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Antipsychotics are thought to improve schizophrenia symptoms through the antagonism of dopamine D2 receptors, which are
abundant mainly in subcortical regions. By introducing functional gradient, a novel approach to identify hierarchy alterations by
capturing the similarity of whole brain fucntional connectivity (FC) profiles between two voxels, the present study aimed to
characterize how the subcortical gradient is associated with treatment effects and response in first-episode schizophrenia in vivo.
Two independent samples of first-episode schizophrenia (FES) patients with matched healthy controls (HC) were obtained: the
discovery dataset included 71 patients (FES0W) and 64 HC at baseline, and patients were re-scanned after either 6 weeks
(FES6W, N= 33) or 12 months (FES12M, N= 57) of antipsychotic treatment, of which 19 patients finished both 6-week and 12-month
evaluation. The validation dataset included 22 patients and 24 HC at baseline and patients were re-scanned after 6 weeks. Gradient
metrics were calculated using BrainSpace Toolbox. Voxel-based gradient values were generated and group-averaged gradient
values were further extracted across all voxels (global), three systems (thalamus, limbic and striatum) and their subcortical subfields.
The comparisons were conducted separately between FES0W and HC for investigating illness effects, and between FES6W/FES12M
and FES0W for treatment effects. Correlational analyses were then conducted between the longitudinal gradient alterations and the
improvement of clinical ratings. Before treatment, schizophrenia patients exhibited an expanded range of global gradient scores
compared to HC which indicated functional segregation within subcortical systems. The increased gradient in limbic system and
decreased gradient in thalamic and striatal system contributed to the baseline abnormalities and led to the disruption of the
subcortical functional integration. After treatment, these disruptions were normalized and the longitudinal changes of gradient
scores in limbic system were significantly associated with symptom improvement. Similar illness and treatment effects were also
observed in the validation dataset. By measuring functional hierarchy of subcortical organization, our findings provide a novel
imaging marker that is sensitive to treatment effects and may make a promising indicator of treatment response in schizophrenia.
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INTRODUCTION
Identifying biomarkers indicative of treatment response in
patients with schizophrenia has been a sustained area of research
over the past two decades. Commonly used antipsychotics are
thought to improve symptoms via the blockade of dopamine D2
receptors [1, 2] which are abundant in the striatum [3]. Though the
development of neuroimaging acquisition and analysis techniques
has led to major progress in characterizing the subcortical
changes including striatum in anatomy, function and chemistry
before and after antipsychotic treatment, the specific regions and
related biological measures have yet to show consistency in
relation to treatment response.
Structural studies demonstrated that antipsychotic treatment

led to gray matter enlargement in striatum and thalamus in

schizophrenia patients that associated with the improvement of
positive symptoms [4–6]. However, striatal and hippocampal
volume loss was also found in first-episode schizophrenia (FES)
patients after antipsychotic medication [7]. In functional studies,
antipsychotic exposure increased the thalamo-cortical connec-
tivity that was disrupted in patients at baseline [8]. Increased
regional intrinsic activity in caudate was also associated with
improved positive symptoms after antipsychotic treatment [9],
while alterations in dorsal vs. ventral striatal connectivity were
linked to the improvements of negative and positive symptoms,
respectively [10]. At the neurochemical level, longitudinal proton
magnetic resonance spectroscopy studies reported that anti-
psychotic drugs might also increase N-acetylaspartate levels in
the thalamus [11, 12].
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While these prior findings established the importance of
subcortical regions in relation to antipsychotic treatment effects,
the reported correlations between the in vivo imaging measures
and symptom improvements have been modest. Many previous
studies adopted regional measures or altered functional con-
nectivity (FC) between pairs of regions that might lack robust
sensitivity to detect subtle changes or correlates with treatment
[4, 5, 13]. Additionally, variability in the predefined categorization
of treatment response (i.e., responders vs. non-responder) might
also contribute to discrepancies across previous studies [14].
Recently, a novel gradient-based approach has been introduced to

