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ARTICLE INFO ABSTRACT
Keywords: Background and hypothesis: Treatment-resistant schizophrenia (TR-SZ) and non-treatment-resistant schizophrenia
Treatment-resistant schizophrenia (NTR-SZ) lack specific biomarkers to distinguish from each other. This investigation aims to identify consistent

Resting-state fMRI
Functional connection
Brain atlas

Machine learning
Brain network

dysfunctional brain connections with different atlases, multiple feature selection strategies, and several classifiers
in distinguishing TR-SZ and NTR-SZ.

Study design: 55 TR-SZs, 239 NTR-SZs, and 87 healthy controls (HCs) were recruited from the Affiliated Brain
Hospital of Nanjing Medical University. Resting-state functional connection (FC) matrices were constructed from
automated anatomical labeling (AAL), Yeo-Networks (YEO) and Brainnetome (BNA) atlases. Two feature se-
lection methods (Select From Model and Recursive Feature Elimination) and four classifiers (Adaptive Boost,
Bernoulli Naive Bayes, Gradient Boosting and Random Forest) were combined to identify the consistent FCs in
distinguishing TR-SZ and HC, NTR-SZ and HC, TR-SZ and NTR-SZ.

Study results: The whole brain FCs, except the temporal-occipital FC, were consistent in distinguishing SZ and HC.
Abnormal frontal-limbic, frontal-parietal and occipital-temporal FCs were consistent in distinguishing TR-SZ and
NTR-SZ, that were further correlated with disease progression, symptoms and medication dosage. Moreover, the
frontal-limbic and frontal-parietal FCs were highly consistent for the diagnosis of SZ (TR-SZ vs. HC, NTR-SZ vs.
HC and TR-SZ vs. NTR-SZ). The BNA atlas achieved the highest classification accuracy (>90 %) comparing with
AAL and YEO in the most diagnostic tasks.

Conclusions: These results indicate that the frontal-limbic and the frontal-parietal FCs are the robust neural
pathways in the diagnosis of SZ, whereas the frontal-limbic, frontal-parietal and occipital-temporal FCs may be
informative in recognizing those TR-SZ in the clinical practice.

1. Introduction (Correll et al., 2022; Siskind et al., 2022) (up to 30%) of non-responders
to modern medications, a condition which is defined as treatment-

Schizophrenia (SZ) is a severe, chronic and debilitating mental resistant schizophrenia (TR-SZ). Compared to non-TR-SZ (NTR-SZ),
illness, characterized by positive and negative symptoms, and cognitive TR-SZ exhibits an higher genetic and environmental risks (Crespo-
deficits (Qi et al., 2020), with a clinical burden compounded by high rate Facorro et al., 2013), earlier age of onset, lower rates of functional
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recovery and higher overall clinical burden (Nucifora et al., 2019).
Furthermore, existing studies suggest that TR—SZ may be a more fa-
milial form of SZ (Crespo-Facorro et al., 2013) and that TR-SZ and NTR-
SZ probably originate from different pathophysiological mechanisms
(Shin et al., 2022), reflected in different brain changes (Nucifora et al.,
2019), indicating that TR-SZ may be a distinct subtype of SZ. Thus,
identifying such differences may have diagnostic value for TR-SZ, such
as distinguishing patients who are likely to fail antipsychotic treatment
and whom may need earlier intervention with clozapine (the only drug
established for TR-SZ).

Numerous neuroimaging-based studies have reported brain struc-
tural and functional differences between TR-SZ and NTR-SZ. Reduced
frontal and temporal cortical thickness in TR-SZ comparing with NTR-
SZ/healthy control (HC) was reported as the most consistent findings
in structural magnetic resonance imaging (sMRI)-based studies (Barry
et al., 2019; Itahashi et al., 2021; Shah et al., 2020; Wannan et al., 2019;
Zugman et al., 2013). Furthermore, lower fractional anisotropy in the
superior longitudinal fasciculus (Aggarwal et al., 2021; Matrone et al.,
2022; McNabb et al., 2020; Ochi et al., 2020) was identified in multiple
diffusion MRI (dMRI) studies of TR-SZ. Functional MRI (fMRI) provides
intricate information on the connectivity among brain regions and
therefore may present a more sensitive TR biomarker comparing with
structural imaging. One previous study observed no difference in the
whole-brain connectivity between HC and SZ, including NTR-SZ and TR-
SZ (McNabb et al., 2018). Other studies found both decreased whole-
brain functional connections (FCs) (Ganella et al., 2017) and reduced
frontal-temporal-occipital FCs in TR-SZ (Ganella et al., 2017). Differ-
ences within thalamic subregions and medial frontal cortex FC were
observed between TR-SZ and HC (Kim et al., 2022). However, there is no
consistent functional neuroimaging biomarkers that reflects the differ-
ences between TR-SZ and NTR-SZ. The focus of this study is to identify
the consistent FC biomarkers that could distinguish TR-SZ and NTR-SZ.

