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A B S T R A C T   

Purpose: Decreased serum ferritin level was recently found in schizophrenia. Whether the brain iron concen-
tration in schizophrenia exists abnormality is of research significance. Quantitative susceptibility mapping (QSM) 
was used in this study to assess brain iron changes in the grey matter nuclei of patients with first-episode 
schizophrenia. 
Methods: The local ethics committee approved the study, and all subjects gave written informed consent. Thirty 
patients with first-episode schizophrenia and 30 age and gender-matched healthy controls were included in this 
study. QSM and effective transverse relaxation rate (R2*) maps were reconstructed from a three-dimensional 
multi-echo gradient-echo sequence. The inter-group differences of regional QSM values, R2* values and vol-
umes were calculated in the grey matter nuclei, including bilateral caudate nucleus, putamen, globus pallidus, 
substantia nigra, red nucleus, and thalamus. The diagnostic performance of QSM and R2* was evaluated using 
receiver operating characteristic curve. The correlations between regional iron variations and clinical PANSS 
(Positive and Negative Syndrome Scale) scores were assessed using partial correlation analysis. 
Results: Compared to healthy controls, patients with first-episode schizophrenia had significantly decreased QSM 
values (less paramagnetic) in the bilateral substantia nigra, left red nucleus and left thalamus (p < 0.05, FDR 
correction). QSM proved more sensitive than R2* regarding inter-group differences. The highest diagnostic 
performance for first-episode schizophrenia was observed in QSM value of the left substantia nigra (area under 
the curve, AUC = 0.718, p = 0.004). Regional volumes of bilateral putamen and bilateral substantia nigra were 
increased (p < 0.05, FDR correction) in first-episode schizophrenia. However, both QSM and R2* values did not 
show significant correlations with PANSS scores (p > 0.05). 
Conclusion: This study reveals decreased iron concentration in grey matter nuclei of patients with first-episode 
schizophrenia. QSM provides superior sensitivity over R2* in the evaluation of schizophrenia-related brain 
iron changes. It demonstrated that QSM may be a potential biomarker for further understanding the patho-
physiological mechanism of first-episode schizophrenia.   

1. Introduction 

Schizophrenia is a severe psychiatric disorder that is characterized 
by positive symptoms (including delusions, hallucinations, and thought 
disorders), negative symptoms (including affective flattening, apathy 

and social withdrawal), and cognitive deficits (impaired working 
memory) (Jing et al., 2012; van Os et al., 2010). There is no consensus 
on the explanations of the pathophysiology of schizophrenia. Several 
neurotransmitter systems have been implicated in the pathophysiology 
of the disease (Lyne et al., 2004). The revised dopamine hypothesis 
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(Howes and Kapur, 2009) is one of the most influential theories on the 
etiology of schizophrenia. This hypothesis proposes that the multiple 
genetic and environmental risk factors for schizophrenia interact 
through one final common pathway of presynaptic striatal dopamine 
dysregulation. The glutamate hypothesis is also a momentous hypoth-
esis in the pathophysiology of schizophrenia. This hypothesis empha-
sizes diminished activity of glutamate receptors in the glutamatergic 
system (Goff and Coyle, 2001). Since the glutamatergic system interacts 
closely with the dopaminergic system at both the neuronal circuitry 
level and the intracellular level (Konradi and Heckers, 2003), patients 
may have malfunctions in one or both systems due to the multiple forms 
of schizophrenia. 

In the human brain, neurotransmitter synthesis and signaling depend 
on electron facilitation by iron (Stankiewicz et al., 2007). Iron is 
essential for numerous fundamental neurological processes including 
neurotransmitter synthesis, neuronal development, myelin production, 
oxygen transportation, cell proliferation and energy metabolism (Ganz 
and Nemeth, 2006; Hare et al., 2013; Rouault, 2013; Stankiewicz et al., 
2007; Ward et al., 2014). Iron metabolism homeostasis is important for 
maintaining the integrity of the neurochemical circuits including 
monoaminergic system (Hare et al., 2013; Hyacinthe et al., 2015; Moos 
and Morgan, 2004), glutamatergic and gamma-aminobutyric acid 
(GABA) system (Ward et al., 2007). The dysregulation of iron homeo-
stasis has been implicated in neuropsychiatric disorders (Zheng and 
Monnot, 2012). Excessive iron deposition could enhance free radical 
formation and contribute to oxidative stress (Crichton et al., 2011). 
Conversely, reductions in iron supply would disrupt neurodevelopment 
and result in long-term changes in neurotransmission (Hare and Double, 
2016; Unger et al., 2007). The serum ferritin levels were reported to be 
significantly reduced in first-episode schizophrenia patients with 
prominent negative symptoms (Kim et al., 2018). However, as there are 
many factors that affect iron transport, uptake and storage, and serum 
ferritin concentrations cannot accurately reflect the brain iron content 
(Nielsen et al., 2000). Therefore, visualization and reliable quantitative 
evaluation of brain iron concentration could contribute to the investi-
gation of pathophysiology of schizophrenia. 