define a non-linear decomposition of high-dimensional resting-state
FC [15]. Unlike the regional analyses, this method can comprehen-
sively identify subcortical functional hierarchies by representing
brain connectivity in a continuous, low-dimensional space [16–18].
The concept of gradient focuses on connectomes where voxels with
similar connectivity patterns are located close to one another along a
given connectivity gradient [19]. It has shown some success in
defining the hierarchical organization of cerebral cortex, striatum,
and hippocampus [17, 20, 21], and elucidating functional gradient
relationships with behavior or cognitive functions. This approach has
also been used to investigate the reduced FC differentiation between
anterior and posterior insula in schizophrenia, revealing that reduced
connectional diversity across the insula might underpin the
development of psychotic symptoms of patients [22]. Therefore,
examining this synchronous measure of subcortical FC architecture
in untreated schizophrenia patients and then in relation to symptom
improvement after treatment might providing novel insight of
illness- and treatment-related effects on subcortical regions.
With these considerations in mind, in this current study, we

recruited two independent samples of FES to investigate the pattern
of the principal connectome gradient alterations in the subcortex
and their relationships with symptoms before and after antipsycho-
tic treatment. The potential and reliability of gradient in relating to
treatment response, measured by symptom improvement with
continuous variables, will be examined during the analyses.

METHODS
Participants
The study was approved by the Ethics Committee of West China Hospital
of Sichuan University. All participants provided written informed consent

after the study procedures were fully explained. Two main datasets were
used in our study, both including a group of patients with FES who had no
history of antipsychotic treatment prior to the initial scan and a
demographically matched healthy control (HC) group. Diagnosis of
schizophrenia was determined using the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) Patient
Edition and was confirmed at follow-up. Duration of illness was
determined by the Nottingham Onset Schedule [23] according to
information provided by patients, family members, and medical records.
Clinical symptoms were evaluated by the Positive and Negative Syndrome
Scale (PANSS) [24] and the Global Assessment of Functioning (GAF) [25].
The PANSS subscales were further calculated with the five-factor model
[26], which captured the critical symptom dimensions of positive, negative,
disorganization, excitement and depression.
The discovery dataset was recruited from the Mental Health Centre of

the West China Hospital. More than 200 FES patients at baseline were
scanned and used in our previous studies [27, 28]. However, only 71 were
followed and re-scanned after either 6 weeks (FES6W, N= 33) or 12 months
(FES12M, N= 57) of antipsychotic treatment thus were included in this
study (Table 1), and 19 of them completed both 6-week and 12-month
follow-up scans (see Supplementary Materials and Table S1). The validation
dataset was recruited from the Fourth People’s Hospital of Chengdu, 96
FES patients were scanned at baseline but only 22 patients finished the
6-week follow-up, and those patients with longitudinal data were enrolled
(Table 2). None of the patients received any other type of treatment other
than antipsychotics including aripiprazole, clozapine, olanzapine, quetia-
pine, risperidone, haloperidol and sulpiride during following-up, and the
chlorpromazine-equivalent (CPZ) dosage of each antipsychotic was
calculated for all patients [29].
The HC participants were recruited via poster advertisements from the

same areas where patients resided, with similar socioeconomic back-
grounds to the patients. They were screened using the Structured Clinical
Interview for DSM-IV Non-Patient Edition to confirm the lifetime absence of
Axis I disorder. Sixty-four matched HCs were included in the discovery
dataset and 24 in the validation dataset, who had no known history of
psychiatric illness in first-degree relatives. The following exclusion criteria
applied to all participants: history of neurological disorders, alcohol/drug
abuse or dependence, or any major medical illness.

Data acquisition
The MRI scanning of participants in the discovery dataset was conducted
on a GE Signa EXCITE 3.0T scanner (GE Healthcare, Milwaukee, Wisconsin)
with an 8-channel phase array head coil, while the validation dataset was
acquired on a Trio 3.0T MR scanner (Siemens Medical Systems, Germany)
with a 32-channel head coil. Resting-state functional MRI data and high-
resolution T1-weighted images (T1WI) were obtained for all participants.

Table 1. Demographic and clinical characteristics of first-episode schizophrenia patients and healthy controls from the discovery dataset.