Due to its noninvasiveness and high spatial and relatively high
temporal resolution, fMRI is a natural choice for investigating the brain
network dysfunction in brain disorders (Canario et al., 2021; Finn et al.,
2023). Several FC-based studies have attempted to develop biomarkers
sensitive to SZ. A study constructing FC matrix based on a multiscale
functional template (64 regions) atlas found that the whole brain FCs
contributed to the distinction between SZ and HC when using a support
vector machine (SVM) classifier (Orban et al., 2018). The same SVM
using an automated anatomical labeling (AAL) atlas showed decreased
strength in anterior right cingulate cortex, inferior left parietal cortex
and superior right temporal cortex has been identified as diagnostic
features for SZ (Bae et al., 2018). Kendall tau rank correlation coefficient
downscaling strategy indicate that the visual network is crucial for the
diagnosis of SZ (Su et al., 2013). However, the selected false discovery
rate (SelectFdr) of scikit-learn feature selection strategy highlighted that
frontal-limbic regions show the potential for SZ and HC classification
(Liang et al., 2020). A 3-dimensional convolutional neural network (3D-
CNN) classification framework identified the visual network and the
central executive network as the most discriminating features between
SZ and HC (Qureshi et al., 2019), while through recurrent neural
network (RNN), the distinguishing features was located at inferior
frontal gyrus, putamen, lentiform nucleus, parahippocampal gyrus and
caudate (Yan et al., 2019). Collectively, current fMRI-based SZ diag-
nostic studies are inconsistent likely due to the exiting numerous brain
atlases (Moghimi et al., 2022), feature selection strategies, classifiers,
limited sample size (< 50). Previous studies reported classification ac-
curacies for differentiating SZ from HC ranging from 0.72 to 0.92 (Bae
et al., 2018; Itahashi et al., 2021; Liang et al., 2023; Liang et al., 2020;
Orban et al., 2018; Qi et al., 2022; Shi et al., 2021; Winterburn et al.,
2019; Yan et al., 2019; Zhao et al., 2024). These variations could be
biased due to methodological inconsistencies, which leads to differences
in classification performance across studies. Such biases could
compromise the validity of these results as accurate representations of
the genuine underlying neural mechanisms associated with SZ
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diagnosis. Therefore, it is crucial to identify consistent and robust FCs for
the diagnosis of TR-SZ across multiple atlases, feature selection strate-
gies, classifiers and under larger samples (Elliott et al., 2021), while
ensuring high accuracy.

In the present study, we aim to identify consistent and robust resting-
state brain FCs in distinguishing TR-SZ and HC, NTR-SZ and HC, as well
as TR-SZ and NTR-SZ over three commonly used brain atlases (including
AAL (Tzourio-mazoyer et al., 2002); Yeo-Networks (Tian et al., 2020;
Yeo et al., 2011), YEO; and Brainnetome (Fan et al., 2016), BNA) by
combing two dimensionality reduction methods (Select From Model,
SFM; Recursive Feature Elimination, RFE) with four classifiers (Adaptive
Boost (Schapire, 2013), Adaboost; Bernoulli Naive Bayes (Dai et al.,
2013; Rish, 2001), Gradient Boosting (Natekin and Knoll, 2013) and
Random Forest (Breiman, 2001)). The AAL and BNA are representative
structural brain atlases, while YEO is a functional brain parcellation.
SFM and RFE are the two classical feature selection methods that adopt
different strategies and criteria in evaluating features. Adaptive boost,
Bernoulli Naive Bayes, Gradient Boosting and Random Forest are the
representative classifiers that were commonly used in the diagnosis of
patients. By employing diverse methodologies, including the use of
multiple brain atlases, dimensionality reduction techniques, and clas-
sifiers, we validate the robustness of our research findings. This redun-
dancy strategy enhances the credibility and generalizability of our
conclusions, demonstrating consistency across different conditions and
minimizing the likelihood of chance or bias.

