs.
healthy controls, schizophrenia patients vs. healthy controls) identified
two significant areas: the MPFC (T=3.84, FWE corrected P=0.045)
and the right FG (T=3.69, FWE corrected P=0.040; see Figure 2.C

and Table 2). The other two areas, the right VLPFC (cluster size= 33
voxels, T=3.79, FWE corrected P> 0.05, peak voxel MNI coordinates:
x=42, y=45, z= -3) and the right DLPFC (cluster size= 31 voxels,
T=3.80, FWE corrected P > 0.05, peak voxel MNI coordinates:
x=42, y=36, z=39) were not significant after the correction for
multiple comparisons.

Further confirming the results from the group comparisons, we
found significant positive correlations between the disorganization
symptoms and FDC in the MPFC (for UHR subjects, r=0.569,
P=0.001 and schizophrenia patients, r=0.410, P=0.025) and sig-
nificant negative correlations between disorganization symptoms and
FDC in the right FG (for UHR subjects, r=-0.380, P=0.039 and
schizophrenia patients, r=-0.406, P=0.026; see Figure 3). However,
there was no significant correlation between FDC and positive or ne-
gative symptoms (see supplementary Table S1).

4. Discussion

This study, for the first time, included UHR subjects in addition to
schizophrenia patients and healthy controls to identify brain network-
based biomarkers relevant to the onset of schizophrenia. Significantly
increased FDC within the MPFC and significantly decreased FDC within
the right FG differentiated both UHR subjects and schizophrenia pa-
tients from healthy controls. Furthermore, both increased FDC within
the MPFC and decreased FDC within the right FG were correlated with
the severity of the symptoms of disorganization (a strong predictor for
the transition from the UHR stage to the onset of schizophrenia;
Demjaha et al., 2012) in both UHR subjects and schizophrenia patients.
All these results suggest that global functional dysconnectivity within
the MPFC and the right FG may be candidate biomarkers for the onset
of schizophrenia.

FG is an important part of the ventral visual system and is specia-
lized for object recognition, especially facial recognition, as shown by
both animal and human studies (Lafer-Sousa et al., 2016; Tanaka,
1997). Object recognition is a primary end state of visual processing
and a critical precursor for high-level cognitive processing such as at-
tentional control, working memory, reasoning, and emotion
(Peissig and Tarr, 2007). FG occupies an important position within the
whole-brain network and is a high FDC hub in the normal brain net-
work (Achard et al., 2012; Dai et al., 2015). Our study confirmed the
important role of FG in healthy controls and found significantly de-
creased FDC in the FG in UHR subjects and schizophrenia patients (see
Figure 1). These results are consistent with previous studies that re-
ported significantly decreased FDC in the visual pathway (including the
FG) in schizophrenia patients (Skatun et al., 2016; Wang et al., 2014).

Fig. 2. The significant differences between groups. A: comparison between UHR subjects and healthy controls; B: Comparison between schizophrenia patients and
healthy controls; C: conjunction analysis showing the deficits shared between UHR subjects and schizophrenia patients when compared with healthy controls; D:
Scatter plot showing the FDC values for each significant cluster extracted from the conjunction analysis. HC: healthy controls; SCZ: schizophrenia.

Table 2
Regions showing FDC differences between groups.

Comparison Region Number of
voxels

Peak MNI
coordinates x y
z

Peak T FWE P

UHR vs. HC
UHR > HC MPFC 151 6 51 42 4.22 0.005

VLPFC 136 45 33 -6 4.67 0.009
UHR < HC FG_R 106 24 -66 -3 3.77 0.032

SCZ vs. HC
SCZ > HC MPFC 792 -9 27 54 4.47 0.000

DLPFC 148 48 30 39 5.25 0.005
IPL_L 204 -45 -54 -33 4.26 0.001
IPL_R 123 51 -57 45 4.07 0.015

SCZ < HC FG_L 305 -39 -75 -3 4.79 0.000
FG_R 767 27 -84 24 5.13 0.000

Conjunction analysis
SCZ>HC∩UHR>HC MPFC 98 6 51 42 3.84 0.045
SCZ<HC∩UHR<HC FG_R 101 24 -81 -6 3.69 0.040

UHR: ultrahigh risk subjects; HC: healthy controls; SCZ: schizophrenia.
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Decreased FDC in the FG may result in a failure to communicate the
processed visual information with other regions, which may be one of
the sources of impairments in schizophrenia. Furthermore, the sig-
nificant correlations between the decreased FDC of the FG and the high
score of disorganization symptoms in both schizophrenia patients and
UHR subjects was also consistent with previous behavioral studies that
showed a link between facial recognition deficit and symptoms of dis-
organization (Cohen et al., 2009; Eack et al., 2010; Guillaume et al.,
2007; Ventura et al., 2013).

