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Abstract 

Background Inflammation has been implicated in the pathology of schizophrenia and may cause neuronal cell 
death and dendrite loss. Neuroimaging studies have highlighted longitudinal brain structural changes in patients 
with schizophrenia, yet it is unclear whether this is related to inflammation. We aim to address this question, 
by relating brain structural changes with the transcriptional profile of inflammation markers in the early stage 
of schizophrenia.

Methods Thirty‑eight patients with first‑episode schizophrenia and 51 healthy controls were included. High‑
resolution T1‑weighted magnetic resonance imaging (MRI) and clinical assessments were performed at baseline 
and 2 ~ 6 months follow‑up for all subjects. Changes in the brain structure were analyzed using surface‑based 
morphological analysis and correlated with the expression of immune cells‑related gene sets of interest reported 
by previous reviews. Transcriptional data were retrieved from the Allen Human Brain Atlas. Furthermore, we examined 
the brain structural changes and peripheral inflammation markers in association with behavioral symptoms and cog‑
nitive functioning in patients.

Results Patients exhibited accelerated cortical thickness decrease in the left frontal cortices, less decrease 
or an increase in the superior parietal lobule and right lateral occipital lobe, and increased volume in the bilateral 
pallidum, compared with controls. Changes in cortical thickness correlated with the transcriptional level of monocyte 
across cortical regions in patients (r = 0.54, p < 0.01), but not in controls (r =  − 0.05, p = 0.76). In addition, cortical thick‑
ness change in the left superior parietal lobule positively correlated with changes in digital span‑backward test scores 
in patients.

†Long‑Biao Cui, Xian‑Yang Wang, Yu‑Fei Fu, and Xiao‑Fan Liu contributed 
equally to this work.

*Correspondence:
Long‑Biao Cui
lbcui@fmmu.edu.cn
Fanglin Guan
fanglingguan@163.com
Xiao Chang
xchang@fudan.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12916-023-02963-y&domain=pdf
http://orcid.org/0000-0002-0784-181X


Page 2 of 13Cui et al. BMC Medicine          (2023) 21:250 

Conclusions Patients with schizophrenia exhibit regional‑specific cortical thickness changes in the prefrontal 
and parietooccipital cortices, which is related to their cognitive impairment. Inflammation may be an important factor 
contributing to cortical thinning in first‑episode schizophrenia. Our findings suggest that the immunity‑brain‑behav‑
ior association may play a crucial role in the pathogenesis of schizophrenia.

Keywords Schizophrenia, Brain structure, Longitudinal alterations, Inflammation, Transcriptome

Background
Schizophrenia is a severe mental disorder ranked among 
the top 20 causes of disability worldwide [1]. The pro-
longed illness course and impaired cognitive functioning 
are the main reasons contributing to the disease burden 
[2, 3]. Yet, the pathological mechanism of schizophrenia 
remains to be unclear. Imaging genetics study provides 
an opportunity to quantify disease-related neuroana-
tomical deviations and to elucidate the potential biologi-
cal mechanism underlying these changes. In recent years, 
imaging genetics analysis has been increasingly applied 
to schizophrenia to reveal its potential pathological path-
way [4, 5].

The suggestion that immune dysfunction may con-
tribute to the pathophysiology of schizophrenia has a 
long history [6]. The vulnerability-stress-inflammation 
model [7] proposes that genetic risks and early life expo-
sures, such as stress or infection, may promote a chronic 
pro-inflammatory state and subsequently lead to neuro-
transmission disturbances and brain structural changes 
that are relevant for schizophrenia [7, 8]. Supporting 
this hypothesis, therapeutic studies indicated a benefi-
cial effect of using anti-inflammatory medications as an 
add-on treatment in the early stage of schizophrenia [7]. 
Studies of inflammation indicated that genetically pre-
dicted IL-6 was associated with brain volume in the mid-
dle temporal gyrus and may potentially be involved in 
the pathology of schizophrenia [9]. Likewise, studies also 
found overlapped genetic loci of schizophrenia and cor-
tical morphometry to be enriched in immunologic gene 
sets [4]. However, few longitudinal studies have examined 
whether treatment-associated brain structural changes 
are related to neuroinflammation or gene expression of 
inflammatory markers.

Studies have indicated that progressive brain struc-
tural changes have been shown in the general population 
and patients with schizophrenia [10, 11]. In schizophre-
nia, previous studies found subcortical enlargement and 
cortical thinning in widespread brain regions [11, 12]. 
The frontal and temporal cortices were the most affected 
regions with excessive cortical thinning in patients than 
controls [11, 13]. Several large-scale, longitudinal stud-
ies have been conducted on schizophrenia [14], and 
a few studies focused on the early stage of illness when 
the majority of patients were medication-naïve and 

experienced substantial symptom alleviation [15, 16]. 
However, most studies did not recruit controls for fol-
low-up, and it is difficult to distinguish the effects of dis-
ease progression and natural aging.