2. Methods and materials
2.1. Participants

A total of 381 subjects, including 55 TR-SZs, 239 NTR-SZs, and 87
HCs were consecutively recruited from the Affiliated Brain Hospital of
Nanjing Medical University. Diagnosis of SZ was confirmed by two
experienced psychiatrists with the position of associate chief physician
or higher using the Structured Clinical Interview according to the World
Health Organization’s International Classification of Diseases (ICD)-10
(WHO, 1992). The severity of SZ symptoms was assessed with the Pos-
itive and Negative Syndrome Scale (PANSS) (Kay et al., 1987). For the
TR-SZ, the criteria for enrollment are as follows: (1) Absence of signif-
icant improvement in psychopathology or other target symptoms,
despite undergoing treatment with two different antipsychotics from at
least two distinct chemical classes over the past five years; At least one of
these medications should be an atypical antipsychotic; Treatment
should have been administered at recommended dosages for a duration
of 2 to 8 weeks per drug; Absence of significant improvement was
defined as reduction rate of total PANSS<20% (Hasan et al., 2012); (2)
Resistant positive symptoms required that at least two positive symptom
items have scores of 4 or higher, or one positive symptom item has a
score of 5 or higher in PANSS assessment (Howes et al., 2017). For the
NTR-SZ, the criteria for enrollment are as follows: (1) Failure to meet the
criteria for TR-SZ (Hasan et al., 2012); (2) Reduction rate of total
PANSS>20% (Howes et al., 2017). Treatment doses of different types of
antipsychotic drugs are converted to equivalent doses of olanzapine
(OLA-ED) (Leucht et al., 2016).

The exclusion criteria for patients were as follows: (1) Organic
mental disorders, psychoactive substances abuse, intellectual disability
(IQ < 70), mood disorders, mental disorders resulting from physical
illness, (2) Known central nervous system diseases, such as encephalitis,
epilepsy, brain trauma, and severe physical illnesses, (3) Contraindica-
tions for MRI scanning, including pregnancy or presence of metal
foreign bodies, (4) Patients who had undergone electroconvulsive
therapy within the past 6 months. Exclusion criteria for HCs were as
follows: (1) Presence of mental illness, (2) Family history of mental
illness, (3) Previous use of antipsychotic medication, (4) Organic mental
disorders, psychoactive substances abuse, intellectual disability (IQ <
70), mood disorders, mental disorders resulting from physical illness, (5)
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Known central nervous system diseases, such as encephalitis, epilepsy,
brain trauma, and severe physical illnesses, (6) Contraindications for
MRI scanning, including pregnancy or presence of metal foreign bodies,
(7) Patients who had undergone electroconvulsive therapy within the
past 6 months.

Participants were informed about the study procedures. Written
informed consent was obtained from all participants and their legal
guardians. The study was approved by the local Ethics Committee of the
Affiliated Nanjing Brain Hospital, Nanjing Medical University (No.
KY44, 2011). The demographic and clinical information are summarized
in Table 1. Details on the scanning parameters and preprocessing steps
can be found in Supplementary “Imaging parameters and
preprocessing”.

3. Study design

Based on the analytic plan pointed out in the introduction, we con-
ducted the following procedures. FC matrices were constructed from
AAL (90 regions of interest, ROIs; Supplementary Table 1; (Tzourio-
mazoyer et al., 2002)), YEO (130 ROIs; Supplementary Table 2; (Tian
et al., 2020; Yeo et al., 2011)), BNA (246 ROIs; Supplementary Table 3;
(Fan et al., 2016)) atlases separately, by calculating the Pearson corre-
lation of the mean time series for each pair of brain regions (Fig. 1a). The

lower triangle of the FC matrices was flattened to obtain the feature

matrix (subjects x %015’1)). FMRI data retrieval, FC matrix con-

struction, feature selection and classifications were all conducted on the
PyCharm platform. Two feature selection approaches (SFM and RFE)
with four classifiers (Adaptive Boost, Bernoulli naive Bayes, Gradient
Boosting and Random Forest) were combined to classify between TR-SZ