Magnetic resonance imaging (MRI) can non-invasively perform brain 
iron quantification. Effective transverse relaxation rate (R2*) and 
quantitative susceptibility mapping (QSM) (Rochefort et al., 2010; 
Wang and Liu, 2015), calculated from the multi-echo gradient-echo 
(GRE) sequence, are two effective measures for iron in biological tissues. 
R2* (Liu et al., 2015), which is derived by fitting the magnitude of multi- 
echo GRE images to an exponential function, has been applied to char-
acterize iron concentration in the brain, and widely used for Parkinson’s 
disease (Barbosa et al., 2015; Langkammer et al., 2010), multiple scle-
rosis (Khalil et al., 2009, 2011), and Huntington’s disease (Cristina et al., 
2015). However, R2* can be contaminated by the macroscopic back-
ground field effects (Ropele and Langkammer, 2016). QSM, which is 
calculated from the phase of multi-echo GRE images, can reveal the 
accurate underlying susceptibility of the iron-containing tissues with 
reduced artifacts inherent in R2* (Li et al., 2012a). Typically, QSM 
provides excellent image contrast between iron-rich grey matter (GM) 
nucleus and surrounding brain tissues, and also provides high sensitivity 
and specificity for estimating iron content (Li et al., 2011). In recent 
studies, QSM has become increasingly prominent in searching for a 
quantitative biomarker for the assessment of iron concentration. QSM 
studies detected significant deposition of brain iron in patients with 
Parkinson’s disease (He et al., 2015), Huntington’s disease (van Bergen 
et al., 2016) and multiple sclerosis (Langkammer et al., 2013), compared 
with healthy individuals. However, to the best of our knowledge, QSM 
has not been reported in patients with schizophrenia. 

Previous autopsy researches and noninvasive iron-sensitive MRI 
studies have indicated that the brain iron concentration is not uniform 
(Hallgren and Sourander, 1958; Li et al., 2014; Ramos et al., 2014). The 
highest iron contents were detected in the deep GM nuclei (Haacke et al., 
2005; Ward et al., 2014), whereas the iron contents in white matter, 

cortical GM and cerebellum were relatively low. These deep GM nuclei 
constantly generate high levels of neurotransmitters such as dopamine 
and glutamate to maintain the integration and transmission of signals in 
brain circuits (Eskreis-Winkler et al., 2017; Stuber et al., 2016). As iron 
serves as the cofactor in neurotransmitter biosynthesis, the functions of 
the GM nuclei are susceptible to changes in iron concentrations. 

In the present study, QSM and R2* mapping were used to investigate 
the presence of abnormal iron concentration in iron-rich deep GM nuclei 
of first-episode schizophrenia patients compared with healthy controls, 
and detect the possible correlations between QSM and R2* values and 
disease severity scores. 

2. Materials and Methods 

2.1. Subjects 

This study was approved by the local ethics committee and all sub-
jects signed written informed consent before MR examination. A total of 
35 first-episode schizophrenia patients were prospectively enrolled from 
Jan 2020 to Aug 2020. All patients were assessed by a psychiatrist with 
the Structural Clinical Interview for Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition (DSM-IV) and fulfilled with the diag-
nostic criteria for schizophrenia in DSM-IV. All patients had not received 
antipsychotic medication. Clinical symptoms of patients were quantified 
with the Positive and Negative Syndrome Scale (PANSS). Additionally, 
30 age and gender-matched healthy volunteers were recruited as 
healthy controls (HCs) in the same time period. Inclusion criteria for all 
subjects were right-handedness and age (14–40 years). General exclu-
sion criteria included MRI contraindications, central nervous system 
disorders, head trauma, pregnancy, histories of systemic medical dis-
eases, histories of substance abuse, and histories of electroconvulsive 
shock treatment. Additional exclusion criteria for HCs were history of 
any Axis I disorder in DSM-IV and first-degree relative with a psychotic 
disorder. Five patients were excluded due to severe motion artifacts in 
the MR images after the image quality inspection, thus 30 patients and 
30 HCs were finally included in the study. 