Characteristics Healthy
controls
(N= 64)

FES at baseline
(N= 71)

FES at 6-week
follow-up
(N= 33)

FES at 12-month
follow-up
(N= 57)

F/T/χ2 p

Age (SD), year 24.86 (7.49) 24.17 (8.14) 24.52 (8.38) 25.54 (8.47) 0.319 0.812

Sex (male/female) 31/33 30/41 16/17 24/33 0.29 0.834

Education (SD), year 13.08 (3.26) 12.35 (2.86) 12.24 (3.05) 12.58 (2.75) 0.871 0.457

Duration of illness (SD), month 7.41 (10.78) 10.08 (13.05) 19.71 (11.63) 14.45 <0.001

Antipsychotic dosage, CPZ
(SD), mg/day

391.24 (145.28) 246.00 (252.31) 2.74 0.008

GAF scores (SD) 28.32 (9.26) 55.16 (15.10) 63.57 (17.61) 77.51 <0.001

PANSS scores

Total (SD) 92.91 (13.88) 63.67 (17.42) 51.35 (19.54) 79.57 <0.001

Positive (SD) 16.10 (3.67) 8.97 (3.32) 7.00 (3.98) 84.28 <0.001

Disorganization (SD) 9.54 (2.94) 6.56 (2.31) 5.89 (2.29) 28.53 <0.001

Excitement (SD) 11.19 (3.78) 5.97 (1.49) 5.36 (2.28) 59.63 <0.001

Negative (SD) 15.92 (6.88) 13.44 (6.29) 11.40 (5.11) 6.59 0.002

Depression (SD) 7.58 (3.42) 5.81 (2.60) 4.84 (2.61) 10.90 <0.001

FES first-episode schizophrenia, SD standard deviation, CPZ chlorpromazine equivalents, GAF Global Assessment of Functioning, PANSS Positive and Negative
Syndrome Scale.
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Detailed scanning protocols for each dataset were presented in the
Supplementary Materials. The obtained brain imaging was inspected by
two experienced neuroradiologists to make sure no gross brain abnormalities
in any participant.

Data preprocessing
Functional data of the discovery dataset was preprocessed using DPARSFA
(Version 4.3, http://rfmri.org/DPARSF) [30] based on the Statistical Parametric
Mapping software (SPM 12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/).
Preprocessing included the following steps: removal of first five dummy
volumes, slice time and head motion correction (Friston 24) [31], realignment,
segmentation, normalization to the Montreal Neurologic Institute space,
bandpass filter (0.01–0.10 Hz) and spatial smoothing (full width at half
maximum= 4mm). Notably, the scanning protocols of validation dataset
followed those suggested by Human Connectome Project, data preprocessing
was thus conducted with suggested pipelines. Details of data processing for
each dataset were in the Supplementary Materials.
Considering the potential headmotion effects, we obtained the quantified

framewise displacements (FD) for all participants and related to gradient
scores as noted below, but no effects were observed. Details were added in
the Supplementary Materials.

Functional connectome and subcortical gradient mapping
After data preprocessing, the individual subcortical-cortical FC matrix was
constructed using Pearson’s correlation between the time courses of each
voxel. Considering the different parameters of discovery and validation
dataset, especially the preprocessed images were normalized to the
different voxel size (3 × 3 × 3mm3 for discovery dataset and 2 × 2 × 2mm3

for validation dataset), both subcortical and cortical mask were resliced
separately in 3mm and 2mm. Notably, though the voxel size and voxel-
level FC matrix were different between the two datasets, the region-wise
gradient metrics could be calculated for each dataset respectively and it is
reasonable to conduct the replication analysis with the same atlas. In
addition, if the validation dataset with different scanning and preproces-
sing procedures could reproduce the findings of discovery dataset, it may
further indicate the reliability of the gradient measures.
The atlas of human subcortex was based on principal functional

gradient [32], which recapitulated well-known anatomical subcortical
nuclei (hippocampus, amygdala, thalamus, nucleus accumbens, globus
pallidus, caudate and putamen). We used this atlas to define subcortical
spatial extent (resulting in a total of 2364 voxels with 3 mm cubic
resolution for discovery dataset and 7984 voxels with 2 mm cubic
resolution for validation dataset), and the Schaefer’s Parcellation [33] to
define cortical gray matter. The correlation matrix for each participant was
then constructed with these templates to characterize the subcortical-
cortical functional connectome.
Gradient mapping was generated in the BrainSpace Toolbox (http://

