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Abstract
Background  Clinical high-risk (CHR) refers to prodromal phase before schizophrenia onset, characterized by 
attenuated psychotic symptoms and functional decline. They exhibit similar but milder cognitive impairments, brain 
abnormalities and eye movement change compared with first-episode schizophrenia (FSZ). These alterations may 
increase vulnerability to transitioning to the disease. This study explores cognitive-related functional connectivity (FC) 
and eye movement abnormalities to examine differences in the progression of schizophrenia.

Methods  Thirty drug-naive FSZ, 28 CHR, and 30 healthy controls (HCs) were recruited to undergo resting-state 
functional magnetic resonance imaging (rs-fMRI). Connectome-based predictive modeling (CPM) was employed 
to extract cognitive-related brain regions, which were then selected as seeds to form FC networks. Support vector 
machine (SVM) was used to distinguish FSZ from CHR. Smooth pursuit eye-tracking tasks were conducted to assess 
eye movement features.

Results  FSZ displayed decreased cognitive-related FC between right posterior cingulate cortex and right superior 
frontal gyrus compared with HCs and between right amygdala and left inferior parietal gyrus (IPG) compared with 
CHR. SVM analysis indicated a combination of BACS-SC and CFT-A scores, and FC between right amygdala and left 
IPG could serve as a potential biomarker for distinguishing FSZ from CHR with high sensitivity. FSZ also exhibited a 
wide range of eye movement abnormalities compared with HCs, which were associated with alterations in cognitive-
related FC.

Abnormalities in cognitive-related functional 
connectivity can be used to identify patients 
with schizophrenia and individuals in clinical 
high-risk
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Background
Clinical high-risk (CHR) phase is a prodromal period 
before psychosis onset, marked by attenuated, transient, 
or intermittent psychotic symptoms and a decline in 
function in non-psychiatric individuals [1, 2]. Almost 22% 
of CHR would convert to full-blown psychosis within 1 
year and 36% over 3 years [3]. Study on CHR may provide 
a window of opportunity for better understanding the 
trajectory from elevated risk to well-established illness 
and decrease the rate of transition to psychosis through 
appropriate detection and intervention in the early stage 
of non-specific mental distress [4, 5].

Notably, generalized cognitive impairments are an 
independent core feature of schizophrenia, including 
impairments in neurocognition (e.g., processing speed, 
attention, working memory) and social cognition (e.g., 
mentalizing, social perception) [6, 7]. These impairments 
are observed earlier before the emergence of typical psy-
chotic symptoms, deteriorate throughout development, 
and stabilize in the chronic state [8]. Evidence indicated 
that cognitive impairments are present in a consider-
able number of CHR and first-episode schizophrenia 
(FSZ) [9–11]. CHR performs worse in cognitive tasks 
like verbal fluency and processing speed compared to 
healthy controls (HCs), with impairments similar to FSZ 
[11–14]. Several studies showed that CHR displays a 
modest degree of cognitive impairments intermediated 
between FSZ and HCs [15–17]. CHR who did transi-
tion to schizophrenia at follow-up tended to have more 
severe cognitive impairments than those who did not 
[17–19], suggesting cognitive impairments may be driven 
by a more severely damaged subgroup that is at risk of 
psychosis. These findings support cognitive function as a 
candidate marker for predicting conversion of psychosis 
[20, 21].

The neurodevelopmental hypothesis suggests that cog-
nitive impairments in schizophrenia result from prob-
lems with cognitive acquisition caused by persistent 
brain developmental abnormalities from an early age 
[8]. Neuroimaging technologies, such as functional mag-
netic resonance imaging (fMRI), have tried to link cogni-
tive impairments to localized brain activity and revealed 
specific brain abnormalities in different cognitive tasks 
[22–24]. For example, reduced activation in the middle 
frontal gyrus (MFG), parahippocampal gyrus, and medial 
frontal gyrus has been observed in CHR during verbal 
memory tasks [25]. Other studies highlight alterations in 

the prefrontal cortex, temporal lobes, hippocampus, and 
caudate during various cognitive activities [26–28]. Our 
previous study showed that decreased functional connec-
tivity strength (FCS) in the MFG and increased FCS in 
the calcarine were positively correlated to cognitive mea-
sures in CHR [24].