Considering that surface area and cortical thickness 
reflect different aspects of neural development processes 
[17] and may be differently affected in schizophrenia, we 
separately analyzed cortical thickness, surface area, and 
subcortical volume using surface-based morphometry 
(SBM). The aim of this study is threefold: (1) to determine 
the early-stage brain structural changes after a short 
period of treatment in patients with schizophrenia, (2) to 
investigate factors (inflammation and antipsychotic treat-
ment) that may contribute to brain structural changes by 
correlating structural changes with transcription level of 
gene sets of interest, and (3) to evaluate the association of 
brain structural changes with changes in symptoms and 
cognitive performances in patients.

Methods
Participants
In this study, 38 first-episode patients with schizophre-
nia were recruited during their hospitalization in the 
Department of Psychiatry, Xijing Hospital, between May 
2015 and October 2017 [18] (Table 1). The diagnosis was 
based on the Diagnostic and Statistical Manual of Men-
tal Disorders, Fifth Edition [19]. Patients were included if 
this was the first time they were in the hospital or sought 
outpatient clinical help for their mental disorders. Addi-
tional inclusion criteria for patients require no more than 
2  weeks of cumulative exposure to antipsychotics [20]. 
The exclusion criteria were listed in the Additional file 1: 
Supplementary Methods [20, 21]. All patients received 
second-generation antipsychotic medications deter-
mined by the clinicians during the study period, and 36 
out of 38 patients received combined rTMS treatment 
during hospitalization (Additional file  1: Supplementary 
Methods) [22]. After a period of treatment (mean treat-
ment duration: 148.29 ± 56.20  days), patients received a 
follow-up MRI scanning and assessment of clinical symp-
toms and cognitive functions.

Fifty-one healthy controls were recruited from the 
local community through advertisement and social 
media, with gender- and age-matched to the patient 
group (Table 1). The healthy control group received MRI 
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scanning and cognitive assessment at recruitment and 
follow-up periods (131.51 ± 4.46 days). Written informed 
consent was signed by all subjects or parents of subjects 
under 18  years of age, after understanding this study in 
detail.

Clinical assessment, cognitive tests, and laboratory tests
Symptom severity of the enrolled patients was evaluated 
using the Positive and Negative Syndrome Scale (PANSS) 
at baseline and follow-up time points [23]. PANSS sub-
scale scores were calculated including positive symptoms, 
negative symptoms, and general psychopathology. We 
used ΔPANSS to indicate the degree of symptom relief in 
patients after treatment  (T1) and before treatment  (T0): 
∆PANSS =  (PANSS_T1 −  PANSS_T0)/(PANSS_T0 − 30). 
The Wechsler Adult Intelligence Scale (WAIS), revised in 
China [24], was applied to patients and controls to evalu-
ate their cognitive functioning. We performed the WAIS 
digital span (forward and backward) test and digital 
symbol coding test on all participants. In addition to the 
MRI scans, we also collected routine laboratory records 
of blood samples from the clinical database. Specifically, 
2 ml of intravenous blood was collected from the upper 
forearm in an EDTA vacuum tube under fasting condi-
tion after admission, and the samples were measured 
using a Sysmex XS Automatic Hematology Analyzer. The 
data on leukocyte count and percentage were extracted 
from baseline laboratory tests to analyze the inflamma-
tory indicators.

MRI acquisition and preprocessing
High-resolution T1-weighted MRI was acquired using 
a GE Discovery MR750 3.0  T scanner located in the 
Department of Radiology, and all subjects underwent 
T2WI scans to rule out organic diseases. Participants 
showing gross artifacts and/or excessive head motion 
were excluded, following protocols established previ-
ously [21]. The MRI acquisition was accomplished at 
baseline and follow-up, at the same time as the clini-
cal assessment. The scanning parameters were repeti-
tion time 8.2  ms, echo time 3.2  ms, flip angle 12°, field 
of view 256 × 256  mm, matrix 256 × 256, slice thickness 
1  mm, and sagittal slices 196. The image preprocessing 
followed the analysis process of FreeSurfer (version 6.0.0, 
https:// surfer. nmr. mgh. harva rd. edu) and was performed 
on the Linux operating system. The brief preprocessing 
steps included correcting the uniformity of the bias field; 
removing the skull; segmenting the brain tissue into gray 
matter, white matter, and cerebrospinal fluid; cortical 
surface reconstruction; registration of individual space 
to the standard space by nonlinear transformation; the 
registered image was segmented into 68 cortices based 
on Desikan-Killiany atlas and 14 subcortical regions. For 
each subject, 150 regional structural measurements were 
obtained, including 68 regional cortical thicknesses, 68 
surface areas, and 14 subcortical volumes.