and HC, NTR-SZ and HC, as well as TR-SZ and NTR-SZ (Fig. 1b). 1000

% features within

features were selected by SFM or RFE among
each fold during cross-validation in the following classifications. Prior to
each 5-fold cross-validation, a data balancing operation was performed.
The unbalanced NTR-SZ data were randomly subsampled to match the
amount of TR-SZ. Subsequently, the balanced dataset was then divided
randomly and equally into five parts. Four of these parts were used as
training set to fit the model, while the remaining part was used as a test
set to verify the model’s accuracy. This process was repeated 1000
times. The top 40% contributed FCs under 1000 times 5-fold cross-
validation were used to find the most consistent FCs across the 3 brain
atlases (Fig. 1c), over 2 feature selection (SFM and RFE) and 4 classifi-
cation methods (Adaboost, Bernoulli Naive Bayes, Gradient Boosting
and Random Forest). SFM and RFE could extract the contributed FCs
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directly without altering the original features. The four traditional
classifiers are universally applicable and have the potential to identify
more robust FCs. The above mentioned, including fMRI data retrieval,
FC matrix construction, feature selection and classification, were all
conducted on the PyCharm platform, along with third-party libraries
such as ‘sklearn’, using the Python language for programming. Supple-
mentary Table 4 provides details on the functions used and their specific
parameters. Age, gender and education (Table 1) were regressed out
prior to the classification analysis.

4. Results
4.1. Classification results

The classification accuracy in distinguishing between TR-SZ and HC,
NTR-SZ and HC, as well as TR-SZ and NTR-SZ were displayed in Sup-
plementary Fig. 1. For the three diagnostic tasks, the mean + standard
deviation classification accuracies of the 24 combinations under 1000
times 5-fold cross-validation were as follows: TR-SZ vs. HC: 0.90 + 0.05,
NTR-SZ vs. HC: 0.80 + 0.04 and TR-SZ vs. NTR-SZ: 0.74 + 0.04,
respectively. The BNA, RFE combined with Bernoulli classifiers pro-
duced the optimum results for all the diagnostic tasks (TR-SZ vs. HC:
0.99, NTR-SZ vs. HC: 0.98 and TR-SZ vs. NTR-SZ: 0.92).

4.2. Consistent FCs in distinguish TR-SZ and HC

The FCs between inferior frontal gyrus-superior temporal gyrus/
supramarginal gyrus, precental gyrus-inferior temporal gyrus/rolandic
operculum, superior parietal gyrus-inferior occipital gyrus/hippocam-
pus/parahippocampal gyrus, inferior parietal gyrus-insula, cuneus-
middle frontal gyrus/postcentral gyrus/inferior parietal gyrus/supra-
marginal gyrus, precuneus-superior temporal gyrus/hippocampus/
angular gyrus, angular gyrus-heschl gyrus, amygdala-superior frontal
gyrus/rolandic operculum and putamen-olfactory cortex/supramarginal
gyrus were the consistent FCs among 2 feature selections and 4 classi-
fiers for AAL (Fig. 2a). The FCs between control network-default mode
network/somatomotor/dorsal attention network, visual-dorsal atten-
tion network, ventral attention network-default mode network/soma-
tomotor/ventral attention network/subcortex and subcortex-visual
network/limbic/somatomotor/subcortex were the consistent for YEO
(Fig. 2b). The FCs between superior frontal gyrus-precentral gyrus/basal
ganglia/thalamus, middle frontal gyrus-superior temporal gyrus/infe-
rior temporal gyrus, precuneus-precentral gyrus/superior temporal

Table 1
Demographic and clinical information of TR-SZ, NTR-SZ and HC.
TR-SZ NTR-SZ HC p1? p2° p3° pa?
Demographic characteristics
Sample size (N) N=55 N =239 N =287
Age (year) 36.1 £11 31.9 £10.1 295+7.1 0.011 1.6x 1074 0.02 0.002
Gender (M/F) 23/32 64/175 41/46 0.043 0.54 0.0011 2.3x 1074
Education (year) 12.3+ 2.6 13.2 + 3.7 153+ 27 0.048 1.3x107° 2.6x 1078 33x10°8
Clinical characteristics
Onset (year) 19.1 + 4.3 26.7 + 9.0 n/a 7.9x 10717 n/a n/a n/a
Duration (year) 17.1 +£9.4 5.4+5.4 n/a 83x 10713 n/a n/a n/a
OLA-ED (mg/day) 15.0 £ 7.6 10.7 £17.1 n/a 0.0048 n/a n/a n/a
PANSS Positive 26.7 £ 5.0 23.2+ 6.5 n/a 2.8x 107° n/a n/a n/a
Negative 22.2+5.7 199+ 7.6 n/a 0.016 n/a n/a n/a
General 46.7 £ 7.2 40.6 = 9.0 n/a 3.8x 1077 n/a n/a n/a
Total 95.6 + 14.3 83.7 £19.5 n/a 1.2x 107 n/a n/a n/a