2.2. MRI data acquisition 

The images of all participants were acquired by a 3.0 T MRI system 
(Discovery MR750, GE Healthcare) equipped with an 8-channel head 
coil. During scanning, foam padding was applied to prevent head 
movement and earplugs were provided to reduce the noise. A three- 
dimensional (3D) multi-echo GRE sequence with 8 equally spaced 
echoes was performed for both QSM and R2* calculation. Imaging pa-
rameters were as follows: repetition time (TR) = 50.22 ms; first echo 
time (TE) = 3.67 ms; echo spacing = 5.76 ms; number of echoes = 8; flip 
angle (FA) = 12◦; field of view (FOV) = 240 mm × 240 mm; matrix =
320 × 320; slice thickness = 2.0 mm; in-plane resolution = 0.75 × 0.75 
mm2; acquisition time = 6min45s. In addition, a 3D T1-weighted 
BRAVO sequence was used for measuring subject intracranial volume 
with the following parameters: TR = 8.17 ms; TE = 3.18 ms; inversion 
time (TI) = 450 ms; FA = 12◦; sagittal acquisition with FOV = 256 mm ×
256 mm; matrix = 256 × 256; slice thickness = 1.0 mm; slices = 188. 
Conventional MR images, including T2-weighted fluid-attenuated 
inversion recovery sequence and T2-weighted fast spin echo sequence 
were acquired to exclude brain structural abnormalities and cerebro-
vascular diseases. 

2.3. Image processing 

QSM was reconstructed from the 3D multi-echo GRE images. First, 
the wrapped total field map was generated from multi-echo magnitude 
and phase images using a non-linear least squares fitting method, and 
then the image was unwrapped with a Laplacian-based approach 
(Schofield and Zhu, 2003). Subsequently, the tissue field was revealed 
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by excluding the background fields with the Laplacian boundary value 
(LBV) algorithm (Zhou et al., 2014). Finally, the tissue field was inverted 
to QSM maps using morphology enabled dipole inversion (MEDI) al-
gorithm (Liu et al., 2011b). In addition, R2* maps were calculated from 
the multi-echo magnitude images using auto-regression on linear oper-
ations (ARLO) algorithm (Pei et al., 2015). The flow chart of the QSM 
and R2* calculation is shown in Fig. 1. 

After QSM and R2* maps were reconstructed from all subjects, the 
regions of interest (ROIs) of deep GM nuclei were manually segmented 
on the reconstructed QSM maps using ITK-SNAP (Yushkevich et al., 
2006) software by two neuroradiologists who were blinded to the 
diagnosis of subjects. The ROIs included the bilateral caudate nucleus 
(CN), putamen (PUT), globus pallidus (GP), substantia nigra (SN), red 
nucleus (RN), and thalamus (THA). Nucleus with obvious boundary was 
delineated in multiple adjacent slices, and then eroded inward by 2 
pixels in each slice to reduce the partial volume effects. The resulting 3D 
models were used as masks to obtain the mean QSM and R2* values for 
each ROI. The volume of each ROI was determined by multiplying the 
number of voxels within the entire structure with the voxel size. To 
eliminate the effect of different brain sizes across subjects, the individual 
normalized ROI volume was calculated by: normalized ROI volume =
original ROI volume × (group mean intracranial volume / subject 
intracranial volume) (Chen et al., 2019). 

2.4. Statistical analyses 

All statistical analyses were performed with IBM SPSS software 
version 22 and MedCalc software version 19.6.3. A p value < 0.05 was 
considered as statistically significant. The normal distribution of data 
was initially tested using the Kolmogorov-Smirnov test. The indepen-
dent two-sample t-test and the Chi-square test were performed to assess 
the inter-group differences of age and gender, respectively. The inter- 
rater reliability of manual segmentation was calculated using absolute 
intraclass correlation coefficient (ICC) of QSM values in each ROI. One- 
way ANCOVA test was used to assess the inter-group differences of 

normalized ROI volumes, with patient age and gender as covariates. To 
estimate the differences of QSM value and R2* value between two 
groups in each ROI, one-way ANCOVA test was employed, with ROI 
volumes, age and gender as covariates. Post hoc false discovery rate 
(FDR) correction was employed for multiple comparison correction. The 
area under the curve (AUC) of the receiver operating characteristic 
(ROC) curve was used to evaluate the diagnostic performance of QSM 
and R2* for the regions that showed intergroup differences. To investi-
gate the relationship of the QSM and R2* values with PANSS scores, 
partial correlation analysis was performed in regions that showed 
intergroup differences, with patient age and gender as covariates. 