github.com/MICA-MNI/BrainSpace) [15], where principal gradients that
accounted for primary variability in spatial distribution of subcortical voxel-
wise FC were calculated. Six main parameters were entered to the toolbox,
including (1) sparsity parameter: 90, (2) kernel: normalized angle, (3) approach:

diffusion embedding, (4) alpha parameter: 0.5, (5) alignment: Procrustes
analysis, and (6) number of components: 10. Specifically, only the top 10% of
connections per row were used to calculate a cosine matrix which captured
the similarity in connectivity profiles between voxels. Then, we computed
normalized angle based on the abovementioned subcortical-cortical func-
tional connectome, which scales the angle between each pair of voxels as a
function of similarity and the normalized angle matrix was fed into the
diffusion map embedding algorithm [34]. Compared to other non-linear
manifold learning techniques, this algorithm is relatively insensitive to noise
and computationally inexpensive [35]. Notably, it is controlled by a single
parameter α, which controls the influence of the density of sampling points on
the manifold (α= 0, maximal influence; α= 1, no influence).In line with
previous studies [17, 21], we set α= 0.5, a choice that retains the global
relations between data points in the embedded space and is suggested
relatively robust and insensitive to noise in the covariance matrix. In this
embedding space, strongly interconnected brain regions are defined either by
many connections or few very strong connections that have many and/or
strong connections which are closely located, while regions with little and/or
weak inter-connectivity are farther apart [17, 34]. Due to the randomness of
the direction of yielding gradients, we used an average connectivity matrix
calculated from all patients and controls to produce a group-level gradient
component template. The individual gradient was realigned to the template
using Procrustes rotation [36].

Extraction of principal gradient scores at global-, system- and
subfield-level
The first ten gradient components were generated by the default setting.
However, given that the principal gradient is thought to represent the most
explained variance, and widely applied in previous studies [17, 19], we
primarily focused on the measures within that first gradient component.
Second and third gradient components as exploratory analyses were
displayed in Supplementary Materials. As for the first gradient component,
the spatial patterns of the group-averaged principal gradient maps were
created to characterize the subcortical hierarchy organization discrepancy
and the global-level gradient scores of each group. The global scores
represented the scales of the group spatial distribution with each voxel
anchored in an abstract space according to its gradient score.
Then, to locate the dominant subcortical systems resulting from the

hierarchy disorganization, the group-averaged global subcortical gradient
scores were classified into three main neuroanatomical systems: the limbic
system (hippocampus and amygdala), thalamic system (thalamus) and striatal
system (nucleus accumbens, globus pallidus, caudate and putamen). Further
analyses at the subfield level were conducted to identify the alterations in
specific subcortical subfields if the abovementioned systems were found with
abnormality. We used the subcortex atlas of Scale II, which segments the
human subcortex along anterior-posterior/lateral-medial gradient axis [32],
delineating 16 subfield regions bilaterally (anterior/posterior hippocampus (a/
pHIP); lateral/medial amygdala (l/mAMY), dorsoposterior/ventroposterior/
ventroanterior/dorsoanterior thalamus (THA-DP/VP/VA/DA), nucleus accum-
bens, shell/core (NAc-shell/core), anterior/posterior globus pallidus (a/pGP),
anterior/posterior putamen (a/pPUT), anterior/posterior caudate (a/pCAU).

Table 2. Demographic and clinical characteristics of first-episode schizophrenia patients and healthy controls from the validation dataset.

Characteristics Healthy controls
(N= 24)

FES at baseline
(N= 22)

FES at 6-week follow-up
(N= 22)