Connectome-based predictive modeling (CPM) is a 
novel data-driven machine-learning method for gener-
ating predictive models of brain-behavior relationships 
from whole-brain FC patterns at the individual level [29]. 
Unlike traditional FC analysis, CPM provides more com-
prehensive information on all brain connectivity rather 
than individual regions [29, 30]. With built-in cross-
validation methods, CPM can efficiently protect against 
overfitting and increase replicability and adaptability in 
a new sample. Moreover, CPM identifies predictive net-
works with the most relevant features from neuroimag-
ing data [29]. This modeling has been successfully applied 
to extract behavior-related brain areas and to make pre-
dictions at individual levels, such as compulsive behavior 
in obsessive-compulsive disorder [31], memory deficits 
in psychiatric disorders [32], and social disorder in atten-
tion-deficit/hyperactivity disorder [33].

As a non-invasive neuropsychological test, eye move-
ment detection can be used to explore visual process-
ing under various conditions, offering insights into the 
mechanisms underlying human cognitive and psycholog-
ical functions. Previous studies have consistently shown 
that eye movement abnormalities, including deficits in 
smooth pursuit eye movement (SPEM), free-viewing, and 
fixation stability tasks, are well-recognized in schizophre-
nia and are often associated with cognitive impairments, 
particularly in attention and executive function tasks 
[34–36]. These impairments reflect dysfunction in brain 
regions such as the frontal and parietal cortices [37, 38]. 
However, eye movement studies in CHR remain limited. 
Pervious study discovered that error rates in antisaccade 
tasks in CHR were intermediate between schizophrenia 
and HCs, suggesting that eye movement dysfunction may 
emerge early in the disease [39].

In this study, CPM was implemented to explore cog-
nitive-related brain regions among FSZ, CHR, and HCs. 
The most relevant regions were selected as seeds to con-
struct FC networks. Thus, we collected eye movement 
data from SPEM tasks to examine whether eye movement 
abnormalities could reflect different cognitive-related FC 
patterns among the patients. Based on previous studies 

Conclusions  FSZ and CHR exhibited different patterns of cognitive-related FC and eye movement alteration. Our 
findings illustrate potential neuroimaging and cognitive markers for early identification of psychosis that could help in 
the intervention of schizophrenia in high-risk groups.
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[24, 40, 41], we predicted that CHR and FSZ would show 
significantly disrupted cognitive-related FC in specific 
brain regions, with these alterations serving as a potential 
marker for classification.

Methods
Participants
Thirty outpatients suffering from schizophrenia were 
recruited from the Second Xiangya Hospital of Central 
South University, diagnosed by two senior psychiatrists 
using the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (DSM-5) criteria. All patients 
were diagnosed with their first episode of the disorder 
and were under three years of its onset. Positive and 
Negative Syndrome Scale (PANSS) was used to assess 
the severity of psychiatric symptoms. Twenty-eight par-
ticipants were recruited from the outpatient clinics of the 
hospital for investigation of CHR. To confirm the pres-
ence of CHR, the Structured Interview for Prodromal 
Syndromes (SIPS) was administered to all participants. 
Patients who had a prior neurological condition, a his-
tory of head injury, or whose eye movement data were 
excluded from this analysis. Thirty-one HCs were pro-
cured from the broader community. Notwithstanding, 
none of them had a prior psychiatric history or a first-
degree familial history of psychosis. HCs were excluded 
if they exhibited epilepsy or any other neurological dis-
orders, diabetes, used substances within the last six 
months, or had a history of head injury leading to loss of 
consciousness for more than five minutes. All individuals 
enrolled in the survey were identified as possessing the 
following characteristics: right-handedness, age between 
16 and 45 years, and the ability to understand the survey 
material.

The Second Xiangya Hospital of Central South Uni-
versity Ethics Committee reviewed and approved the 
research protocol. The study adhered to the principles 
of ethical research, and the investigator meticulously 
explained the potential risks and benefits to the partici-
pants before enrollment, and all participants provided 
written informed consent.

Cognitive tests
The Measurement and Treatment Research to Improve 
Cognition in Schizophrenia Consensus Cognitive Bat-
tery (MCCB), a standardized tool used to evaluate cogni-
tive function, is widely utilized and has been translated 
into the Chinese language. The Trail Making Test-Part 
A (TMT-A), Brief Assessment of Cognition in Schizo-
phrenia-Symbol Coding (BACS-SC), and the Category 
Fluency Test-Animal (CFT-A) were administered to 
evaluate participants’ speed of processing. The Wechsler 
Memory Scale-spatial span (WMS-SS) was used to assess 
working memory. The Neuropsychological Assessment 

