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Background:  Psychosis is related to neurochemical 
changes in deep-brain nuclei, particularly suggesting do-
pamine dysfunctions. We used an magnetic resonance 
imaging-based technique called quantitative susceptibility 
mapping (QSM) to study these regions in psychosis. QSM 
quantifies magnetic susceptibility in the brain, which is as-
sociated with iron concentrations. Since iron is a cofactor 
in dopamine pathways and co-localizes with inhibitory 
neurons, differences in QSM could reflect changes in these 
processes.  Methods:  We scanned 83 patients with first-
episode psychosis and 64 healthy subjects. We reassessed 
22 patients and 21 control subjects after 3 months. Mean 
susceptibility was measured in 6 deep-brain nuclei. Using 
linear mixed models, we analyzed the effect of case-control 
differences, region, age, gender, volume, framewise dis-
placement (FD), treatment duration, dose, laterality, ses-
sion, and psychotic symptoms on QSM.  Results:  Patients 
showed a significant susceptibility reduction in the putamen 
and globus pallidus externa (GPe). Patients also showed 
a significant R2* reduction in GPe. Age, gender, FD, ses-
sion, group, and region are significant predictor variables 
for QSM. Dose, treatment duration, and volume were not 
predictor variables of QSM.  Conclusions:  Reduction in 
QSM and R2* suggests a decreased iron concentration in 
the GPe of patients. Susceptibility reduction in putamen 
cannot be associated with iron changes. Since changes ob-
served in putamen and GPe were not associated with symp-
toms, dose, and treatment duration, we hypothesize that 
susceptibility may be a trait marker rather than a state 
marker, but this must be verified with long-term studies. 

Key words: QSM/magnetic susceptibility/dopamine/neur
omelanin/R2* rates

Introduction

Psychosis is associated with neurochemical changes in 
the brain that are the target of existing pharmacological 
treatments as well as the focus for the development of 
future therapies. Several lines of evidence suggest that 
psychosis is associated with abnormalities in deep-brain 
nuclei, particularly the striatum, and is linked to dopa-
mine dysfunction.1–3 Characterization of the neurochem-
ical changes in these regions rich with neuro-modulatory 
activity could provide clinically relevant information for 
the management of patients with psychosis and con-
tribute to our understanding of the pathophysiology of 
psychosis, particularly schizophrenia.

One of  the challenges facing neuroimaging-based 
assessment of  neuro-modulatory systems of  deep-
brain nuclei, such as dopaminergic functioning in pa-
tients, is that it is mostly based on Positron Emission 
Tomography (PET) imaging. Magnetic Resonance 
Imaging (MRI)-based techniques that could inform 
this problem might become an attractive alternative in 
terms of  cost, safety, and availability. Several studies 
have used MRI spectroscopy to characterize the neuro-
chemical properties of  different deep-brain nuclei.4,5 
Recent studies have shown that 2 other modalities could 
contribute to this goal: Neuromelanin-Sensitive MRI 
(NM-MRI) and Quantitative Susceptibility Mapping 
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(QSM). NM-MRI, combines Magnetization Transfer 
and Longitudinal Relaxation contrasts mechanisms to 
detect neuromelanin6 and it has been suggested as a 
noninvasive proxy measure of  dopamine function in the 
human brain.7 Neuromelanin is a byproduct of  the me-
tabolism of  dopamine and an effective iron chelator, thus 
protecting neurons from oxidative stress. Neuromelanin 
is found in iron-rich areas such as substantia nigra pars 
compacta and locus coeruleus.5,7 NM-MRI signal in 
the substantia nigra has been shown as abnormal in pa-
tients with Parkinson’s disease,5,8 and those at higher 
risk of  developing psychosis.9,10 Recently, it has been 
suggested that increased NM levels in the substantia 
nigra (SN) may be a potential biomarker for stratifying 
schizophrenia.11

QSM allows measuring changes in the magnetic suscep-
tibility of brain tissues,12 usually produced by changes in 
myelin structure or in the concentration of chemical spe-
cies such as iron.13–15 This factor is particularly interesting 
since deep-brain nuclei, such as the SN, are particularly 
rich in iron and have a strong susceptibility. An in-vivo 
window into brain iron status would certainly be informa-
tive. Iron is fundamental for many brain processes such 
as oxygen transportation and energy metabolism, DNA 
synthesis, neuronal development, myelin production, as 
well as maintaining the integrity of neurochemical cir-
cuits such as the monoaminergic, glutamatergic, and the 
gamma aminobutyric acid (GABA) system.16–20 Iron has 
also been linked to inhibitory synapses.21 Consequently, 
the dysregulation of iron homeostasis has been impli-
cated in various neuropsychiatric disorders.18,22