F/T/χ2 p

Age (SD), year 24.52 (2.71) 27.36 (8.13) 27.36 (8.13) 1.36 0.26

Sex (male/female) 7/17 8/14 8/14 0.24 0.786

Education (SD), year 17.64 (1.75) 12.05 (4.27) 12.05 (4.27) 36.1 <0.001

GAF scores (SD) 48.18 (15.24) 67.73 (12.03) −4.72 <0.001

PANSS scores

Total (SD) 97.00 (11.00) 66.82 (9.23) 7.59 <0.001

Positive (SD) 15.73 (3.07) 9.14 (2.68) 7.58 <0.001

  Disorganization (SD) 8.55 (2.02) 6.41 (1.22) 4.25 <0.001

Excitement (SD) 11.68 (2.30) 7.59 (1.84) 6.52 <0.001

Negative (SD) 19.68 (4.74) 14.68 (4.04) 3.77 0.001

Depression (SD) 8.36 (2.04) 6.24 (2.23) 3.25 0.002

FES first-episode schizophrenia, SD standard deviation, GAF Global Assessment of Functioning, PANSS Positive and Negative Syndrome Scale.
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Statistical analysis
Group comparisons of functional connectome gradients. To characterize the
hierarchical organization of subcortex in relation to illness and treatment
effects, the global-level gradient distribution of subcortical regions was
compared between group-averaged maps by using two-sample Kolmo-
gorov-Smirnov tests to examine the cumulative distribution rather than the
mean value of groups, as used in previous studies [37]. We first compared the
global scores in FES0W with HC to determine the illness effects in patients at
baseline, and further examined the treatment effects after 6-week and 12-
month treatment by comparing FES6W and FES12M to FES0W, respectively.
Then, the system-level gradient differences of group-averaged maps,

which measure the mean differences of gradient value in each group, were
compared by using paired t tests across the voxels in the aforementioned
group comparisons. System(s) with significant effects of illness or treatment
were further examined at subcortical subfield level also with paired t tests.
False discovery rate (FDR) corrections were used to correct for multiple
comparisons and the statistical significance threshold was set at p < 0.05
with FDR correction.

Correlations between altered gradients and clinical variables. We conducted
Pearson’s correlations between abnormal gradient scores in patients at
baseline with clinical variables, including duration of illness, CPZ and
symptom severity (PANSS and GAF scores), controlling for age, sex and years
of education. To further determine the clinical relevance of altered principal
connectome gradient patterns in patients after antipsychotic treatment, we
correlated the symptom improvement (PANSS and GAF score changes) with
the longitudinal alterations of gradient scores at system- and subfield-level
using Pearson’s correlation. The statistical significance threshold was set at
p < 0.05 with FDR correction.

Validation analysis. In the validation dataset, we repeated our analyses to
confirm the reproducibility of the primary results of illness and 6-week
treatment effects respectively. The same correlation analyses were conducted
to characterize the baseline and longitudinal gradient relationships.

RESULTS
Principal functional gradient alterations in treatment-naïve
schizophrenia
FES0W patients exhibited a wider range of global principal
subcortical gradient scores than HC (Kolmogorov-Smirnov test,
K-S stat= 2.458, p < 0.001, Fig. 1a), while the gradient map of our
HC was consistent with previous characterizations of the spatial
distribution of human subcortex [32]. The both highest and lowest
gradient scores expanded in patients at baseline compared to HC,
which revealed excessive differentiation of subcortical network in
the pathophysiology in schizophrenia. The main findings of group-
averaged maps in discovery dataset are displayed in Fig. 1b.
Within neuroanatomical systems, FES0W showed higher gradient

scores in the limbic system (t579= 41.53, p < 0.05, FDR corrected),
and lower gradient in the thalamic and striatal systems, relative to
HC (t757=−19.05 and t1025=−6.11, both p < 0.05 FDR corrected,
Fig. 1c), whose systematic discrepancy mainly contributed to the
global excessive differentiation. Further characterization of subfields
revealed that FES0W had higher gradient scores in bilateral aHIP,
pHIP, lAMY and mAMY as well as lower gradient scores in bilateral
THA-VP, THA-VA, THA-DA, aCAU, pCAU and left aGP and pPUT
compared to HC (all p < 0.05, FDR corrected, Fig. S1). No significant
associations were found between abnormal gradient scores in
system- or subfield-levels and clinical variables at baseline.