3. Results 

3.1. Demographic and clinical data analyses 

Demographic characteristics of the participants and PANSS scores of 
the first-episode schizophrenia patients are summarized in Table 1. 
There were no significant differences between patients and HCs in age (t 
= 1.098, p = 0.277) and gender (χ2 = 1.111, p = 0.292). 

3.2. Comparison of mean regional measurements between groups 

Two representative axial slices of QSM from a first-episode schizo-
phrenia patient are shown in Fig. 2. The targeted deep GM nuclei were 
hyperintense and had clear shape, demonstrating that it was feasible to 
identify and manually segment subcortical structures on QSM map 
directly. ICCs for all the segmented GM nuclei in Table 2 were greater 
than 0.8, indicating excellent absolute agreement between raters. 

The QSM values, R2* values and volumes of the nuclei are reported in 
Table 3 and Fig. 3. Compared to HCs, a significant decrease (less para-
magnetic) in QSM values was found in bilateral SN, left RN and left THA 
in first-episode schizophrenia patients (p < 0.05, FDR correction). With 
respect to R2* values, no significant differences between two groups 
were found. The normalized ROI volumes of bilateral PUT and bilateral 

Fig. 1. The flow chart of the QSM and R2* calculation. LBV, Laplacian boundary value; MEDI, morphology enabled dipole inversion; ARLO, auto-regression on 
linear operations. 
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SN were significantly increased in patient group (p < 0.05, FDR 
correction), compared with HCs. Fig. 4 shows representative QSM maps 
of two same age individuals, a first-episode schizophrenia patient and a 
HC subject, indicating lower susceptibility in the deep GM nuclei in the 
patient. 

3.3. Diagnostic performance of QSM and R2* 

Fig. 5 shows the results of ROC curve analyses of QSM and R2* 
values. QSM values were differentiated between the first-episode 
schizophrenia patients and HCs in the left SN (AUC = 0.718, p =
0.004), right SN (AUC = 0.679, p = 0.017), left RN (AUC = 0.672, p =
0.022), and left THA (AUC = 0.678, p = 0.018). R2* failed to differen-
tiate patients from HCs in the left SN (AUC = 0.621, p = 0.107), right SN 

(AUC = 0.608, p = 0.152), left RN (AUC = 0.619, p = 0.114), and left 
THA (AUC = 0.614, p = 0.128). QSM in the left SN provided the highest 
diagnostic performance. 

3.4. Correlation of PANSS scores and MRI measurements 

Table 4 summarizes the results of the partial correlation analyses in 
first-episode schizophrenia patients. There were no statistically signifi-
cant correlations between PANSS scores and QSM and R2* values. 

4. Discussion 

In the present study, we utilized QSM and R2* mapping to quantify 
specific regional iron concentrations in GM nuclei of patients with first- 
episode schizophrenia and HCs. The results of this study showed 
significantly decreased QSM values in bilateral SN, left RN, and left THA 
in patients, while no significant inter-group differences of R2* values 
were found in these nuclei. ROI volumes in bilateral PUT and bilateral 
SN were significantly increased in patients. QSM in the left SN provided 
the highest diagnostic performance. Therefore, QSM could be a potential 
iron-related biomarker for the mechanism of first-episode 
schizophrenia. 

The majority of brain iron consists of paramagnetic ferric iron stored 
in ferritin, and ferrous iron in the oxygen transporter hemoglobin (Beard 
and Connor, 2003). Previous autopsy studies have concluded that the 
dominant source of the magnetic susceptibility in the deep grey matter is 
the ferric iron stored in glial ferritin. These studies validated QSM by 
demonstrating that the quantitative susceptibility value is highly 
correlated with the ferritin iron content measured by Perls’ iron staining 
and inductively coupled plasma mass spectrometry (Langkammer et al., 
2012; Sun et al., 2015; Zheng et al., 2013). The application researches of 
QSM method also demonstrated that QSM values in the deep GM nuclei 

Table 1 
Demographic and clinical characteristics of first-episode schizophrenia patients 
and healthy controls.    

FES HCs Statistics p 
value 

Sex (M/F) 14/16 10/20 χ2 =

1.111  
0.292 

Age (years) 19.47 ±
5.39 

20.90 ±
4.69 

t = 1.098 0.277 

PANSS Positive 18.82 ±
5.04 

/ / / 

Negative 21.01 ±
4.94 

/ / / 

General 
psychopathology 

37.64 ±
6.20 

/ / / 

Total 77.45 ±
10.39 

/ / / 

Values are given in means ± standard deviations. FES, first-episode schizo-
phrenia; HCs, healthy controls; PANSS, Positive and Negative Syndrome Scale. 