QSM has been validated in postmortem studies and 
used to characterize iron changes in multiple sclerosis, 
Parkinson’s, and Huntington’s disease.13,23,24 Iron defi-
ciency in first-episode schizophrenia (measured in the 
peripheral blood) has been associated with more severe 
negative symptoms.25 Localized changes of iron con-
centration in basal ganglia have been also associated 
with motor abnormalities26 in schizophrenia. Localized 
iron measurements may highlight some specific mech-
anisms associated with psychosis. Iron could indirectly 
reflect the dopaminergic tone in the brain since it binds 
to neuromelanin, providing similar information to 
neuromelanin-based MRI. On the other hand, ferritin-
bound iron, which is the major contributor to the para-
magnetism observed in gray matter,27 is particularly rich 
in oligodendrocytes and is essential in myelin formation.28 
As such, QSM maps are expected to differ to some ex-
tent from the neuromelanin-based approaches, providing 
complementary information. A recent study20 recruited 
35 first episode psychosis (FEP) patients and found sig-
nificant QSM differences (less paramagnetic values) in 
the bilateral substantia nigra, left red nucleus, and left 
thalamus, when compared to healthy controls.

We here explored the use of QSM in 83 subjects with 
FEP, comparing it with 64 healthy controls. We first 

explored potential susceptibility differences between the 
2 groups in deep-brain nuclei. QSM measurements were 
also complemented with R2* measurements to confirm 
the presence of paramagnetic elements (eg, iron).13,27 In 
line with Xu et al.,20 we hypothesized that using QSM 
we would find decreased susceptibilities in the striatum, 
which would be also in line with the opposite finding in 
hypo-dopaminergic states such as Parkinson’s.29 We then 
examined whether QSM was related to symptom levels 
in patients with psychosis, as has been previously shown 
with NM-MRI.7 We also performed a second MRI scan 
and reassessed 22 patients (after treatment of their first 
episode) and 21 controls obtained 3 months after their 
baseline.

Methods

Participants

We invited patients between 15 and 27 years of age with 
a first episode of nonaffective psychosis admitted to the 
ward from the Early Intervention in Psychosis Program 
of the Instituto Psiquiátrico Dr. J Horwitz in Santiago, 
Chile. All subjects fulfilled the criteria for a first-
psychotic disorder according to the Mini International 
Neuropsychiatric Interview (MINI30), were in their first 
presentation to mental health services, and were receiving 
treatment according to local guidelines, including anti-
psychotic medication.31 Patients with major medical or 
neurological comorbidities were excluded. We also re-
cruited healthy control subjects without any current psy-
chiatric disorder or lifetime history of psychotic disorder, 
according to the MINI. A subgroup of participants from 
both groups was invited to a new assessment and scan 
approximately 3 months after their first MRI scan. Any 
subject with metallic or electronic implants, metallic for-
eign objects, or severe claustrophobia was also excluded. 
We analyzed potential demographic differences between 
patients and controls using a Mann-Whitney U test.

All subjects gave their written consent to participate in 
the study (or assent if  under 18 alongside their guardians’ 
consent). This project was approved by the ethics com-
mittee of the Pontificia Universidad Católica de Chile 
and the Northern Metropolitan Health Service.

Clinical Assessment

Patients were assessed by 2 psychiatrists experienced in 
psychotic disorders and clinical treatments were pre-
scribed following the Chilean guidelines for first-episode 
schizophrenia.31 Semi-structured interviews with patients 
and family members, medical records, and systematic fol-
low-up assessments provided socio-demographic data 
and clinical details of illness history. In addition, patients 
were assessed using the Positive and Negative Syndrome 
Scale (PANSS)32 at baseline and at 3 months follow-up (if  
rescanned).



1357

QSM in First-Episode Psychosis

Image Acquisition and Normalization

Subjects were scanned in a 3T Philips Ingenia MRI 
scanner. QSM maps and R2* rates were obtained using 
a 3D Turbo Gradient Echo sequence, voxel size = 0.59 
× 0.59 × 1 mm3, TR/TE/ΔTE = 4/7.2/6.2 ms, 5 echoes, 
bandwidth = 550.5 Hz, matrix size = 352 × 352 × 160, flip 
angle = 17°. QSM and R2* images were co-registered to a 
structural T1 weighted image with the following param-
eters: voxel size = 0.5 × 0.5 × 1 mm3, TR/TE = 7.75/3.57 
ms, bandwidth = 191.0 Hz, matrix size = 480 × 480 × 
341, and flip angle = 8°. The co-registered QSM and R2* 
images were normalized in the MNI space using SPM12 
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and 
a third-order B-spline interpolation. We also acquired 
resting-state functional MRI (fMRI) scans collected with 
a single-shot full k-space echo-planar imaging (voxel size 
= 2.75 × 2.75 × 3 mm3, TR/TE = 2499.9/35 ms, band-
width = 2054.0 Hz, matrix size = 80 × 80, flip angle = 
82°). We used framewise displacement (FD)33,34 computed 
from the fMRI images to assess head motion during the 
scanning session and to control for movement in our sta-
tistical analyses of QSM data.