Longitudinal alterations of principal gradients and relation to
symptom improvement
At the global level, the wide distribution gap between FES0W and
HC was partial narrowed when compared 33 FES6W to HC (K-S
stat= 1.512, p= 0.021, Fig. 1a), indicating a normalization process
after 6-week antipsychotic treatment and such normalization

Fig. 1 Group differences of the group-averaged subcortical gradient scores at global- and system-levels between schizophrenia at
baseline and healthy control as well as the longitudinal alterations in 6-week and 12-month follow-up relative to baseline abnormalities.
a Global histograms showing that gradient range was expanded in schizophrenia at baseline, but normalized after 6-week and 12-month
antipsychotic treatment. b The group-averaged maps of principal gradient in discovery dataset, including HC, schizophrenia at baseline as
well as after 6-week and 12-month treatment. c System-based histograms showing that the increased limbic and decreased thalamic and
striatal gradient contributed to the baseline abnormal global gradient, and the limbic system was normalized the most after both 6-week and
12-month treatment. Blue arrows represent decreased trend of gradient scores while red arrow represents increased trend in system-level in
patients at baseline compared to HC. HC healthy controls.
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effects were further enhanced after 12-month treatment (57
FES12M vs. HC, K-S stat= 1.70, p= 0.006, Fig. 1a).
In particular, the increased gradient scores in limbic system at

baseline were significantly decreased, while the gradient score
reduction in thalamic and striatal system at baseline significantly
increased after 6-week treatment (33 FES6W vs. 71 FES0W,

t579=−29.13, t757= 8.20 and t1025= 10.56, all p < 0.05, FDR
corrected, Fig. 1c). Such longitudinal changes representing a
normalizing effect after treatment when compared to HC.
However, no association was found between altered gradients
after 6-week treatment and longitudinal clinical rating changes.
After 12-month antipsychotic treatment, the gradient scores of

limbic system significantly decreased when compared 57 FES12M to
71 FES0W (t579= 17.99, p < 0.05, FDR corrected, Figs. 1c and 2a), with
reduced abnormalities relative to HC. The gradient configuration of
thalamic and striatal system in FES12M significantly increased
(t757= 4.41 and t1025= 9.21, both p < 0.05, FDR corrected, Fig. 1c)
and that of the striatal system became comparable to HC
(t1025= 1.43, p= 0.15). The longitudinally decreased principal
gradient scores of the limbic system in FES12M were negatively
correlated with increase of GAF scores (r=−0.376, p= 0.018, FDR
corrected) and positively correlated with reduction of PANSS total
scores (r= 0.419, p= 0.006, FDR corrected) and subscales (dis-
organization scores: r= 0.416, p= 0.030 and excitement scores:
r= 0.424, p= 0.030, FDR corrected) (Fig. 2b). Notably, higher scores
of the GAF and the lower scores of the PANSS indicated
improvement of functioning and symptoms in patients respectively,
which showed the opposite longitudinal correlation but presented
the same positive relationship between the gradient and symptom
improvement.
Since only the limbic system showed relationships between

gradient alterations and indicators of treatment response, further

analyses were thus conducted in limbic system subfields to identify
the specific brain regions or subfield in contributing to treatment
response indication. We found that the gradient scores in bilateral
a/pHIP and lAMY and right mAMY significantly decreased, with a
pattern of change toward being normal (p < 0.05, FDR corrected,
Fig. 2c). These changes were also significantly related to symptom
improvement as rated by PANSS and GAF scores. Interestingly, the
longitudinal decreased gradient scores in right aHIP, l/mAMY and
left lAMY were related to PANSS reduction of disorganization and
excitement scores in the subscale correlates. More details are in
Supplementary Materials and Fig. S2.
Considering that there was some loss of patients during the

follow-up in the discovery dataset, we conducted a complemen-
tary analysis by repeating the abovementioned analyses with the
19 patients who had evaluations all three time points. The findings
were consistent with the main analyses (Figs. S3 and S4) and
details were in the Supplementary Materials.