The MPFC is the other important network-based biomarker found in
this study (increased FDC was significantly correlated with dis-
organization symptoms for both schizophrenia patients and UHR sub-
jects). The MPFC, an important component of the default mode network
(DMN), is also one of the most important hubs in the whole-brain
network. It requires more cerebral blood flow, aerobic glycolysis, and
oxidative glucose metabolism (Liang et al., 2013; Tomasi et al., 2013)
to support information exchange across brain regions. The even higher
energy demand of this region, as reflected by the increased FDC in the
MPFC, may result in a huge burden for the whole-brain network and a
weak point that is vulnerable to many disease-related risk factors. To
our knowledge, increased FDC within the MPFC in schizophrenia pa-
tients has been reported in at least two previous resting-state fMRI
studies that also performed whole-brain voxelwise FDC analysis (Chen
et al., 2015; Skatun et al., 2016). Some other studies reported increased
FDC of schizophrenia in other DMN hubs such as the PCC, precuneus,
and hippocampus, although they did not find significant results in the
MPFC (Palaniyappan and Liddle, 2014; van Lutterveld et al., 2014).
Altered functional connectivity in the MPFC may still contribute to the
disorganization symptoms of schizophrenia, as suggested by the current
study. As an important component of the DMN, the MPFC is activated in
a resting state or when the mind is involved in tasks that direct atten-
tion away from external stimuli (Andreasen et al., 1995). The internal
mentation hypothesis has been proposed to highlight the importance of
the DMN in internally directed cognitive processes. The overactive

DMN may strengthen this process and further produce internal, in-
trospective thoughts or disorganization symptoms.

In addition to the FG and MPFC, we found brain regions in which
increased FDC was specific to either schizophrenia patients (including
the DLPFC and IPL) or UHR subjects (including the VLPFC). All of these
regions belong to the central executive network. During central ex-
ecutive processing, information from the posterior cortex (including the
FG) that is received and maintained by the VLPFC will be further pro-
cessed by the DLPFC and IPL (Rowe et al., 2000; Wagner et al., 2001).
Due to the close relationship between the visual pathway and the
central executive network (Chadick and Gazzaley, 2011), increased
FDC of the central executive network in schizophrenia patients or UHR
subjects may be a reactive response to the lack of correct and adequate
visual information. The central executive network plays an important
role in high-level cognitive functions such as working memory and at-
tentional control, which are the core cognitive functions impaired in
schizophrenia. These stage-specific FDC changes seem to suggest that
deficits in higher-order processing become more evident after UHR
transitions to psychosis. In previous studies, some researchers have also
reported increased FDC in the central executive network in schizo-
phrenia patients, although other studies reported decreased FDC in the
same network. For example, in addition to decreased FDC within the
visual pathway, Skatun and colleagues (2016), similar to this study,
also reported increased FDC in the frontal (both lateral and medial
parts) and parietal cortices in schizophrenia patients. Moreover,
Chen et al. (2015) reported increased FDC within the prefrontal cortex
(including the DLPFC and VLPFC) in schizophrenia patients. Using 90
automatic anatomical labeling (AAL) regions as ROIs, Li et al. (2017)
performed a whole-brain functional connectivity analysis on all ROI
pairs (4005 pairs in total) and found that most functional connectivity
changes of schizophrenia patients and UHR subjects when compared
with healthy controls were located in the VLPFC. Further analysis
showed that functional connectivity of the VLPFC in schizophrenia
patients and UHR subjects was mostly increased. It is also worth

Fig. 3. Correlations between disorganization symptoms and the mean FDC extracted from each significant cluster. The upper panels show the correlations in UHR
subjects (panels A1-A2), and the lower panels show the correlations in schizophrenia patients (panels B1-B2).
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mentioning that this study analyzed relationships between functional
connectivity within the fronto-parietal central executive network and
the disorganization symptoms and reported positive correlations.

Our findings suggest that the global functional dysconnectivity
within the MPFC and the right FG could be candidate biomarkers for
the onset of schizophrenia. However, whether or not these biomarkers
are specific to schizophrenia requires more research, especially in
comparison to mental disorders that also show disorganization symp-
toms, such as anxiety disorders, depressive disorders, and attention
deficit hyperactivity disorder.

5. Conclusions

In conclusion, this is the first study to focus on the comparison of
voxelwise whole-brain FDC with graph theory across healthy controls,
UHR subjects and schizophrenia patients. The global functional dys-
connectivity at some important brain hubs (especially the MPFC and
the right FG) were found in both the UHR subjects and schizophrenia
patients, and these altered FDCs were significantly correlated with
disorganization symptoms. These findings shed some new light on our
understanding of the underlying pathophysiological mechanisms of
schizophrenia, and provide evidence that the FDC deficits at the MPFC
and the right FG could be used as candidate biomarkers related to the
conversion of schizophrenia.
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