Abbreviations: (alphabetical order): HC: healthy control, NTR-SZ: non-treatment-resistant schizophrenia, OLA-ED:

and Negative Syndrome Scale, TR-SZ: treatment-resistant schizophrenia.
a. “pl” denotes the p values for the correlation between TR-SZ and NTR-SZ.
b. “p2” denotes the p values for the correlation between TR-SZ and HC.
c. “p3” denotes the p values for the correlation between NTR-SZ and HC.
d. “p4” denotes the p values for the correlation between TR-SZ, NTR-SZ and HC.
A + B represents mean + standard deviation

equivalent doses of olanzapine, PANSS: Positive
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Fig. 1. The workflow of this study. (a) FC matrices construction over 3 atlases. (b) Classification between TR-SZ and HC, NTR-SZ and HC, as well as TR-SZ and NTR-
SZ with 2 feature selection methods and 4 classifiers. (c) Consistent FCs across the 3 atlases, 2 feature selections and 4 classifiers. Abbreviations (alphabetical order):
AAL: automated anatomical labeling, BNA: Brainnetome, FC: Functional connection, HC: healthy control, NTR-SZ: non-treatment-resistant schizophrenia, RFE:
Recursive Feature Elimination, SFM: Select From Model, TR-SZ: treatment-resistant schizophrenia, YEO: Yeo-Networks.

sulcus, amygdala-orbital gyrus/precentral gyrus, medial occipital
cortex-basal ganglia/thalamus, inferior parietal lobule-insular gyrus,
paracentral lobule-lateral occipital cortex, superior temporal gyrus-
hippocampus were the consistent for BNA (Fig. 2¢). Details on the
consistent FCs over AAL, YEO and BNA in distinguishing TR-SZ and HC
can be found in Supplementary Table 5. Comparing AAL, YEO and BNA,
the frontal-limbic, frontal-parietal, frontal-temporal, frontal-occipital,
parietal-limbic and parietal-temporal FCs were consistent in distinguish
TR-SZ and HC.

4.3. Consistent FCs in distinguish NTR-SZ and HC

The FCs between inferior frontal gyrus-middle frontal gyrus/anterior
cingulate gyri/posterior cingulate gyrus/amygdala/supramarginal
gyrus/precuneus/superior temporal gyrus/inferior temporal gyrus,
postcentral gyrus-lingual gyrus/rolandic operculum, superior parietal

gyrus-hippocampus/parahippocampal gyrus, cuneus-middle frontal
gyrus/supramarginal gyrus, inferior parietal gyrus-median cingulate
gyri/posterior cingulate gyrus/paracentral lobule, putamen-median
cingulate gyri/superior temporal gyrus, amygdala-rolandic opercu-
lum/lingual gyrus, middle temporal gyrus-anterior cingulate gyri/infe-
rior occipital gyrus/supramarginal gyrus, calcarine fissure-fusiform
gyrus were the consistent for AAL (Fig. 3a). The FCs between control
network-default mode network/dorsal attention network/somatomo-
tor/subcortex, default mode network-ventral attention network/limbic,
visual network-ventral attention network/visual, subcortex-
somatomotor/ventral attention network/subcortex, ventral attention
network-ventral attention network were the consistent for YEO
(Fig. 3b). The FCs between middle frontal gyrus-orbital gyrus/superior
temporal gyrus/inferior temporal gyrus/parahippocampal gyrus, infe-
rior frontal gyrus-superior frontal gyrus/orbital gyrus, medial occipital
cortex-superior parietal lobule/inferior parietal lobule, insular-
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Fig. 2. The top 40% contributed FCs from AAL (a), YEO (b) and BNA (c) atlases in distinguishing TR-SZ and HC. Abbreviations (alphabetical order): AAL: automated
anatomical labeling, BNA: Brainnetome, FC: Functional connection, HC: healthy control, RFE: Recursive Feature Elimination, SFM: Select From Model, TR-SZ:

treatment-resistant schizophrenia, YEO: Yeo-Networks.