Validation analysis
In the independent validation sample, we found a pattern of
principal gradients similar to the primary findings of illness effects
and the acute treatment response. At baseline, the FES0W showed
higher gradient scores in limbic system (t1999= 68.48, p < 0.05,
FDR corrected) and lower gradient scores in thalamic and striatal
system when compared to HC (t2509=−8.58 and t3473=−35.70,
both p < 0.05, FDR corrected). The gradient scores in FES6W also
showed significantly decreased in limbic system (t1999=−27.71,
p < 0.05, FDR corrected), and increased in thalamic and striatal
system (t2509= 4.18 and t3473= 13.59, both p < 0.05, FDR cor-
rected) compared to FES0W, representing a normalizing process
after treatment as compared to the configuration of HC (Fig. S5).
The group-averaged maps in validation dataset were displayed in

Fig. 2 Associations of longitudinal subcortical gradient score changes after 12-month treatment and symptom improvement in
schizophrenia patients. a Group differences of group-averaged gradient in limbic system in patients between 12-month and baseline.
b Longitudinal changes in limbic system were associated with the improvement of GAF, PANSS total scores, disorganization and excitement
subscales. c Group differences of group-averaged gradient in subfields of limbic system in patients between 12-month and baseline. ★ The
negative correlation coefficient represents consistent improvement in gradient scores and clinical symptoms (both higher scores of the GAF
and the lower scores of the PANSS indicated improvement of functioning and symptoms, respectively). HC healthy controls, -rh right
hemisphere, -lh left hemisphere, aHIP anterior hippocampus, pHIP posterior hippocampus, lAMY lateral amygdala, mAMY medial amygdala,
GAF Global Assessment of Functioning, PANSS Positive and Negative Syndrome Scale.
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Fig. S6. As also found in discovery dataset, no significant
association between such changes with symptom improvement
was observed after 6-week treatment.

DISCUSSION
A novel functional connectome gradient algorithm calculating the
spatial representation of subcortical functional hierarchy was
performed by capturing the similarity of whole brain FC profiles
between two voxels. The main finding was that the alterations of
gradient scores in subcortical regions in drug-naïve FES patients
were normalized after antipsychotic treatment, which were repli-
cated in an independent patient sample. More importantly, the
longitudinal changes of the gradients in the limbic system and its
subfields were highly associated with improvements in clinical
symptoms. These findings extend the importance of subcortex in
relation to schizophrenia pathophysiology and antipsychotic treat-
ment in two important aspects: first, the network-based character-
ization might represent a more sensitive approach to study the
effects of illness and antipsychotic treatment effects during the
course of illness. Second, the functional subcortical hierarchy
disorganization related to the limbic system might represent a
robust indicator of treatment response.
Perhaps the most important finding is the normalizing effects of

antipsychotic treatment on altered principal functional gradients
featured in untreated FES patients. At a global level, the wider
gradient range found in drug-naïve patients was indicative of a
more differentiated connectivity pattern within subcortical system
and may be interpreted as disruption of functional integration
during the untreated course of the illness. This might be due to
aberrant connectivity patterns that may increase the heterogeneity
of subcortical-cortical pathways, which is consistent with prior
observations that both excitatory and inhibitory effective connec-
tions in subcortex were found in schizophrenia [38]. After treatment,
the enlarged physical distance was narrowed and the connectivity
dissimilarity was decreased, suggesting that antipsychotics may
preferentially impact the subcortex where there is robust express
dopamine receptor expression [39, 40].
The normalized gradient of limbic system was found to be

highly correlated with treatment response in FES, particularly with
the improvement of disorganization and excitement symptom
domains. This is consistent with the hypothesis that schizophrenia
is in part caused by a high dopaminergic state in the limbic
system, where antipsychotic drugs block dopamine receptors to
maintain a low dopaminergic tone [41, 42]. Specifically, anti-
psychotics act on altered neurotransmission and receptor activity
and correct intracellular molecular signaling to normalize the
functions of neurites, synaptic spines, and synaptogenesis. This is
noted to have downstream effects on other neurons [43], an effect
related to subcortical interaction [44]. Previous studies have also
reported that dopaminergic hyperactivity in subcortical and limbic
brain regions could lead to positive symptoms [45, 46], and that
decreases in regional cerebral blood flow in limbic circuitry may
reflect better treatment response to antipsychotic medications
[47]. The functional gradient characterized the limbic system was
highly similar connectivity patterns and broader connections with
the entire cerebral cortex in patients at baseline, which may
indicate a more globally integrated process than single con-
nectome or regional activation studies [9, 48].
We further identified that specific subfields of the hippocampus

and amygdala might be primary contributors to the system-level
observations. An overdrive of the dopamine system after hippo-
campal pathology was previously observed in schizophrenia across
many neuroimaging and postmortem studies [49–51], which could
augment dopamine release in extrasynaptic circuits [52, 53]. The
hyperactivity in the hippocampus may be weakened by anti-
psychotic drugs, which could decrease hippocampal excitability, as
well as restore normal dopamine neuron population activity [54].