QSM Reconstruction

QSM reconstructions were obtained from the phase of the 
gradient-echo MRI acquisitions following a 3-step pipe-
line. First, 2π-jumps in the phase signal were removed by 
a Laplacian unwrapping operator.35 Second, phase contri-
butions from objects outside the region of interest (ROI) 
and field inhomogeneities were removed after the applica-
tion of a background field removal process. This process 
included three consecutive subprocesses: a Laplacian 
Boundary Value,36 a polynomial fit subtraction (func-
tion implemented in the FAst Nonlinear Susceptibility 
Inversion (FANSI) toolbox (https://gitlab.com/cmilovic/

FANSI-toolbox), and Variable Sophisticated Harmonic 
Artifact Reduction for Phase data.37 Third, the final 
susceptibility distribution was obtained from the phase 
signal obtained in the previous step using FANSI al-
gorithm,38 Weak Harmonic QSM (WH-QSM),39 and a 
Total Variation regularizer,40 all included in the FANSI 
toolbox. The optimal parameters for the third step were 
chosen following an L-curve procedure41 (L = 20). Those 
parameters included: regularization weight α = 1 × 10-4, 
harmonic consistency weight µ = 0.1, maximum number 
of iterations = 300, convergence parameter = 0.1, gra-
dient consistency weight µ1 = 0.01, fidelity consistency 
weight µ2 = 1.0, and harmonic constraint weight β = 50. 
An example of a reconstructed QSM image can be seen 
in figure 1, highlighting the contrast in basal ganglia.

A rise in the bulk susceptibility within a voxel could 
be explained by 2 phenomena, an increment of paramag-
netic substances (eg, iron) or a reduction of diamagnetic 
substances (eg, calcium). Such ambiguity can be solved 
by jointly analyzing QSM maps and R2* rates, since 
both paramagnetic and diamagnetic concentrations are 
proportional to R2* values.13,27 Therefore, we also recon-
structed R2* rates (from the same gradient echo acqui-
sitions used for QSM) to explain potential brain nuclei 
changes. R2* maps were reconstructed using a nonlinear 
method available in the FANSI toolbox.

Region of Interest Analysis

ROIs were segmented using the Multicontrast PD25 
atlas.42–44 Given their relationship with dopamine, we 
defined the following 6 subcortical structures to ex-
plore: Substantia nigra (SN), Caudate, Putamen, Globus 
Pallidus externa (GPe), Globus Pallidus interna (GPi), 
and Thalamus. For each ROI, we considered the mean 
susceptibility value.

Fig. 1.  Axial, sagittal, and coronal slice of a reconstructed QSM map showing Caudate (red), Putamen (blue), Globus Pallidus externa 
(GPe), and Globus Pallidus interna (GPi), both in yellow.

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://gitlab.com/cmilovic/FANSI-toolbox
https://gitlab.com/cmilovic/FANSI-toolbox
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Statistical Analysis

We evaluated the effect of predictors on the susceptibility 
and R2* rates at the first scan (t1), including group, region, 
age, gender, laterality, volume, dose, total general PANSS 
score, days of treatment, and FD as predictors. We used 
linear mixed models45 to take into account the correlation 
of the measurements of the same subjects. We focused 
on measurements at t1 since only a reduced number of 
patients (22 individuals) were reevaluated at t2, and, more 
importantly, patients have a shorter treatment window at 
t1. We thus tried to eliminate from the analyses the con-
founding factor given by treatment time. Starting with a 
model including all interactions, we performed a back-
ward elimination procedure based on the P-value associ-
ated with the F-statistics of the marginal Wald test for the 
terms in each random intercept model.46 In the marginal 
Wald test, the sum of squares is obtained by deleting one 
term from the model at a time and computing the reduc-
tion in the sum of squares. To evaluate the robustness 
of the inferences to the implied correlation assumption 
under the random intercept model,47 inferences on the 

coefficients under a semiparametric marginal model fit 
using Generalized Estimating Equations (GEE)48 are also 
provided. We considered significantly different P-values 
of less than .05. All statistical analyzes were performed 
using “nlme”46 and “geepack”49 packages in R version 
4.2.0.