parahippocampal gyrus/basal ganglia, lateral occipital cortex-basal
ganglia/superior parietal lobule, cingulate gyrus-middle frontal gyrus/
fusiform gyrus, precuneus-orbital gyrus/medial occipital cortex, para-
central lobule-inferior parietal lobule, postcentral gyrus-thalamus were
the consistent for BNA (Fig. 3¢). Details on the consistent FCs over AAL,
YEO and BNA in discriminating NTR-SZ and HC are given in Supple-
mentary Table 6. Comparing AAL, YEO and BNA, the frontal-limbic,
frontal-parietal, frontal-temporal, limbic-parietal, limbic-occipital and
limbic-temporal FCs were consistent in distinguish NTR-SZ and HC.

4.4. Consistent FCs in distinguish TR-SZ and NTR-SZ

The FCs between superior frontal gyrus-insula, lingual gyrus-
postcentral gyrus, cuneus-inferior parietal gyrus, precuneus-angular
gyrus, inferior frontal gyrus-supramarginal gyrus, olfactory cortex-
pallidum/thalamus, inferior occipital gyrus-pallidum, lingual gyrus-
middle temporal gyrus were the consistent for AAL (Fig. 4a). The FCs
between ventral attention network-default mode network/somatomo-
tor/visual network/control network/subcortex, subcortex-visual
network/subcortex were the consistent for YEO (Fig. 4b). The FCs be-
tween middle temporal gyrus-inferior temporal gyrus/hippocampus/
basal ganglia, medial occipital cortex-middle frontal gyrus/superior
temporal sulcus/parahippocampal gyrus, inferior parietal lobule-orbital
gyrus/cingulate gyrus, thalamus-inferior temporal gyrus/basal ganglia,
amygdala-superior frontal gyrus were the consistent for BNA (Fig. 4c).
Details on the consistent FCs over AAL, YEO and BNA in distinguishing
TR-SZ and NTR-SZ can be found in Supplementary Table 7. Comparing

AAL, YEO and BNA, the frontal-limbic, frontal-parietal and occipital-
temporal FCs were consistent in distinguish TR-SZ and NTR-SZ.

4.5. Consistent frontal-limbic FCs in all the diagnosis of SZ

The frontal-limbic and frontal-parietal connectivity were consis-
tently found in all the SZ diagnosis (TR-SZ vs. HC, NTR-SZ vs. HC, TR-SZ
vs. NTR-SZ), in which the frontal-limbic, frontal-parietal and occipital-
temporal FCs were consistent in differentiating TR-SZ and NTR-SZ
(Fig. 5a). All the above consistent FCs overlaid with 3 atlases were not
correlated with age, gender and education. The BNA atlas achieved the
highest classification accuracy (>90%) compared with AAL and YEO in
all the diagnosis tasks (TR-SZ vs. HC, NTR-SZ vs. HC and TR-SZ vs. NTR-
SZ, Fig. 5¢).

The identified consistent frontal-limbic, frontal-parietal and
occipital-temporal FCs in distinguishing TR-SZ and NTR-SZ were found
to be correlated with disease progression (disease duration), symptoms
(PANSS negative) and medication dosage (OLA-ED, Fig. 5b, Supple-
mentary Table 8). Specifically, in TR-SZ and NTR-SZ (together): four FCs
between middle temporal gyrus (MTG)-lingual gyrus (LING), precuneus
(PCUN)-inferior parietal lobule (IPL), and putamen (PUT)-nucleus
accumbens (NAc) were associated with disease duration (r =
0~15a Puncorrected = 0-0081; r = 0‘209 Puncorrected = 000061; r
0.15, puncorrected = 0.0080), respectively; the PCUN-IPL FC was corre-
lated with OLA-ED (r = 0.15,pyncorreced = 0-0081); the pallidum (PAL)-
olfactory cortex (OLF) FC was associated with PANSS negative (r = 0.16,
Puncorrected = 0.0072). Among these, the FC between PCUN-IPL, which
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NTR-SZ vs. HC
Adaptive Bernoulli Gradient Random FC overlay cross FC overlay cross
naive Bayes boosting classifiers feature selections

Boost

a) AAL

Forest

\
sl
\

c) BNA(
SFM
RFE
[N Frontal [N Limbic Occipital
Subcortical Temporal [N Insular
[ Salience NN Visual

~Ne

>

Parietal N Dorsal Attention
I Control N Default Mode

Somatomotor

Fig. 3. The top 40% contributed FCs from AAL (a), YEO (b) and BNA (c) atlases in distinguishing NTR-SZ and HC. Abbreviations (alphabetical order): AAL:
automated anatomical labeling, BNA: Brainnetome, FC: Functional connection, HC: healthy control, NTR-SZ: non-treatment-resistant schizophrenia, RFE: Recursive

Feature Elimination, SFM: Select From Model, YEO: Yeo-Networks.

was associated with disease duration, passed the Bonferroni correction
(pcorrected = 0.014).