Battery (NAB) was conducted to evaluate reasoning 
and problem-solving abilities. Attention and vigilance 
were evaluated using the Continuous Performance Test-
Identical Pairs (CPT-IP). The word learning ability was 
assessed using the Hopkins Verbal Learning Test-Revised 
(HVLT-R). The Brief Visuospatial Memory Test (BVMT-
R) was administered to measure visual learning abil-
ity. The exclusion of social cognition from our analyses 
was a result of the fact that the Mayer-Salovey-Caruso 
Emotional Intelligence Test-managing emotions test 
(MSCEIT) was limited to individuals under a certain 
age. In addition, we administered a complementary test 
of memory by administering a Stroop Colour Word Test 
(SCWT). The duration for each subject to complete the 
MCCB ranged from 1 to 1.5  h. After administering the 
MCCB, raw scores were converted into scale scores and 
subsequently translated to Chinese normalized T scores.

Smooth pursuit eye-tracking tasks
Studies on SPEM are typically divided into two phases: 
the initiation phase (within the first 100ms) and the 
maintenance phase (after 100ms). The initiation phase 
primarily is associated with perceptual-motor functions. 
During this phase, the participant receives the movement 
signal from the target via the retina, which is then trans-
mitted to higher brain regions and converted into eye 
movement signals, initiating the pursuit [42]. This pro-
cess is believed to involve both perceptual-motor integra-
tion and higher cognitive functions, as participants not 
only follow the target with their eyes but also predict its 
speed, direction, and position [43].

Eye movements were recorded using an EyeLink 1000 
eye tracker (SR Research, Ontario, Canada). The hole-
in-the-card test was used to determine the dominant 
eye. Tracking of the dominant eye was achieved through 
a 25  mm camera lens. The stimuli were presented on a 
24-inch screen with a resolution of 1920 × 1080 pixels and 
a refresh rate of 144  Hz. Participants were 70  cm away 
from the screen and positioned their heads on a chin/
forehead rest to minimize head movements. A 9-point 
calibration mode was used to begin each task, and drift 
correction was automatically applied throughout each 
task.

We administered four quizzes in SPEM tasks, each 
consisting of horizontal and Lissajous tracking for two 
modes. In all tasks, participants were instructed to main-
tain their gaze on a 0.5-degree circular target before 
tracking it as it moved across the screen. For the hori-
zontal SPEM task, the target moved horizontally at a 
frequency of 0.4 Hz (HS4). In the color count horizontal 
task (HS4X), the target color changed randomly during 
movement. For the Lissajous smooth pursuit task, the 
target moved across the screen at a frequency of 0.2 Hz 
following the Lissajous graph (LS2). In the complex 
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background Lissajous SPEM task (LS2B), the target stim-
ulus followed a 0.2  Hz Lissajous trajectory, but with a 
large stationary distractor of the same size as the target in 
the background.

Image acquisition and preprocessing
All participants underwent scanning with a Siemens 
3.0T machine. Participants were instructed to lie 
supine, keep their eyes closed, and remain awake. Foam 
padding and earplugs were used to minimize head 
motion. Resting-state fMRI data were acquired using 
an echo planar imaging sequence with specified param-
eters. TR/TE = 2000ms/30ms, flip angle = 90°, field of 
view = 220  mm×220  mm, 64 × 64 matrix, 4  mm slice 
thickness, 39 slices, and 200 volumes. A toolbox for Data 
Processing & Analysis for Brain Imaging (DPABI, ​h​t​t​p​s​:​
/​/​r​f​m​r​i​.​o​r​g​/​D​P​A​B​I​​​​​) software was used for data ​p​r​e​p​r​o​c​e​
s​s​i​n​g [44]. To obtain more stable data, the first 10 time 
points were discarded. Subsequently, slice timing and 
motion correction were performed. Next, the corrected 
data were normalized to the Montreal Neurological Insti-
tute (MNI) space to improve the signal-to-noise ratio 
and smoothed with a 4  mm full-width half-maximum 
isotropic Gaussian kernel. Finally, the data were band-
pass filtered between 0.01  Hz and 0.08  Hz and linearly 
detrended to remove high-frequency noise interference.

Connectivity matrices
The fMRI data was parcellated into 246 regions of interest 
(ROIs) using the Human Brainnetome Atlas [45], which 
divides the brain into 210 cortical and 36 subcortical sub-
regions based on anatomical and functional connectiv-
ity. Averaging fMRI time series in each ROI produced a 
representative time series for each subject. Consequently, 
a 246 × 246 FC matrix or edges was obtained for each 
participant.