Linear mixed‑effect model on brain structural changes
The statistical analysis was performed on MATLAB 
(R2020b) platform. A linear mixed-effect model was 
applied to simultaneously test the group differences 
(group), time point (time), and their interaction effect 
on global and regional morphological measurements (Y). 
Age and sex were included as covariates. When compar-
ing regional measurements, we additionally included 
global measurements to adjust for global differences 
between individuals. Each subject was given a subject ID 
(SubID) which was included as the random factor. Multi-
ple testing effect was corrected using false discovery rate 
(FDR) correction with q < 0.05 for regional measurement 
comparisons.

Brain transcriptional data
Brain transcriptional data were obtained from the Allen 
Human Brain Atlas (AHBA) [25] (http:// human. brain- 
map. org/), including 20,734 genes across the brain from 
six healthy human donors (five males, age range of 
24 ~ 57). For each tissue sample, gene expression data 
represented by 58,692 probes were quantified, normal-
ized, and averaged across probes following a previous 
study [26]. We used gene expression data from the left 
hemisphere as they are available from all donors. Tissue 
samples were mapped to the Desikan-Killiany atlas [27] 

Table 1 Demographic and clinical profile of 38 first‑episode 
patients with schizophrenia and 51 healthy controls

a Group comparison was conducted using two-sample t-test. Nominal variables 
(sex) were compared with chi-square statistics
b Illness duration and dose of antipsychotic medication did not follow a normal 
distribution; therefore, the median (25th, 75th percentile) values were reported
c Antipsychotic dose was converted to a defined daily dose (https:// doi. org/ 10. 
1093/ schbul/ sbv167)

Controls Patients Between‑
group 
comparisons 
(p, t or χ2)a

Age (years) 21.14 ± 4.03 23.03 ± 6.46 0.09 t =  − 1.69

Sex (male/female) 33/18 21/17 0.37 χ2 = 0.81

Education (years) 13.89 ± 2.65 12.26 ± 2.97 0.01 t = 2.72

Follow‑up interval 
(days)

148.29 ± 56.20 131.51 ± 4.46 0.04 t = 2.13

Illness duration 
(years)b

/ 0.46 (0.17, 1) /

Stay in hospital 
(days)

/ 18.45 ± 8.25 /

Antipsychotics (olan‑
zapine equivalent, 
mg/day)b,c

/ 9.84 (6.78, 14.94) /

https://surfer.nmr.mgh.harvard.edu
http://human.brain-map.org/
http://human.brain-map.org/
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
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based on Euclidean distance to the nearest voxel in the 
MNI 152 template [26]. For each gene, the expression 
level was averaged across the six donors and normal-
ized to z score across all cortical regions, resulting in a 
normalized gene expression matrix of size 34 × 20,734 
(region × genes) for further analysis. Detailed processing 
steps are described in Additional file  1: Supplementary 
Methods [25–28].

To identify inflammation-related genes, we selected 
genes from a previous systematic review on leukocytes 
and subtypes (monocyte, lymphocyte, neutrophil, eosin-
ophil, and basophil) [29]. To reduce potential bias in gene 
set selection, we further verified our results using inflam-
mation-related genes reported in another review [30]. 
Genes related to antipsychotic treatment response were 
selected from a genome-wide association study (GWAS) 
on antipsychotic treatment in schizophrenia [31]. 
Included genes are listed in Additional file 1: Table S1.

Association between brain structural changes 
and peripheral inflammation markers
We next examined the associations between brain struc-
tural changes and baseline peripheral inflammation 
markers in patients. Inflammation markers were quan-
tified including leukocyte count and percentage of leu-
kocyte subtypes (monocyte, lymphocyte, neutrophil, 
eosinophil, and basophil) (Table  2). As some inflamma-
tion markers do not follow a normal distribution (Addi-
tional file  1: Table  S2), Spearman’s rank correlation was 
performed between inflammation markers and structural 
changes in the brain regions that showed a significant 
group main effect or group by time interaction effect. We 
further examined the associations between inflammation 
markers and subcortical volume changes, as some previ-
ous studies reported an association between subcortical 
volume and peripheral inflammatory markers [32], but 
not consistently [33].

Association between brain structural changes 
and transcriptional profiles
We next investigated whether brain structural changes 
were associated with gene expression patterns related 
to inflammation and antipsychotic response (Addi-
tional file 1: Table S1). For each set of genes of interest, 

normalized gene expression was averaged across sam-
ples. The normalized gene expression maps were cross-
correlated with group-averaged cortical thickness and 
surface area changes in patients. The same correlation 
analysis was also performed in controls to examine 
whether the effects were unique to patients.