The amygdala is also extensively connected to dopaminergic
networks, and affected by dopaminergic signaling [55]. Abnormal
amygdala activation in schizophrenia is related to emotion
processing dysfunction [56], which could be minimized during
antipsychotic treatment [57, 58]. However, in our study, the
significant symptom improvement associations of disorganization
and excitement domain were detected in relation to decreased
gradients of aHIP and l/mAMY but not in pHIP. Along the anterior-
posterior hippocampal axis, the aHIP tends to mediate anxiety-
related behaviors and the pHIP is implicated in memory and spatial
navigation [59, 60], which might account for the observation that
only aHIP is linked to the positive-related psychotic symptoms.
The gradient alterations of thalamic and striatal systems were

also appeared to normalize after treatment, but the effects were
relatively modest. The thalamic system could work with striatal
system in dopaminergic modulation [61]. The gradient-based
approach [15] characterized the subcortical similarity hierarchy
rather than the local function or connectivity, and potentially for
this reason, multiple homologous functional subdivisions in
striatal and thalamic system may show lower consistency, which
further influences the characteristics of gradient in relation to
effective treatment response. With respect to striatal system, the
ventral “limbic” system is thought to be involved in emotional and
reward processing, while a dorsal “associative” system has been
defined as a potential link to the dorsal striatum related to
associative learning and executive functions [62, 63]. The hierarchy
of thalamic system was identified to be along the anterior/
posterior axis, with behavioral characterization from lower level
perception to higher level cognition [64]. Taken together, no
associations of gradient score changes in striatal and thalamic
system with the symptom improvement in our study which may
be due to our imaging approach that might better characterize
the specific similarity in limbic system in schizophrenia and its
sensitivity to antipsychotic treatment.
Notably, the normalizing effects of global gradient metrics of

subcortical regions were not a pronounced after 6-week treatment
as those observed after 1-year treatment. Although the limbic
system showed the prominent normalized trend in patients after
6-week treatment, no clinical relevance was found. The gradient
corresponded to the intrinsic geometry and indicated that the
difference in distances raised discordance among the regional
connectivity patterns [15]. There have been previous observations
that regional anatomical and functional brain abnormalities were
significantly dissociated during the early course of schizophrenia
prior to antipsychotic treatment [65]. Considering the inconsis-
tence in the abnormalities of structure and function in FES, the
acute treatment effects may not be sufficient to reorganize the
synchronization on subcortical gradients along with the improve-
ment of psychiatric symptoms. In addition, the limited statistical
power with small sample size of patients with 6-week treatment
may be another reason.
Notwithstanding its implications, several limitations of this

study should be acknowledged. First, our analysis focused on the
first functional gradient as did in most previous studies, since the
first component explained the most variance and showed the
greatest potential for clinical relevance in current study. The
second and third components tended to represent some
particular features or effects (Figs. S7 and S8) that require further
investigation. Second, during the correlation analysis, we only
incorporated symptom improvement and gradient metrics in the
model, our results thus were mainly interpreted as a general
assessment of treatment response in routine clinical practice.
More work is needed to incorporate specific treatment details
including medications and dosage for a personalized treatment
response prediction in the future. Third, although we included an
independent drug-naïve schizophrenia patient group, the sample
size was relatively small. Studies with larger samples are required
for further verification and subgroup identification. Fourth, the
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validation dataset only has patients with evaluations at baseline
and after 6-week treatment thus just represents a partial
validation. Finally, lower spatial resolution of the currently used
fMRI data may cause an oversampling issue in the high-resolution
surface-based analysis pipeline. Future research should leverage
more advanced imaging technique with higher spatial resolution.
In conclusion, the present study provides novel insights into the

principal functional gradient of subcortical systems in relation to
the effects of illness and antipsychotic treatment in schizophrenia
patients. While treatment effects were observed on all subcortical
systems, the most significant effect on limbic system and its
subfields suggests that limbic system might represent a sensitive
indicator of antipsychotic treatment response.
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