CPM construction
CPM was performed using MATLAB scripts [29]. The 
data were split into training and testing sets (30 FSZ 
data, 28 CHR data, and 31 HC data) for cross-validation, 
employing a leave-one-subject-out method. Correlations 
between edges and MCCB and its subscales were com-
puted using Pearson correlation analysis in the train-
ing set. Significant edges were selected based on their 
linear association with clinical data using the thresh-
olds p < 0.001. The selected edges were summarized for 
each subject in the training set, resulting in single sum-
mary values for both positive and negative edge sets. A 
predictive model was then fitted. The model was used 
to predict MCCB and its subscales scores for the sub-
jects in the testing set, separately for positive and nega-
tive edge sets. The accuracy of the predictive model was 

evaluated in the testing set using permutation testing 
(5000 permutations).

Least absolute shrinkage and selection operator (Lasso) 
regression analysis
Lasso regression is a linear regression method that uses 
L1 regularization to reduce model complexity [46]. Con-
sidering that the CPM model selected many features, we 
used Lasso regression for feature dimensionality reduc-
tion. We performed a correlation analysis between the 
previously selected predictive network features and the 
MCCB scores and their subscales of FSZ and CHR par-
ticipants, which allowed us to select the edges most rel-
evant to the cognitive functions of FSZ and CHR.

Seed-based FC analysis
We used the features selected in the previous step as 
seeds to compare the differences in seed-based FC analy-
sis among three groups. We employed a one-way analy-
sis of variance (ANOVA) with age, sex, education years, 
and head motion as covariates. Post hoc t-tests were con-
ducted on the analysis results, followed by false discovery 
rate (FDR) correction (p < 0.05).

Classification analysis
Support vector machine (SVM) is a supervised discrimi-
native classification algorithm in machine learning, which 
has been widely applied in classification and prediction 
of various psychiatric disorders, such as schizophrenia, 
depression, bipolar disorder, and autistic spectrum disor-
ders [47–49]. The core of SVM is constructing a hyper-
plane that maximizes the distances of the nearest sample 
point to separate the data into different groups optimally 
[50]. In this work, SVM analysis was used to investigate 
whether cognitive-related FCs and cognitive features 
could identify FSZ from CHR by using the LIBSVM soft-
ware package ​(​h​t​t​p​:​/​/​w​w​w​.​c​s​i​e​.​n​t​u​.​e​d​u​.​t​w​/​$​\​s​i​m​$​c​j​l​i​n​/​l​i​b​
s​v​m​/​) in MATLAB. The “5-fold cross-validation” method 
was used to train the classifier and select the optimal fea-
ture combination to achieve the highest sensitivity and 
specificity.

Statistical analysis
Analysis of variance (ANOVA) was performed to analyze 
group differences in age, education years, eye movement 
parameters, MCCB and its subscales scores across three 
groups using SPSS26.0 (LSD between two group compar-
isons). A chi-square test was used to compare sex distri-
butions. The significance level was set at p < 0.05.

Correlation analysis was conducted to explore the 
correlations between abnormal FC and eye movement 
characteristics in FSZ and CHR, and the results were 
FDR-corrected at p < 0.05.

https://rfmri.org/DPABI
https://rfmri.org/DPABI
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Results
Demographic and clinical characteristics
Table  1 outlines the demographic and clinical charac-
teristics of three groups. CHR exhibited a lower age 
than FSZ and HCs (p < 0.001). A significant difference 
in education years between CHR and other groups was 
observed (p < 0.001). Consistent with expectations, the 
PANSS and SIPS scores of FSZ and CHR align with their 
respective disease characteristics. The following table 
(Table  2) exhibits significant inter-group disparities in 
various tests, including TMT, BACS, HVLT-R, BVMT-R, 
CPT-IP, and SCWT. Table S3 reflects the significant dif-
ferences in eye movements across three groups. During 

SPEM task, FSZ showed significantly longer higher peak 
velocity in HS4X, LS2, LS2B tasks compared to CHR. 
Compared with HCs, FSZ also showed increased peak 
velocity in HS4X, LS2 tasks and increased saccadic 
amplitude in HS4X and LS2B tasks.