Fig. 2. Two representative axial slices of QSM images from a first-episode schizophrenia patient with color overlay of targeted deep grey matter nuclei. CN, caudate 
nucleus; PUT, putamen; GP, globus pallidus; SN, substantia nigra; RN, red nucleus; THA, thalamus. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Table 2 
Absolute ICCs for agreement between the raters for segmentation of the grey matter nuclei in first-episode schizophrenia patients and healthy controls.   

CN PUT GP SN RN THA 

Left Right Left Right Left Right Left Right Left Right Left Right 

ICC FES 0.893 0.887 0.888 0.898 0.912 0.911 0.876 0.884 0.853 0.850 0.896 0.875  
HCs 0.901 0.911 0.899 0.901 0.910 0.921 0.870 0.879 0.848 0.851 0.901 0.881 

ICC, intraclass correlation coefficient; FES, first-episode schizophrenia; HCs, healthy controls; CN, caudate nucleus; PUT, putamen; GP, globus pallidus; SN, substantia 
nigra; RN, red nucleus; THA, thalamus. 
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Table 3 
Regional QSM, R2* values and volumes for the first-episode schizophrenia patients and healthy controls.   

QSM Values (ppm) R2* Values (sec-1) ROI Volumes (mL) 

FES HCs p_FDR FES HCs p_FDR FES HCs p_FDR 

CN Left 0.045 ± 0.014 0.047 ± 0.011  0.333 19.8 ± 1.8 20.4 ± 1.8  0.339 4.6 ± 1.2 4.7 ± 1.1  0.896 
Right 0.050 ± 0.015 0.053 ± 0.013  0.635 20.0 ± 1.6 21.1 ± 1.6  0.204 5.2 ± 1.0 4.9 ± 1.0  0.534  

PUT Left 0.037 ± 0.013 0.042 ± 0.011  0.352 21.0 ± 2.1 22.2 ± 1.9  0.204 7.9 ± 1.4 7.2 ± 1.4  0.042 
Right 0.035 ± 0.014 0.039 ± 0.010  0.877 21.1 ± 1.9 22.2 ± 2.0  0.276 8.3 ± 1.7 7.4 ± 1.4  0.039  

GP Left 0.138 ± 0.029 0.153 ± 0.026  0.202 34.8 ± 5.2 36.3 ± 4.6  0.405 3.2 ± 0.6 3.0 ± 0.7  0.352 
Right 0.139 ± 0.023 0.151 ± 0.025  0.246 34.4 ± 3.7 36.4 ± 4.4  0.295 3.3 ± 0.7 3.1 ± 0.6  0.161  

SN Left 0.117 ± 0.023 0.142 ± 0.029  0.044 31.7 ± 3.5 33.8 ± 4.9  0.295 0.7 ± 0.2 0.6 ± 0.2  0.024 
Right 0.119 ± 0.032 0.140 ± 0.030  0.044 31.5 ± 3.5 33.3 ± 4.2  0.339 0.7 ± 0.2 0.6 ± 0.1  0.024  

RN Left 0.048 ± 0.024 0.067 ± 0.025  0.044 26.0 ± 3.1 27.7 ± 3.4  0.258 0.4 ± 0.1 0.4 ± 0.1  0.832 
Right 0.051 ± 0.029 0.065 ± 0.024  0.168 26.5 ± 3.0 27.6 ± 3.5  0.339 0.4 ± 0.1 0.4 ± 0.1  0.683  

THA Left 0.010 ± 0.005 0.014 ± 0.005  0.048 19.3 ± 1.2 19.8 ± 1.1  0.258 9.7 ± 1.6 9.4 ± 1.8  0.534 
Right 0.011 ± 0.005 0.013 ± 0.005  0.238 19.5 ± 1.1 20.0 ± 1.5  0.339 9.5 ± 1.8 9.7 ± 1.9  0.896 

Values are given in means ± standard deviations; Bold, p < 0.05, significant inter-group differences after the FDR correction; FES, first-episode schizophrenia; HCs, 
healthy controls; CN, caudate nucleus; PUT, putamen; GP, globus pallidus; SN, substantia nigra; RN, red nucleus; THA, thalamus. 