As recent studies pointed out that spatial autocor-
relation of brain maps results in false-positive effects 
[34], we verified our correlation results between brain 
and transcriptional maps using generative null models 
proposed by Burt et  al. [35]. Specifically, 5000 surro-
gate maps preserving spatial autocorrelation of brain 
structural changes in patients were generated using the 
BrainSMASH toolkit [35]. The null distribution of cor-
relations between gene expression and surrogate brain 
maps was calculated and compared with our empirical 
results. The two-sided p value was determined as the 
proportion of random permutations that exceeded the 
empirical correlation coefficient between gene expres-
sion and brain maps.

Brain structural changes in relation to clinical profile 
and cognitive functioning
To determine the behavioral relevance of brain struc-
tural changes in patients, we performed Pearson cor-
relation between brain structural changes in regions 
showing a significant group or group by time interac-
tion effect and clinical factors: PANSS subscale score 
changes and olanzapine equivalent antipsychotic dos-
age. We also examined the correlations between brain 
structural changes and WAIS digital symbol coding and 
digital span (forward and backward) score changes 
in both patients and controls. Multiple testing (11 
regions × 7 behavioral items) was corrected using the 
FDR at q < 0.05.

Peripheral inflammation markers in relation to clinical 
profile and cognitive functioning
Spearman’s rank correlation was performed between 
inflammation markers (leukocyte and leukocyte sub-
types) and patients’ behavioral scores (PANSS and 
WAIS subscales) at baseline and follow-up.

Table 2 Leukocyte count and leukocyte subtypes (percentage) in patients

Leukocyte 
 (109/L)

Monocyte (%) Lymphocyte (%) Neutrophils (%) Eosinophils (%) Basophils (%)

Median 5.645 6.6 36.2 54.6 1.7 0.2

25% percentile 4.79 5.5 29.8 46.9 1.1 0.2

75% percentile 6.58 7.2 44.1 63 2.6 0.4
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Results
Demographic characteristics and clinical outcomes
Demographic and clinical information of all participants 
were shown in Table  1. Controls were matched with 
patients on age (p = 0.09) and sex (p = 0.37), and con-
trols had a higher education level (p = 0.01) and shorter 
follow-up interval (p = 0.04) than patients. The patient’s 
symptom severity at baseline and follow-up period was 
illustrated in Table 3. The majority of patients (33 out of 
38) had an improvement in their symptoms, with PANSS 
total score reduced by more than 30% (Additional file 1: 
Fig. S1). On cognitive assessments, patients showed 
significantly lower scores on WAIS digital symbol cod-
ing and digital span (forward and backward) tests com-
pared to controls (all p < 0.001). Patients did not show 
significant improvements in WAIS scores at follow-up. 
Information on patients who were medicated before 
admission is listed in Additional file 1: Table S3.

Group comparisons of brain structural changes
Global effects
In both patients and controls, brain structural measure-
ments decreased at the follow-up time point compared 
to baseline (Table  4). Global volume, cortical thickness, 
and surface area on average decreased by 1.08%, 0.87%, 
and 0.65% in patients and 0.97%, 0.76%, and 0.24% in 
controls, respectively (Fig. 1). Linear mixed-effect model 
showed a significant main effect of time on global volume 
(t =  − 2.34, p = 0.02) and cortical thickness (t =  − 2.36, 
p = 0.02), but not for surface area (t =  − 0.52, p = 0.61). No 
significant group main effect or group by time interaction 
effect was found in global measurements.

Regional effects
For regional structural changes, we analyzed the group 
by time interaction effects and group main effects on 150 
regional measurements (14 subcortical volumes, 68 corti-
cal thicknesses, and 68 surface areas). For group by time 
interaction effects, several regional cortical thicknesses 
showed a significant result, including the left superior 
and middle frontal gyri, left caudal anterior cingulate 
gyrus, bilateral superior parietal lobules, right inferior 
parietal lobule, right lateral occipital lobe, and bilateral 
pallidum. For significant group main effects, the right 
superior frontal gyrus showed significantly lower corti-
cal thickness whereas the right entorhinal cortex showed 
higher cortical thickness in patients than in controls 
(Fig.  2 and Table  5). No significant group or group by 
time interaction effects were found for surface area com-
parison. We conducted a sub-group analysis of patients 

Table 3 PANSS score and cognitive functions before and after treatments

Baseline Follow‑up Within‑group comparisons (p, t) Between‑group 
comparisons (p, t)