CPM results based on cognitive domains and Lasso 
regression analysis
After linear regression of edges and cognitive traits of 
three groups, 19 edges were selected for negative cor-
relation with the BACS-SC scores, and 17 edges were 
selected for negative correlation with the CFT-A scores 
(Fig.  1). Single-subject summary values of significant 

Table 1  Participants demographics and clinical characteristics (M ± SD)
FSZ(N = 30) CHR(N = 28) HC(N = 31) F/χ2 p

Sex a (M/F) 14/16 11/17 21/10 χ2 = 5.227 0.073
Age (years) 22.40 ± 5.71 17.36 ± 4.39 21.68 ± 5.70 F(2,88) = 7.533 0.001 **
Education (years) 9.93 ± 4.08 7.96 ± 3.16 12.65 ± 1.92 F(2,88) = 16.32 0.001 **
PANSS 74.73 ± 20.77
Positive 18.23 ± 6.33
Negative 18.60 ± 6.11
General 37.90 ± 11.75
SIPS 32.75 ± 9.86
Positive 11.32 ± 4.07
Negative 12.04 ± 4.98
Disorganization 5.29 ± 2.62
General 6.71 ± 3.57
FSZ: first-episode schizophrenia, CHR: clinical high-risk, HC: healthy controls, PANSS: Positive and Negative Syndrome Scale, SIPS: Structured Interview for Psychosis-
risk Syndromes
a The classification variables were statistically tested by chi-square test

* 0.01<p ≤ 0.05, ** 0.001<p ≤ 0.01, *** p ≤ 0.001

Table 2  Differences in cognitive function across the three groups
FSZ vs. CHR FSZ vs. HC CHR vs. HC

EM FSZ CHR HC F p p p p
TMT 43.90 ± 8.37 46.54 ± 12.10 50.94 ± 11.02 3.445 0.036 0.346 0.011 0.114
BACS: Symbol Coding 35.53 ± 11.83 38.11 ± 10.80 46.55 ± 11.56 7.759 0.001 0.394 0.000 0.006
HVLT-R 37.27 ± 9.43 45.93 ± 12.35 46.10 ± 10.85 6.406 0.003 0.003 0.002 0.953
WMS-III: Spatial Span 45.90 ± 9.82 46.25 ± 12.69 46.58 ± 5.74 0.037 0.963 0.891 0.785 0.897
NAB: Mazes 46.83 ± 12.90 49.18 ± 13.36 52.06 ± 8.70 1.512 0.226 0.450 0.086 0.350
BVMT-R 44.13 ± 13.63 44.04 ± 10.82 53.42 ± 10.22 6.476 0.002 0.975 0.003 0.003
Animal naming Fluency 35.37 ± 11.58 40.04 ± 10.49 48.97 ± 12.76 10.683 0.000 0.132 0.000 0.004
CPT-IP 50.83 ± 8.89 72.11 ± 27.08 53.16 ± 10.28 13.329 0.000 0.000 0.597 0.000
Stroop Word Reading 47.30 ± 14.32 66.18 ± 20.56 53.65 ± 12.64 10.320 0.000 0.000 0.126 0.004
Stroop Color Naming 41.90 ± 10.74 41.68 ± 8.22 48.45 ± 9.75 4.806 0.011 0.931 0.010 0.009
Stroop Color Word 41.67 ± 9.61 41.46 ± 12.06 50.35 ± 10.46 6.788 0.002 0.943 0.002 0.002
Speed of Processing 38.30 ± 7.54 41.54 ± 8.56 48.58 ± 8.33 12.704 0.000 0.134 0.000 0.001
Attention Vigilance 50.83 ± 8.89 72.11 ± 27.08 53.16 ± 10.28 13.329 0.000 0.000 0.597 0.000
Working Memory 45.90 ± 9.82 46.25 ± 12.69 46.58 ± 5.74 0.037 0.963 0.891 0.785 0.897
Verbal Learning 37.27 ± 9.43 45.93 ± 12.34 46.10 ± 10.85 6.406 0.003 0.003 0.002 0.953
Visual Learning 44.00 ± 13.61 43.96 ± 10.81 53.42 ± 10.22 6.636 0.002 0.991 0.002 0.002
Reasoning and Problem Solving 46.83 ± 12.91 49.18 ± 13.36 52.06 ± 8.70 1.512 0.226 0.450 0.086 0.350
FSZ: first-episode schizophrenia, CHR: clinical high-risk, HC: healthy controls. TMT: Trail Making Test: Part A, BACS: Brief Assessment of Cognition in Schizophrenia, 
HVLT-R: Hopkins Verbal Learning Test Revised, WMS-III: Wechsler Memory Scale Third Edition, NAB: Neuropsychological Assessment Battery, BVMT-R: Brief 
Visuospatial Memory Test Revised, CPT-IP: Continuous Performance Test-Identical Pairs
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edges were set as independent variables and behav-
ioral variables as dependent variables to generate CPM. 
Permutation testing showed that CPM raising from the 
summary value of 19 edges could accurately predict indi-
vidual BACS-SC scores (r = 0.53, p < 0.001), and CPM 
raising from the summary value of 17 edges could predict 
individual CFT-A scores (r = 0.46, p = 0.024) (Fig. 2). After 
Lasso regression with significant edges and MCCB and 

their subscales scores, we obtained 9 edges most associ-
ated with patients’ cognitive features (Figure S1 and Table 
S1).