5. Discussion

This study investigated the differences among TR-SZ, NTR-SZ and HC
using 3 atlases, 2 feature selections and 4 classifiers to identify the
consistent FCs. As summarized in Fig. 5, this study demonstrated the
following results. (1) The whole brain FCs, except the temporal-occipital
FC, were consistent in distinguishing SZ and HCs (TR-SZ vs. HC and
NTR-SZ vs. HC). (2) Abnormal frontal-limbic, frontal-parietal and
occipital-temporal FCs were consistent over 3 atlases, 2 feature selec-
tions and 4 classifiers in distinguishing TR-SZ and NTR-SZ. (3) The
consistent frontal-limbic, frontal-parietal and occipital-temporal FCs
were further correlated with disease progression, symptoms and medi-
cation dosage. (4) The frontal-limbic and frontal-parietal FCs were
highly consistent for the diagnosis of SZ across 3 atlases. (5) The BNA
atlas achieved the highest classification accuracy (>90%) comparing
with AAL and YEO in most diagnosis tasks (TR-SZ vs. HC, NTR-SZ vs. HC
and TR-SZ vs. NTR-SZ).

The whole brain FCs, except the temporal-occipital FC, reflect the
differences between SZ (TR-SZ/NTR-SZ) and HC robustly. Consistent
with our results, a previous study reported that abnormal FCs were
widely distributed in the whole brain in the diagnosis of SZ (Hua et al.,
2020). Similarly, both data-driven and seed-based analyses identified
elevated global brain signal variability in SZ (Yang et al., 2014).
Decreased FCs between temporal cortex-amygdala and putamen-

temporal/postcentral cortex were observed in distinguishing SZ be-
tween HC (Erdeniz et al., 2017). SZ also exhibited decreased FCs in
precuneus, frontal, temporal, cerebellum and cingulate cortex when the
hippocampus served as seed regions (Duan et al., 2015). Lower FCs
between 14 distinct cerebellar network pairs were identified in first-
episode SZ (Feng et al., 2022). Widespread dynamic FCs involving
sensorimotor, attention, limbic and subcortical areas at both regional
and network levels (Long et al., 2020) were found in SZ. These results
showed that SZ influences the strength and efficiency of connections
between almost all the brain regions, indicating that SZ may involve
brain network abnormalities across multiple levels.

The frontal-limbic, frontal-parietal and occipital-temporal neural
circuits are the identified consistent FCs in differentiating TR-SZ and
NTR-SZ. Previously cortical surface modelling identified decreased
cortical thickness in prefrontal cortex between TR-SZ and NTR-SZ
(Zugman et al., 2013). Statistical analysis of cortical volume and
thickness in TR-SZ showed significant reductions in frontal, parietal,
occipital, temporal and cingulate cortex comparing with NTR-SZ (Barry
et al., 2019). Direct group comparisons between TR-SZ and NTR-SZ
found reduced cortical thickness in frontal, fusiform gyrus (namely the
medial occipitotemporal gyrus) and Supramarginal cortex, a part of
parietal (Fan et al., 2023). Furthermore, TR-SZ exhibited reduced FC
within limbic between ventral striatum and substantia nigra compared
to NTR-SZ (White et al., 2016). Regional homogeneity revealed wide-
spread discrepancy in frontal and fusiform gyrus between TR-SZ and
NTR-SZ (Gao et al., 2018). Comparing with the whole brain FCs (except
the occipital-temporal) in distinguishing SZ and HC, the occipital-
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Fig. 4. The top 40% contributed FCs from AAL (a), YEO (b) and BNA (c) atlases in distinguishing TR-SZ and NTR-SZ. Abbreviations (alphabetical order): AAL:
automated anatomical labeling, BNA: Brainnetome, FC: Functional connection, NTR-SZ: non-treatment-resistant schizophrenia, RFE: Recursive Feature Elimination,
SFM: Select From Model, TR-SZ: treatment-resistant schizophrenia, YEO: Yeo-Networks.