PANSS

 Total score 89.11 ± 14.81 51.76 ± 13.14 < 0.001 12.61 /

 Positive 22.90 ± 4.96 10.32 ± 4.01 < 0.001 12.57 /

 Negative 21.53 ± 6.40 14.53 ± 4.94 < 0.001 6.69 /

 General psychopathol‑
ogy

44.68 ± 8.89 26.92 ± 6.57 < 0.001 10.70 /

Digital symbol coding test

 Controls 69.71 ± 9.19 78.69 ± 8.22 < 0.001 7.36 < 0.001 10.48

 Patients 45.97 ± 12.19 48.59 ± 13.03 0.18 1.38

Digital span forward test

 Controls 9.88 ± 1.03 9.43 ± 1.10 0.03 − 2.29 < 0.001 4.29

 Patients 8.68 ± 1.60 8.91 ± 1.54 0.25 1.16

Digital span backward test

 Controls 7.45 ± 1.63 7.84 ± 1.27 0.05 2.00 < 0.001 7.19

 Patients 4.82 ± 1.81 4.51 ± 1.48 0.30 − 1.06

Table 4 Global structural measurements and change ratio in 
patients and controls

Baseline Follow‑up Change ratio

Global GMV  (mm3)

 Controls 5.90 ×  105 5.85 ×  105 − 0.97%

 Patients 5.72 ×  105 5.65 ×  105 − 1.08%

Global cortical thickness (mm)

 Controls 177.44 176.15 − 0.76%

 Patients 175.69 174.14 − 0.87%

Global surface area  (mm2)

 Controls 1.85 ×  105 1.85 ×  105 − 0.24%

 Patients 1.81 ×  105 1.80 ×  105 − 0.65%
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who were medicated at baseline, which showed similar 
results (Additional file 1: Table S4).

Association between brain structural changes 
and peripheral inflammation markers
We first tested whether the brain regions that showed 
a significant group main effect or group by time inter-
action effect would correlate with patients’ peripheral 
inflammation levels. Next, we performed an exploratory 
analysis in the subcortical regions. We did not observe 
a significant association between structural changes and 
inflammation markers.

Association between brain structural changes 
and transcriptional profiles
Next, we investigated whether brain structural changes 
correlated with the gene expression profile of inflam-
mation and antipsychotic treatment (Additional file  1: 
Fig. S2). Our analysis revealed a positive correlation 
between cortical thickness changes and gene expres-
sion of monocyte [29] in patients (r = 0.54, p = 8.8 ×  10−4, 
FDR corrected) but not in healthy controls (r =  − 0.05, 

p = 0.76) (Fig.  3 and Table  6). This result was replicated 
using inflammation genes from another study, which 
showed a positive correlation between cortical thickness 
changes and gene expression of monocyte in patients 
(r = 0.51, p = 0.002) [30]. We further tested whether 
this micro–macro association was driven by spatial 
autocorrelation of neuroimaging measurements. Our 
empirical results exceeded the null distribution of corre-
lations between 5000 surrogate maps and monocyte gene 
expression (two-tail p = 0.001 for [29] and p = 0.006 for 
[30]). The correlation between cortical thickness changes 
and antipsychotic genes in patients is r = 0.37, p = 0.03, 
but did not survive FDR correction [31]. We also con-
ducted a sub-group analysis of patients who were medi-
cated at baseline, which showed a significant correlation 
with monocyte gene expression level (Additional file  1: 
Table S5).

Brain structural changes in relation to clinical factors 
and cognitive functioning
For WAIS tests, we found that the left superior pari-
etal lobule thickness change correlated with WAIS 

Fig. 1 Percentage of cortical thickness (upper panel) and surface area (lower panel) changes in patients with schizophrenia (left) and healthy 
controls (HC). Blue color indicates a decreased value at follow‑up compared to baseline measurements, whereas red color indicates an increased 
value
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Fig. 2 Significant group by time interaction effect (A) and group effect (B) on brain structural measurements. T‑statistics from linear mix‑effects 
model was plotted on the left, with blue color indicating lower values or accelerated decrease in patients, while red indicates the opposite. 
For significant regions, cortical thickness and volume in patients (SZ) and controls (HC) at baseline (BL) and follow‑up (FU) were plotted on the right.  
Abbreviations: L: left, R: right, SFG: superior frontal gyrus, cauACC: caudal anterior cingulate cortex, rosMFG, rostral middle frontal gyrus, SPL: superior 
parietal lobule, IPL: inferior parietal lobule, latOL: lateral occipital lobe, EC: entorhinal cortex

Table 5 Significant group by time interaction and group main effects on regional measurements (FDR significant results in bold font)

Group Time Group × time

t value p value t value p value t value p value

Subcortical regions

 Right pallidum 1.00 0.32 − 1.10 0.27 3.11 < 0.01
 Left pallidum 0.03 0.98 − 1.77 0.08 3.28 < 0.01
Regional cortical thickness