Seed-based FC differences between groups
Seven significant edges were found to be connected with 
the basal nucleus. Thus, we selected 7 nudes as seeds to 
construct FC networks. Table S2 and Fig.  3 reflect the 

Fig. 1  Visualizing selected connectivity features. (a) and (b) Circle plots: 19 edges (a) negative correlated with the Brief Assessment of Cognition in 
Schizophrenia: Symbol Coding scores of the MCCB, and 17 edges (b) negative correlated with the Animal naming Fluency scores of the MCCB with a 
typical significance threshold of p = 0.001. (c) and (d) Matrix plots: The cells of the matrix plots represent the difference between the total number of 
negative edges connecting the nodes in different brain regions. c represents the number of negative edges related to the Brief Assessment of Cognition 
in Schizophrenia: Symbol Coding scores. d represents the number of negative edges related to the Animal naming Fluency scores of the MCCB. MCCB: 
Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) Consensus Cognitive Battery
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Fig. 3  Differences in seed-based functional connectivity (FC) across the three groups. The patients with FSZ showed decreased FC between the Cingu-
late Gyrus_R_7_6 (Brainnetome Atlas) and the Right Superior frontal gyrus compared with the HC, and showed decreased FC between the Amygdala 
_R_2_1 (Brainnetome Atlas) and the Left Inferior parietal gyrus compared with the patients with CHR. The significance level of p value was corrected by 
false discovery rate (FDR) (corrected p < 0.05). FSZ: first-episode schizophrenia, CHR: clinical high-risk, HC: healthy control

 

Fig. 2  The CPM model predicted the Brief Assessment of Cognition in Schizophrenia: Symbol Coding scores of the MCCB (left), and the Animal naming 
Fluency scores of the MCCB (right). CPM: Connectome-based predictive modeling, MCCB: Measurement and Treatment Research to Improve Cognition 
in Schizophrenia (MATRICS) Consensus Cognitive Battery
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significant differences in seed-based FC patterns among 
three groups after FDR correction. Relative to HCs, FSZ 
had decreased FC between the right posterior cingulate 
cortex (PCC) and right superior frontal gyrus (SFG). 
Compared with CHR, FSZ had decreased FC between 
the right amygdala and left inferior parietal gyrus (IPG).

Identify FSZ patients using seed-based FC and cognitive 
scores
SVM analysis showed that FC between the right PCC 
and right SFG, BACS-SC and CFT-A scores as features 
could be used to discriminate FSZ from HC with an 
accuracy of 83.05%, a sensitivity of 86.67%, and a specific-
ity of 83.87%. Similarly, a combination of FC between the 
right amygdala and left IPG, BACS-SC and CFT-A scores 
could discriminate FSZ from CHR with an accuracy of 
77.59%, a sensitivity of 96.67% and a specificity of 57.14% 
(Fig. 4).

Correlations between FC of rois and eye-tracking data
For FSZ and CHR, FC between the right amygdala and 
left IPG were negatively correlated with the amplitude of 
saccades in HS4 and LS2 tasks with background inter-
ference (r = -0.28, p < 0.05; r = -0.29, p < 0.05), and peak 
velocity of saccades in HS4 and LS2 tasks with back-
ground interference (r = -0.27, p < 0.05; r = -0.29, p < 0.05) 
after the FDR correction (Figure S2).

Discussion
The predominant findings support our hypothesis that 
FSZ displayed decreased cognitive-related FC between 
the right PCC and right SFG compared with HCs and 
between the right amygdala and left IPG compared with 
CHR. Moreover, the BACS-SC and CFT-A scores com-
bined with FC between the right amygdala and left IPG 
could serve as a potential biomarker for distinguishing 
FSZ from CHR with high sensitivity. In addition, FSZ 

Fig. 4  3D view of the classified accuracy with the best parameters using seed-based FC, the BACS: Symbol Coding scores, and the Animal naming Flu-
ency scores as features. a1 and a2: To identify the patients with FSZ from the HC using the A23c_R-SFG_R, the BACS: Symbol Coding scores, and the 
Animal naming Fluency scores as features. b1 and b2: To identify the patients with FSZ from the patients with CHR using the mAmyg_R-IPG_L, the BACS: 
Symbol Coding scores, and the Animal naming Fluency scores as features. FC: functional connectivity, FSZ: first-episode schizophrenia, CHR: clinical high-
risk, HC: healthy control, mAmyg_R: Right Amygdala, SFG_R: Right Superior frontal gyrus, IPG_L: Left Inferior parietal gyrus
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exhibited eye movement abnormalities in SPEM tasks 
compared with HCs, and eye movement patterns of CHR 
are similar to HC. These eye movement alterations were 
associated with cognitive-related FC.