Fig. 3. Comparison of ROI-based QSM values 
(A), R2* values (B) and volumes (C) between the 
first-episode schizophrenia patients and HCs. 
Asterisk (*), p < 0.05, significant inter-group 
differences after the FDR correction. FES, first- 
episode schizophrenia; HCs, healthy controls; 
CN, caudate nucleus; PUT, putamen; GP, globus 
pallidus; SN, substantia nigra; RN, red nucleus; 
THA, thalamus. (For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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of normal brain were significantly positive correlated with the previ-
ously published iron concentrations (Hallgren and Sourander, 1958; He 
et al., 2015; Yao et al., 2017). In addition, absolute ICCs of QSM values 
indicated excellent inter-rater reliability agreement in the present study. 
These findings confirmed the feasibility of QSM for iron quantification 
in the brain. 

In the current study, QSM demonstrated higher sensitivity and 
specificity than R2* mapping in evaluating iron alterations, enabling the 
detection of changes already present in patients with first-episode 
schizophrenia. Higher sensitivity of QSM for iron changes has also 
been found in other disorders such as multiple sclerosis (Blazejewska 
et al., 2015; Langkammer et al., 2013) and Parkinson’s disease (He et al., 
2015; Langkammer et al., 2016). In terms of magnetic susceptibility 
physics, the attenuation rate of the exponential R2* reflecting the static 

dephasing by the inhomogeneous field plus the random dephasing, is 
geometrically dependent on the iron concentration (Yablonskiy and 
Haacke, 1994). The inhomogeneous field estimated from the MRI signal 
is the tissue susceptibility convolved with a dipole kernel. The decon-
volution of the field map produces QSM, which is then divided by the 
molar susceptibility of iron to obtain the iron concentration map (Liu 
et al., 2012; Murakami et al., 2015; Rochefort et al., 2010). This 
deconvolution process can eliminate the blooming artifacts that are 
unavoidable in R2*. 

The results of this study showed that QSM values in all ROIs were 
decreased to some extent, indicating a reduction of iron concentration in 
these regions. Several studies have reported a link between iron defi-
ciency and schizophrenia. Recently, Kim et al. found that iron deficiency 
has an effect on negative symptoms in patients with schizophrenia (Kim 
et al., 2018). Famitafreshi et al. impaired the iron metabolism in pre-
frontal cortex and hippocampus with social isolation and induced the 
emergence of schizophrenic-like symptoms in male rats (Famitafreshi 
and Karimian, 2020). Prospective studies have reported a significant 
association between maternal iron deficiency and the risk of schizo-
phrenia spectrum disorders in offspring (Insel et al., 2008; Sorensen 
et al., 2011). Reductions of iron supply in developing brain may have 
long-term neural and behavioral effects (Felt et al., 2006; Lozoff et al., 
2006; Unger et al., 2007), and the neurological impairments in infants 
caused by systemic iron deficiency persist despite iron supplementation 
(Beard, 2007, 2008). Takahashi et al. found profound disruptions of 
myelin and oligodendrocyte (Lee et al., 2013; Takahashi et al., 2011) in 
schizophrenia patients, which were linked to dopamine and glutamate 
abnormalities. Notably, iron is not only an essential cofactor of myelin 
synthesis but also a coenzyme of dopamine and glutamate synthesis, 
affecting the activity of neurotransmitter receptors (Beard and Connor, 
2003). The decreased iron concentration in the GM nuclei could be 
implicated in the pathogenesis of schizophrenia. 

The significant reduction of iron concentration in bilateral SN may 
be related to the dysregulation of presynaptic striatal dopamine neuro-
transmitter in first-episode schizophrenia patients. The nigrostriatal 
system, which connects the SN and the striatum (including CN, PUT and 

Fig. 4. Representative QSM maps of two same age individuals, a HC subject 
(left column) and a first-episode schizophrenia patient (right column). Note 
decreased susceptibility (less paramagnetic) in the deep GM nuclei in the pa-
tient. FES, first-episode schizophrenia; HC, healthy control. 