 Right entorhinal cortex 3.66 < 0.01 − 1.18 0.24 − 0.29 0.77

 Right superior frontal gyrus − 4.55 < 0.01 0.85 0.40 − 2.46 0.01

 Left rostral middle frontal gyrus − 2.61 0.01 3.72 < 0.01 − 3.11 < 0.01
 Left caudal anterior cingulate gyrus 0.53 0.60 1.68 0.10 − 3.80 < 0.01
 Left superior frontal gyrus − 3.09 < 0.01 0.41 0.68 − 3.10 < 0.01
 Left superior parietal lobule − 0.55 0.58 − 0.61 0.54 3.01 < 0.01
 Right inferior parietal lobule − 0.94 0.35 − 1.88 0.06 3.23 < 0.01
 Right lateral occipital lobe − 0.57 0.57 − 1.47 0.14 4.16 < 0.01
 Right superior parietal lobule 0.47 0.64 − 1.40 0.16 3.43 < 0.01
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Fig. 3 Association between brain structural changes and transcriptional profiles of inflammation and antipsychotic response. A Transcriptional 
data were retrieved from the Allen Human Brain Atlas (AHBA) [25] (http:// human. brain‑ map. org/) and calculated for gene sets of interests [29–31] 
(Additional file 1: Table S1). Brain structural changes (cortical thickness and surface area) were calculated for patients with schizophrenia (SZ) 
and healthy controls (HC) as illustrated in Fig. 1. B A significant correlation was found between monocyte‑related gene expression and cortical 
thickness changes in patients with schizophrenia (r = 0.54, p < 0.01) but not in healthy controls (r =  − 0.05, p = 0.76). C The normalized monocyte 
gene expression profile from a systematic review on leukocyte and subtypes [29]. D Association between monocyte gene expression and cortical 
thickness changes in patients is significantly higher than the null model generated by correlations between 5000 surrogate maps and monocyte 
gene expression profile (pspin = 0.001)

Table 6 Correlation between structural changes and gene expression of antipsychotic treatment response and inflammation in 
patients (SZ) and controls (HC)

Neuroimaging Study Gene set of interests SZ HC

r value p value r value p value

Cortical thickness change Yu et al. (2018) [31] Antipsychotics 0.159 0.370 − 0.327 0.059

Nalls et al. (2011) [29] Leukocyte − 0.019 0.913 − 0.250 0.154

Neutrophil 0.173 0.328 − 0.169 0.340

Basophil 0.384 0.025 0.063 0.721

Monocyte 0.544 8.8 × 10−4 − 0.054 0.762

Lymphocytes 0.039 0.827 − 0.305 0.079

Keller et al. (2014) [30] Leukocyte − 0.277 0.113 − 0.168 0.344

Neutrophil − 0.115 0.516 − 0.063 0.725

Monocyte 0.511 0.002 − 0.188 0.288

Surface area change Yu et al. (2018) [31] Antipsychotics 0.367 0.033 0.163 0.356

Nalls et al. (2011) [29] Leukocyte 0.110 0.536 0.127 0.474

Neutrophil 0.134 0.449 − 0.141 0.425

Basophil − 0.109 0.538 − 0.174 0.326

Monocyte 0.007 0.970 0.240 0.172

Lymphocytes 0.357 0.038 0.454 0.007

Keller et al. (2014) [30] Leukocyte 0.153 0.387 0.500 0.003

Neutrophil − 0.126 0.476 0.343 0.047

Monocyte 0.095 0.594 0.173 0.328

http://human.brain-map.org/
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digital span (backward) change in patients (r = 0.57, 
p = 3.4 ×  10−4) but not in controls (r = 0.09, p = 0.54) 
(Fig.  4). For PANSS score changes and medication dos-
age, we did not find any significant correlations with 
brain structural changes.

Correlation between patients’ peripheral inflammation 
markers and clinical profile
We found an uncorrected association between mono-
cyte percentage and PANSS positive score (Spearman’s 
r = 0.44, p = 0.006), as well as between monocyte per-
centage and digital span (backward) score (Spearman’s 
r = 0.38, p = 0.02) at baseline (Table 7). Yet, these correla-
tions did not survive multiple corrections.