Consistent with previous researches [16, 17], CHR has 
mild to moderate global cognitive impairments between 
FSZ and HCs. However, the level of attention and vigi-
lance observed in CHR was higher than FSZ and HCs, 
suggesting that CHR were in an increased state of atten-
tion and vigilance to new stimuli in the environment [51]. 
Using the CPM algorithm, two cognitive features (BACS-
SC and CFT-A) were selected to generate the prediction 
model, both of which were used to evaluate processing 
speed. Confirmatory factor analysis in the structure of 
MCCB indicated that processing speed was a factor in 
the three-factors MCCB model, and symbol coding was 
the best single predictor for general cognitive perfor-
mance [52]. Additionally, another study demonstrated 
that processing speed and social cognition could best dis-
criminate schizophrenia from HCs [53]. It is reasonable 
that processing speed reflects the comprehensive applica-
tion of other cognitive functions, such as executive func-
tion, memory, and verbal fluency [8, 53–55]. In this study, 
both CHR and FSZ showed significant decreases in pro-
cessing speed compared with HCs, suggesting process-
ing speed is an early and sensitive cognitive indicator for 
schizophrenia [56].

In the present study, FSZ showed a decrease in FC 
between the right amygdala and left IPG compared with 
CHR. As the role of processing threat and learning fear, 
amygdala serves a more general role in responding to 
salient stimuli to facilitate the adaptation to goal-related 
situations, and links to regulate and modulate a diversity 
of cognitive functions, such as attention, explicit memory, 
and perception [57, 58]. For example, activated amygdala 
function was associated with faster performance during 
the high cognitive load in the working memory task [59]. 
Prior researches showed that volumes of lateral and basal 
amygdala nuclei were smaller in FSZ, whereas CHR only 
had volume deficits in lateral nuclei compared to HCs, 
suggesting abnormal structural changes in the amyg-
dala were engaged in schizophrenia progression [60, 61]. 
IPG, consisting of the supramarginal gyrus and adjacent 
angular gyrus, is a key neural convergence zone of vari-
ous mental processes involving spatial attention, sensory 
information, and semantic processing [62, 63]. Previous 
studies have provided evidence to support the left ante-
rior IFG was activated during semantic processing [64]. 
Virtual lesions on the left IPG in HCs were reported to 
interfere with semantic tasks during language compre-
hension [65, 66]. Other studies have focused on social 
cognitive function in participants and found activa-
tion between the amygdala and IPG was associated with 
the processing of faces without awareness and gesture 

planning and execution [67–69]. Our study found that 
function of attention and verbal learning in FSZ is sig-
nificantly worse than in CHR, which is consistent with 
the performance of the IPG and amygdala impairments. 
Therefore, we speculate that decreased FC between the 
IPG and amygdala may represent comprehensive cogni-
tive function impairments in FSZ.

Related to HCs, decreased FC between the right PCC 
and right SFG in FSZ was another important finding in 
this study, reflecting alterations specific to schizophrenia. 
PCC is a key component of the default mode network 
(DMN), implicated in a host of cognitive and affective 
processing [70]. Prior studies have found that PCC was 
deactivated during attention and externally directed 
thought tasks and active during tasks involving inter-
nally directed thought, such as daydreaming and memory 
recollection [71, 72]. SFG is a subarea of the dorsolateral 
prefrontal cortex (DLPFC), which has extensive inter-
connections with almost all cortical and subcortical 
structures. Recent studies on FSZ found that destroyed 
FCs between the SFG and essential nodes of DMN were 
associated with processing speed [73]. Thus, we specu-
late that differences in cognitive function, particularly 
processing speed, between FSZ and HCs may be due to 
disturbed neural activity in the right PCC and right SFG.