Fig. 5. Results of ROC curve analyses of QSM (left) and R2* (right) values obtained from the nuclei that showed significant inter-group differences. QSM in the left SN 
provide highest diagnostic performance to differentiate first-episode schizophrenia patients from healthy controls. ROC, receiver operating characteristic, AUC, area 
under curve; SN, substantia nigra; RN, red nucleus; THA, thalamus. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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GP), is an essential pathway in dopamine transmission (McCutcheon 
et al., 2019). The type 2 (D2) receptor on the dopamine nerve ending, 
known as the presynaptic dopamine receptor, is widely present in the 
nigrostriatal pathway. Some studies have reported that as the D2 re-
ceptor is an iron-containing protein, iron deficiency would result in 
reduced activity and attenuated affinity of D2 receptor (Erikson et al., 
2001; Kim et al., 2018; Pino et al., 2017; Youdim et al., 1989). Since D2 
receptor regulates dopamine uptake in the synaptic cleft through the 
dopamine transporter (DAT) (Meiergerd et al., 1993; Vallone et al., 
2000), the negative effect of iron deficiency on D2 receptor would cause 
a decrease in DAT activity and density. The positive correlation between 
D2 density and DAT density support the possibility (Erikson et al., 
2001). The decreased activity and density of DAT may cause elevated 
extracellular dopamine concentration in the striatum (Erikson et al., 
2000). Several iron deficiency models showed reduced neuronal uptake 
and increased extracellular concentration of catecholaminergic neuro-
transmitters (Bianco et al., 2008; Burhans et al., 2005; Hare et al., 2013). 
Moreover, molecular imaging studies revealed that presynaptic striatal 
dopaminergic function is elevated in schizophrenia (Hietala et al., 1995; 
Howes et al., 2009; Meyer-Lindenberg et al., 2002; Moore et al., 2003). 
In the present study, the reduction of iron concentration in the nuclei at 
one end of the nigrostriatal pathway may be associated with the dopa-
mine hypothesis in schizophrenia. 

The significant reduction of iron concentration in the left THA and 
left RN may be related to the dysregulation of the glutamatergic re-
ceptors and neurotransmitters in first-episode schizophrenia patients. 
Most thalamic afferent and efferent neurotransmitters belong to the 
glutamatergic system (Ibrahim et al., 2000). The expression and specific 
binding of the N-methyl-D-aspartate (NMDA) subtype of glutamate re-
ceptors was found to be reduced in iron-deficient states (Rao et al., 
2003). The decreased stimulation of hypoactive NMDA receptors on 
GABAergic interneurons causes an insufficient release of GABA. Since 
the inhibitory effect of GABA neurons on glutamate neurons is attenu-
ated, the disinhibited glutamate neurons release abnormally high 
glutamate, thereby causing excitotoxic stress (Konradi and Heckers, 
2003; Lewis and Moghaddam, 2006; Olney et al., 1999). Previous study 
reported a low NMDA receptor expression in the thalamic areas (Ibrahim 
et al., 2000), and a broad elevation of glutamate metabolites in the 
thalamus and basal ganglia of schizophrenia patients (Merritt et al., 
2016; Yang et al., 2019). An animal model study of schizophrenia with 
NMDA receptor hypofunction observed obvious metabolic alterations of 
glutamatergic and GABAergic systems in areas of the cortico-striato- 
thalamo-cortical loop (Eyjolfsson et al., 2011). In addition, Kirsten 
et al. repeatedly reported increased glutamate in the left thalamus of 
schizophrenia patients (Kirsten et al., 2018, 2017). The RN is known to 
contain measurable amounts of glutamatergic and GABAergic neurons 
and receives the glutamatergic fibers from dentate nucleus of the cere-
bellum (Hernandez-Ceron et al., 2017; Nieoullon et al., 1988). The 
hypoactive GABAergic interneurons and hyperactive glutamate neurons 

have been demonstrated in the cerebellar cortices of patients with 
schizophrenia (Bullock et al., 2008; Paz et al., 2006). Previous studies 
considered that the RN might be the functional intersection point be-
tween striato-thalamo-cortical and cerebello-thalamo-cortical circuits, 
both of which are thought to be involved in the pathophysiology of 
schizophrenia (Lewis et al., 2013; Yeganeh-Doost et al., 2011). The 
reduced iron concentrations in thalamus and red nucleus found in the 
present study may be associated with the glutamate hypothesis in 
schizophrenia. 

In the present study, the volume of bilateral PUT and SN was 
significantly increased in patients with first-episode schizophrenia. 
Previous studies have revealed volumetric alterations in the subcortical 
regions in schizophrenia. A large-scale multisite meta-analysis 
confirmed that patients with schizophrenia exhibited significantly larger 
bilateral PUT volumes, compared with controls (Okada et al., 2016). 
Glahn et al. reported increased volumes of the bilateral PUT and right 
head of the CN (Glahn et al., 2008). Moreover, Mamah et al. reported 
enlarged volumes in the bilateral PUT and CN and a positive correlation 
between attention/vigilance cognition with PUT and CN volumes in 
schizophrenia (Mamah et al., 2007). Regarding the SN volume of 
schizophrenia, no prior researches have been found to directly support 
the increase in volume. In a related autopsy study, Williams et al. 
examined the cytoarchitecture of dopaminergic neurons in the SN, and 
they observed increased nuclear and nucleolar size and decreased 
astrocyte density in schizophrenia compared to matched controls (Wil-
liams et al., 2014). An animal model study demonstrated that there exist 
strong positive correlations between QSM value and the density of 
neurons plus neuroglia cells (Gong et al., 2020). We suggested that the 
increased volumes and decreased QSM values of bilateral SN in the first- 
episode schizophrenia patients may be associated with the decreased 
density of ferritin-containing cells. 