Discussion
This longitudinal study examined the patterns of brain 
structural changes in patients with first-episode schizo-
phrenia and investigated the contributing factors (inflam-
mation and antipsychotic treatment) to brain structural 
changes. We found that patients had accelerated pal-
lidum enlargement and frontal cortical thinning but 
preserved parietal and occipital cortical thickness as 
compared to controls. Among these structural changes, 
cortical thickness change in the left superior parietal 
lobule positively correlated with cognitive performance 
changes in patients. Notably, we observed a positive cor-
relation between the gene expression level of monocyte 
and cortical thinning in patients. Taken together, our 

Fig. 4 Correlation analysis between brain structure changes and cognitive score changes in patients (A) and controls (B). A significant association 
was found between the left superior parietal lobule (SPL) cortical thickness change and WAIS digital span (backward) change in patients (r = 0.57, 
p = 3.4 ×  10−4) but not in controls (r = 0.09, p = 0.54)

Table 7 Spearman’s correlation between patients’ inflammation markers and clinical scores

Leukocyte Neutrophils (%) Lymphocyte (%) Monocyte (%) Eosinophils (%) Basophils (%)

p r p r p r p r p r p r

PANSS pos baseline 0.625 − 0.083 0.287  − 0.180 0.476 0.121 0.006 0.443 0.220 0.206 0.804 0.042

PANSS neg baseline 0.373 0.151 0.183 0.224 0.064 − 0.308 0.451 − 0.128 0.624 − 0.083 0.861 0.030

PANSS gen baseline 0.800 − 0.043 0.764 − 0.051 0.728 0.059 0.470 0.123 0.053 − 0.320 0.640 0.080

PANSS pos follow‑up 0.765 0.053 0.721 0.064 0.904 − 0.021 0.557 − 0.104 0.396 − 0.150 0.098 − 0.288

PANSS neg follow‑up 0.316 − 0.177 0.688 − 0.071 0.278 0.192 0.677 − 0.074 0.763 − 0.054 0.463 − 0.130

PANSS gen follow‑up 0.308 0.180 0.555 0.105 0.299 − 0.184 0.160 − 0.246 0.660 − 0.078 0.349 − 0.166

DigitSymbol baseline 0.991 0.002 0.662 − 0.074 0.740 − 0.056 0.804 0.042 0.794 0.044 0.263 − 0.189

DigitSpan forward baseline 0.647 0.078 0.192 − 0.219 0.554 0.100 0.019 0.384 0.470 0.123 0.591 − 0.091

DigitSpan backward baseline 0.548 0.102 0.596 − 0.090 0.699 0.066 0.401 0.142 0.748 − 0.055 0.279 − 0.183

DigitSymbol follow‑up 0.631 − 0.087 0.887 − 0.026 0.415 0.147 0.537 − 0.111 0.198 − 0.230 0.923 − 0.018

DigitSpan forward follow‑up 0.789 − 0.048 0.421 0.145 0.273 − 0.196 0.226 − 0.217 0.346 − 0.169 0.968 − 0.007

DigitSpan backward follow‑up 0.465 − 0.132 0.554 − 0.107 0.819 0.041 0.971 0.007 0.587 0.098 0.284 0.192
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results identified early-stage brain structural changes 
and their correlation with the transcriptional profile of 
inflammatory markers, providing preliminary evidence 
of the underlying biological process that may contribute 
to longitudinal brain structural changes in schizophrenia.

Immunological abnormalities have long been reported 
to be involved in schizophrenia. In previous schizophre-
nia studies, higher peripheral monocyte count could be 
relevant to the pathophysiology [36] and has been con-
sidered a possible marker of microglia activation [37]. 
Inflammation in the brain involved both monocyte and 
microglia. Microglial cells and chemokines might recruit 
monocytes circulating in the peripheral blood into the 
brain [38], where neuroinflammation was exacerbated 
by these monocytes. The investigation of monocyte 
transcriptome demonstrated a shift in monocyte phe-
notype in different stages of schizophrenia [39]. In the 
current study, the transcriptional profile of monocyte 
was directly related to the longitudinal change of cortical 
thickness in patients, suggesting an association of mono-
cyte gene expression with the effect of treatment and this 
disease itself on the brain.

However, we did not observe a significant association 
between structural changes and inflammation markers. 
Previous studies revealed elevated peripheral inflam-
matory levels in patients with schizophrenia and their 
correlation with increased basal ganglia volume [40]. 
The effect of peripheral inflammatory markers on brain 
structural changes was further supported by genetic 
studies implicating multiple biological processes such as 
neural development and synaptic transmission [9]. Leu-
kocyte count, even within the normal range, was corre-
lated with polygenic scores of schizophrenia [41]. Since 
the antipsychotic medication was related to the decrease 
of cytokines [42], and basal ganglia volume change was 
quite common after medication [43], one possible mech-
anism of antipsychotics in the treatment of psychosis 
could be mitigating neuroinflammation.

Although antipsychotics can alleviate symptoms of 
schizophrenia, some studies raised concern that they 
may contribute to additional cortical thinning [44]. 
Subsequent studies argued that cortical thinning after 
medication was not linked to clinical or cognitive dete-
rioration [45] and might even improve patients’ prefron-
tal functional activity and cognitive control ability [13]. 
In a macaque monkey study, antipsychotic-induced vol-
ume reduction was related to reduced glial cell number, 
whereas the number of neurons remained unchanged 
[46]. In our study, we found the transcriptional profile 
of monocyte positively correlated with cortical thickness 
changes after treatment, indicating the important role of 
inflammation, especially monocyte, in cortical thickness 
changes in the early stage of schizophrenia.