As described in the Methods, R2* rates provide addi-
tional information and can help in the interpretation of 
changes observed in QSM (differentiating signal changes 
due to increased or decreased paramagnetic or diamag-
netic substances). We also analyzed potential correlations 
between QSM and R2* in each ROI.

Results

Dataset Characteristics

Initially, 95 patients and 68 controls were considered in 
our study. We excluded 12 patients and 4 control subjects 
since QSM-MR scans presented severe image artifacts, 
particularly motion, leading to a final sample of 83 pa-
tients and 64 healthy controls. Characteristics of the in-
cluded patients and controls are summarized in table 1. 
Both groups were comparable at baseline (time t1) and 
only showed a significant difference in mean age (20 vs 23 
years), which was controlled for in subsequent analyses. 
After 3 months, we assessed a subgroup of 22 patients 
and 21 control subjects as previously described.

Case-Control Differences in QSM and R2*

Region, age, gender, and group were significant variables 
for QSM, while region, age, and group were significant 
variables for R2*. Table 2 shows the test statistics for the 
selected factors under the random intercept model for 
QSM and R2* in the first session. A significant interac-
tion between region and group was observed for QSM 

Table 1.  Clinical and Demographic Data of the Studied Cohort (At Times t1 and t2)

Variable Control Subjects t1 Patients t1 P-Value
Control 

Subjects t2 Patients t2 P-Value

 � Sample size 64 83 Not applicable 21 22 Not applicable
 � Age*—mean (range) 23 (15–32) 20 (15–27) <.001 24 (16–32) 20 (16–24) .0013
 � Gender—N (% women) 25 (39) 20 (24) .052 8 (38) 6 (27) .353
 � Movement within the scanner (meas-

ured by the FD)—mean (range)
0.32 (0–0.72) 0.42 (0.16–3.59) .057 0.44 (1.49–

0.17)
0.34 (0–0.96) .641

 � Interval between scans (days)—mean 
(range)

0 0 Not applicable 128 (75–309) 118 (75–252) .183

Patients t1 Patients t2

Total Positive (PANSS) —mean (range) 16 (9–43) 12 (7–28)
Total Negative (PANSS) —mean (range) 20 (7–46) 15 (7–39)
Total General (PANSS) —mean (range) 32 (16–75) 24 (15–46)
Total PANSS—mean (range) 67 (39–158) 50 (30–108)
Medication dose (in chlorpromazine 
equivalents)—mean (range)

494 (25–1200) 518 (100–900)

Days of treatment—mean (range) 25 (0–140) 142 (75–261)

*Significant differences between patients and controls were found only for the variable mean age (according to a Mann–Whitney U test).

Table 2.  Marginal F Statistic and Corresponding P-Value for 
the Selected Factors for QSM/R2* Via a Backward Selection 
Procedure and a Random Intercept Model

Factor F P-Value

QSM
 � Region 42.916 <.001
 � Age 3.935 .049
 � Region × Gender 2.635 .015
 � Region × Group 5.022 <.001
R2*
 � Region 65.518 <.001
 � Group 65.518 .015
 � Age 6.046 <.001
 � Region × Group 35.18 <.001
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and R2*, implicating the existence of region-specific dif-
ferences in QSM and R2* between controls and patients.

The intra-class correlation under the conditional model 
was 0.1820 and 0.1602 for QSM and R2*, respectively. 
Table 3 shows the inferences on the coefficients under the 
random intercept model, along with the coefficients under 
a semiparametric marginal model which regression coef-
ficients are estimated using GEE. The results show that 
the inferences on the regression coefficients are robust to 
the association structure implied by the assumed random 
intercept model. Supplementary table S1 reported the co-
efficients for R2*.

To understand the effect modifier effect of the region, 
stratified analyses by treatment group were performed. 
Table 4 shows the effect of the patients for each region 
and the corresponding P-value. The results suggest that 

patients with first-episode psychosis have a significantly 
lower QSM in the putamen and GPe (supplementary 
figure S2). And R2* rates only showed lower values in 
GPe (supplementary figure S3). No significant differences 
were found in the other regions. Supplementary figure 
S1 showed a deep-brain nuclei of controls hyperintense 
QSM maps compared with patients.