Altered lateralization in schizophrenia has recently been investi-
gated. The lateralization of the brain is considered highly correlated 
with human behavioral and psychological characteristics (Toga and 
Thompson, 2003). The above-mentioned meta-analysis found a 
schizophrenia-specific leftward asymmetry in the GP volume (Okada 
et al., 2016). He et al. reported an increased left laterality of striatum 
volume in schizophrenic subjects (He et al., 2021). Maier et al. found the 
metabolite concentrations in schizophrenia group showed a significant 
left-sided reduction (Maier et al., 2000). These findings provided pre-
liminary suggestion of the aberrant lateralization in the left neural 
pathway in schizophrenic. The results of this study mainly reflected in 
the abnormality of iron concentration in the left nuclei, suggesting a left 
laterality of iron reduction in patients with first-episode schizophrenia. 

This study had several limitations. First, the current work focused on 
the susceptibility determined by the paramagnetic iron-load ferritin in 
the deep GM, while the white matter susceptibility could also contribute 
to the understanding of schizophrenia. The susceptibility in white 
matter has been found to be anisotropic (Li et al., 2012b; Sukstanskii and 

Table 4 
Results of the partial correlation analyses of QSM and R2* values in first-episode schizophrenia patients.  

PANSS QSM R2* 

Left SN Right SN Left RN Left THA Left SN Right SN Left RN Left THA 

P r value − 0.204 − 0.141 − 0.036 − 0.038 − 0.408 − 0.320 − 0.173 − 0.420 
p value 0.572 0.698 0.922 0.917 0.241 0.368 0.633 0.226  

N r value 0.326 0.167 0.272 0.201 0.252 0.429 0.249 0.125 
p value 0.357 0.644 0.447 0.578 0.482 0.216 0.488 0.731  

G r value 0.347 0.303 0.429 0.196 0.497 0.503 0.328 0.185 
p value 0.326 0.394 0.216 0.588 0.144 0.053 0.354 0.609  

T r value 0.253 0.180 0.357 0.191 0.193 0.442 0.219 − 0.050 
p value 0.481 0.618 0.312 0.598 0.594 0.201 0.543 0.890 

SN, substantia nigra; RN, red nucleus; THA, thalamus; PANSS, Positive and Negative Syndrome Scale; P, positive symptom score; N, negative symptom score; G, general 
psychopathology score; T, total score. 
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Yablonskiy, 2014), and the explanation of the susceptibility changes in 
white matter is more complicated since the diamagnetic effect of myelin 
has to be distinguished from the paramagnetism of iron (Langkammer 
et al., 2013; Liu et al., 2011a). Second, this study is limited by the 
relatively small number of patients and controls. Therefore, a large 
sample size is needed in the future to verify the conclusions. Third, this 
study did not find a significant association between reduced iron con-
centration and disease severity scores. In future studies, other clinical 
evaluation indicators should be employed to further explore the corre-
lation with iron deficiency in an increased sample size. Fourthly, more 
comprehensive clinical information, such as serum ferritin and disease 
course, should be collected in the future research. Moreover, the current 
study is a cross-sectional research. The QSM quantitation enables a 
longitudinal investigation to clarify the relationship between brain iron 
status and follow-up treatment of schizophrenia. 

5. Conclusions 

QSM values was decreased in bilateral substantia nigra, left red nu-
cleus, and left thalamus in first-episode schizophrenia patients, indi-
cating the reduction of iron concentrations in these regions. We suggest 
that decreased iron concentrations in these deep grey matter nuclei may 
be associated with the dopamine hypothesis and glutamate hypothesis 
of schizophrenia, respectively. In addition, QSM showed more potential 
for quantitative evaluation of disease-related iron changes in deep grey 
matter nuclei than R2* mapping. The disturbance of iron concentration 
reflected by QSM may be a potential biomarker for further under-
standing the pathophysiological mechanism of first-episode 
schizophrenia. 
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