Results of SVM analysis further supported a combi-
nation of FC between the right amygdala and left IPG, 
BACS-SC and CFT-A scores could serve as early markers 
for discriminating FSZ from CHR with a high sensitivity 
of 96.67%, although specificity was relatively low. Simi-
larly, FC between the right PCC and right SFG, BACS-
SC and CFT-A scores could be applied as a potential 
maker for discriminating FSZ from HCs with a sensitiv-
ity of 86.67% and a specificity of 83.87%. Previous studies 
suggested that sensitivity should be more than 70% [74]. 
Therefore, the sensitivities in this study are acceptable. 
However, we did not discriminate CHR from HCs for no 
significant cognitive-related FC features. This result may 
be partly explained by the attenuation in symptoms and 
functional abnormalities in CHR. Future studies should 
include other specific features to distinguish them.

In SPEM tasks, when a participant’s eye movement 
speed is slower than target speed, they compensate for 
the gap by generating catch-up saccades, which increases 
peak velocity [75]. FSZ showed decreased accuracy in 
tracking targets compared to CHR and HCs, as evi-
denced by significantly higher amplitude and faster sac-
cades. These findings are consistent with previous studies 
reporting smooth pursuit impairments in schizophre-
nia and their relatives [76, 77]. In contrast, saccade per-
formance in CHR was more similar to HCs. Although 
several studies have reported eye movement abnormali-
ties in CHR, our study did not find such abnormalities 
[39, 78], which may be attributed to differences in task 
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strategies and disease stage. Additionally, aberrant peak 
velocities of saccades were observed only in FSZ, sug-
gesting that CHR did not yet exhibit the compensatory 
catch-up saccades seen in FSZ, and peak velocities of sac-
cades may be a distinguishing feature of fully developed 
schizophrenia. Furthermore, FC between the right amyg-
dala and left IPG was negatively correlated with saccades’ 
amplitude and peak velocity. It has been suggested that 
abnormalities in brain regions such as the parietal cortex, 
prefrontal cortex, thalamus, and basal ganglia may play 
a crucial role in smooth pursuit impairments in schizo-
phrenia [79, 80]. Parietal cortex is crucial for saccadas 
control; for instance, stimulation of neurons in the lateral 
intraparietal sulcus in monkeys triggers saccades [81]. 
Similarly, stimulation of the parietal eye fields can initi-
ate smooth pursuit eye movements [82], and these fields 
contain neurons that project to the pursuit region of the 
frontal eye fields [83]. The amygdala, primarily involved 
in processing facial features and emotional cues, plays a 
key role in directing visual attention toward socially rel-
evant stimuli [84]. However, its involvement in non-facial 
or non-emotional tasks remains unclear. Our results con-
firm that IPG and amygdala may be involved in SPEM.

This study had several strengths worth noting. For 
example, FSZ and CHR were recruited in our study 
to limit potential confounding effects caused by sub-
stance and medication use, long illness duration, and 
age-related neural changes. Second, only a few previous 
studies have established the relationship between brain 
regions and clinical features in schizophrenia (e.g., posi-
tive symptoms, individualized response to antipsychotic 
treatment) utilizing the CPM method [85, 86]. To our 
knowledge, the present research is the first to explore 
brain-cognitive relationships from whole-brain FC pat-
terns in the early phases of psychosis. Recent studies 
have shown that mapping intrinsic brain connectivity 
networks offers valuable insights into human behavior, 
cognition, and psychiatric disorders [87–89]. Viewing 
mental illnesses from a symptom network or connectiv-
ity perspective may offer a better understanding of their 
development. Third, the relationships between eye move-
ments and FC network were established, providing a new 
perspective for in-depth research into alterations in cog-
nitive function.

Some limitations could be listed. First, sample size 
in our study was small, although the cross-validation 
method was used to increase reliability and reproducibil-
ity [90]. Second, social cognitive function was not evalu-
ated by using appropriate scales for the broad age range 
of the participants. Finally, our study is a cross-sectional 
design, which had no information about transitions to 
psychosis in CHR. CHR includes both patients who may 
convert to psychosis and those who may not, and the 
possibility of two independent patterns of brain function 

could not be excluded. Thus, findings in CHR should be 
interpreted with caution. Future research should focus 
on larger sample sizes and longitudinal studies that track 
the progression of CHR over time.

Conclusions
This study showed that FSZ and CHR exhibited differ-
ent patterns of cognitive-related FC and eye movements. 
Moreover, combining cognitive-related FC and cognitive 
features may be a reliable biomarker for distinguishing 
FSZ from CHR. Our findings illustrate potential neuro-
imaging and cognitive markers for early identification of 
psychosis that could help prevent schizophrenia in at-risk 
populations.
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