Several other factors may contribute to structural 
changes in patients with schizophrenia, such as medica-
tion and neuromodulation treatment. Studies found that 
medication duration and dosage correlated with cortical 
thinning in patients [11, 45], with effects varied across 
different types of antipsychotics [14]. As a non-invasive 
adjuvant therapy, repetitive transcranial magnetic stimu-
lation (rTMS) may prevent volume reduction or cortical 
thinning [47] and increase brain metabolism at the stim-
ulation site [48]. The temporoparietal junction is a com-
monly applied target site.

We also analyzed the factors that might contribute to 
these structural changes, including medication, times of 
rTMS, and peripheral inflammatory markers. Although 
given the fact that treatment factors were able to cause 
structural changes, we did not find a significant correla-
tion between brain changes and the medication dose, 
duration, or times of rTMS as former studies reported 
[11, 45]. Three reasons might contribute to this. First, it 
might be due to our lack of comparison to unmediated 
patients, since the disease course would also lead to cor-
tical thinning even in prodromal high-risk individuals 
[49]. Thus, when calculating the effect of treatment, the 
effect was not linearly related to structural changes due 
to the interference of the disease course. Second, it could 
also be on account of the combined treatment of multi-
ple antipsychotics for each patient, because some studies 
argued that different types of antipsychotics had varied 
influences on structural changes as well [14]. Lastly, dif-
ferent patients had different responses to antipsychotics, 
and our limited sample size might not suffice to prove the 
correlation with treatment factors.

Among the brain regions showing significant group 
or group by time interaction effects, we found a positive 
correlation between superior parietal lobule thickness 
change and WAIS digital span score change in patients, 
suggesting the cognitive relevance of this region. The 
superior parietal lobule belongs to the association cortex 
and is involved in high-order processes like cognition, 
information integration, and self-awareness [50]. Struc-
tural and functional abnormalities of the frontal-parietal 
network were frequently reported and have been related 
to cognition impairments in schizophrenia. Previous 
studies have reported that low-frequency rTMS could 
regulate functional connectivity within the frontal-pari-
etal network and improve cognitive functioning [47]. Our 
study supported the role of the superior parietal lobule in 
working memory and suggested this potential region as a 
stimulation target site for cognitive remediation.

In the study, we found a regional-specific effect of accel-
erated frontal cortical thinning and pallidum enlarge-
ment as well as preserved parietal and occipital cortices 
that may be due to medication and rTMS, respectively. 
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Our results were consistent with former cross-sectional 
studies [11–13, 43] and provided a longitudinal view 
in patients with first-episode schizophrenia who were 
unmedicated and responsive to treatments. Remarkably, 
consistent with previous meta-analysis [11] and longi-
tudinal study [45], cortical thickness represented more 
prominent changes in regional analysis rather than sur-
face area, which might reflect different mechanisms 
underlying these two measurements. It is assumed that 
the developmental trajectories of surface area were pre-
dominantly influenced by genetic factors [11, 17]. Mean-
while, cortical thickness can be affected by additional 
environmental or neurodegenerative factors (disease, 
inflammation, treatment, aging, etc.) even in adulthood 
[17]. Our study supported that cortical thickness might 
be more sensitive to treatment and inflammation effects.

Several limitations need to be considered when inter-
preting our results. First, transcriptomic data were not 
collected in this sample but retrieved from the external 
AHBA dataset, leading to false-positive effects in micro–
macro association due to spatial autocorrelation. Using 
generative null models, the correlation results between 
brain and transcriptional maps were verified. Second, our 
findings of brain structural changes reflect mixed effects 
of treatment and disease progression on the brain, which 
cannot be easily separated apart. However, we tried to 
control for the time effect by including follow-up MRI 
measurements of healthy controls in linear mixed-effect 
models. Third, the sample size of this study was mod-
erate. Future studies with a larger sample size or using 
a meta-analytic approach could further confirm our 
findings.

Conclusions
In summary, this study found brain structural changes in 
patients with first-episode schizophrenia after short-term 
treatment. The cortical thickness change in patients was 
related to the gene expression level of inflammation, and 
cortical thickness in the superior parietal lobule corre-
lated with ameliorated cognitive impairments in patients. 
These results provided empirical evidence of potential 
biological processes underlying brain structural changes 
and suggested possible treatment targets to improve 
cognitive function in patients. More importantly, identi-
fied immunity-brain-behavior associations would con-
tribute to our understanding of the pathogenesis of 
schizophrenia.
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