temporal FC is specific in distinguishing TR-SZ and NTR-SZ. This indi-
cate that the occipital- temporal FC may be a potential target in recog-
nizing those TR-SZ in the clinical practice. The consistent frontal-limbic,
frontal-parietal and occipital-temporal FCs in differentiating TR-SZ and
NTR-SZ were further correlated with disease progression, symptoms and
medication dosage, providing valuable preliminary insights into the
interaction between medication/symptoms and FCs.

Frontal-limbic neural circuit is associated with affective and psy-
chotic symptoms of schizophrenia. Moreover, the frontal-parietal
network, which plays a pivotal role in the human brain, is linked to
the disorganization symptoms observed in schizophrenia (Rotarska-
Jagiela et al., 2010). In differentiating SZ from HC, we observed a high
degree of consistency in the frontal-limbic and frontal-parietal FCs
across all the 3 diagnosis tasks. Reduced FC between posterior cingulate
cortex and frontal cortex (Liang et al., 2020) with increased FC between
frontal cortex and putamen were identified in SZ. Similarly, decreased
FC in amygdala-frontal cortex was found in first-episode SZ (Wang et al.,
2020). SZ also exhibited reduced FC in the frontal cortex-hippocampus
comparing with HC (Wang et al., 2021). For the prefrontal-parietal
network, abnormalities in the SZ can result in functional impairments,
including those related to retrieval, storage, and maintenance
(Mwansisya et al., 2017). Compared to HC, SZ exhibited decreased
positive FC between frontal to parietal network (Chahine et al., 2017;
Wu et al., 2017). Consistent with these findings, abnormal frontal-limbic
and frontal-parietal neural pathways are highly consistent in SZ, and
may serve as a potential diagnostic biomarker with future clinical
application. Furthermore, the BNA (which involves the most brain

areas) outperformed AAL and YEO across the 3 diagnosis tasks, with
better classification accuracy.

One possible limitation is that all SZ patients were treated with
antipsychotic medications and these drugs are known to affect structural
and functional brain measures (Pereira-Sanchez et al., 2021). Hence, FC
differences between SZ and HC may be confounded by antipsychotic
exposure. Similarly, the differences between TR-SZ and NTR-SZ could be
accounted by higher OLA-ED exposure in the former group. Another
limitation is the lack of external dataset validation. There is no addi-
tional data on TR-SZ and NTR-SZ to support validation, resulting in the
absence of further validation of the conclusions obtained. However, 3
atlases, 2 feature selections and 4 classifiers were employed to identify
the most consistent findings for each diagnostic task, demonstration the
results being robust to method variation. Additionally, all participants
were recruited from one single site, which may introduce site-specific
biases and limit the generalizability of the findings. The TR-SZ group
also had a longer duration of illness on average, which could have
influenced the results. Finally, the number of subjects in the different
categories was unbalanced. However, the data was randomly sub-
sampled 1000 times to ensure the balance of the data before the
classification.

In conclusion, to the best of our knowledge, this is the first attempt to
investigate the robust FCs in distinguishing TR-SZ and NTR-SZ over 3
atlases, with 2 feature selections and 4 classifiers. Whole brain FCs,
except the temporal-occipital FC, were consistent in distinguishing SZ
and HC. While, abnormal frontal-limbic, frontal-parietal and occipital-
temporal FCs were consistent over three atlases in distinguishing TR-
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frontal-limbic, frontal-parietal and occipital-temporal FCs were correlated with the disease duration, PANSS negative and OLA-ED. (c) Classification accuracy
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SZ and NTR-SZ, that were further correlated with disease progression,
symptoms and medication dosage. These results indicate that the
frontal-limbic and frontal-parietal FCs are robust neural pathways in the
diagnosis of SZ, whereas the frontal-limbic, frontal-parietal and
occipital-temporal FCs are informative in recognizing those TR-SZ in the
clinical practice. For example, a simple 5-10 min resting fMRI scan has
the potential to assist in identifying whether a SZ patient may benefit
from alternative treatment strategies, such as clozapine, for treatment-
resistant psychosis. However, further prospective studies are required
to establish the prognostic utility of rs-fMRI classifiers.
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