Correlation Between QSM and R2*

Considering patients and controls as a single group at 
time t1, Pearson’s analysis reported significant correl-
ations between susceptibility and R2* in 2 areas: SN 
(rho = 0.133 and P = .03) and globus pallidus externa 
(rho = 0.143 and P = .019) (supplementary table S2). 
Interestingly, when only patients are analyzed at t1, these 
areas showed no correlation between QSM and R2*, and 
those significant correlations changed to be at the cau-
date, putamen, GPi, and thalamus. When only controls 
were analyzed at t1, all areas showed correlations between 
QSM and R2* except SN. Finally, when only patients are 
analyzed but at t2, areas showing correlations were the 
caudate, putamen, and thalamus (supplementary table 
S2). In supplementary table S3, we reported mean QSM 
and R2* rates for each ROI, and in supplementary table 
S4 mean of volume.

Discussion

QSM is a novel MRI-based approach that could pro-
vide new insights about the neural underpinnings of 
psychosis by looking at iron concentrations in the brain. 

Table 3.  Estimate, Standard Error (Std. Error), and P-Value for the Regression Coefficients Under the Random Intercept Model for 
QSM

Random intercept model Marginal model

Coefficient Estimate Std. Error P-Value Estimate Std. Error P-Value

(Intercept) 0.006 0.011 .605 0.006 0.007 .427
Putamen −0.012 0.004 .004 −0.012 0.005 .021
Caudate −0.022 0.004 <.001 −0.022 0.005 <.001
GPe 0.022 0.004 <.001 0.022 0.006 <.001
GPi 0.012 0.004 .005 0.012 0.008 .125
Thalamus −0.029 0.004 <.001 −0.029 0.005 <.001
Age 0.001 0.0005 .049 0.001 0.0003 .001
Substantia nigra × Gender 1 −0.004 0.005 .383 −0.004 0.006 .517
Putamen × Gender 1 −0.002 0.005 .624 −0.002 0.001 .078
Caudate × Gender 1 −0.002 0.005 .606 −0.002 0.001 .002
GPe × Gender 1 −0.007 0.005 .151 −0.007 0.004 .069
GPi × Gender 1 0.013 0.005 .006 0.013 0.007 .066
Thalamus × Gender 1 −0.002 0.005 .672 −0.002 0.001 .029
Substantia nigra × Group 1 −0.0004 0.004 .933 −0.0004 0.006 .947
Putamen × Group 1 −0.002 0.004 .738 −0.002 0.001 .302
Caudate × Group 1 −0.002 0.004 .64 −0.002 0.001 .057
GPe × Group 1 −0.021 0.004 <.001 −0.021 0.004 <.001
GPi × Group 1 −0.001 0.004 .803 −0.001 0.007 .865
Thalamus × Group 1 0.001 0.004 .809 0.001 0.001 .378

Bold indicate statistical significant was set for P < .05.

Table 4.  Estimate and P-value for the Region-Specific Regression 
Coefficient of the Group Treatment Effect Under the Random 
Intercept model for QSM and R2*

Area Estimate P-value Estimate P-value

QSM R2*

 � Substantia nigra 0.004 .635 −0.002 .138
 � Caudate −0.001 .395 −0.001 .056
 � Putamen −0.003 .004 −0.0002 .566
Globus Pallidus externa −0.021 <.001 −0.002 .037
Globus Pallidus interna −0.002 .86 0.001 .418
 � Thalamus −0.001 .061 −0.0002 .665

Bold indicate statistical significant was set for P < .05.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad041#supplementary-data
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Iron-bounded compounds are linked to multiple pro-
cesses in the brain, including dopamine metabolism, 
GABA systems, among other mechanisms involved in 
psychosis.50

QSM measures bulk susceptibility. This means that, 
within a voxel, any chemical species causing a suscepti-
bility change will contribute to some extent to the meas-
ured value. R2* maps in conjunction with QSM maps 
could differentiate between diamagnetic (eg, calcium) and 
paramagnetic (eg, iron) sources.13,27 Using QSM, various 
sources of iron found in the brain (eg, ferritin-bounded, 
neuromelanin-bounded) are measured together, unfortu-
nately without any differentiation. Although some efforts 
have been made to discriminate among those different 
sources of iron, standard QSM strategies cannot provide 
such a result and further research work is needed in this 
area.

As we initially hypothesized, there were striatal dif-
ferences between groups in QSM, particularly in the pu-
tamen. This result adds to the evidence provided with 
PET scans showing striatum abnormalities in psychosis, 
including striatal differences in dopaminergic tone, par-
ticularly in the dorsal striatum,51 as well as abnormal 
putaminal-cortical connectivity.52 The striatum is related 
to several neurotransmitter systems affected in schizo-
phrenia, such as dopamine, glutamate, and serotonin.53 
These mechanisms do not have a direct relationship with 
abnormal iron metabolism in psychosis. Accordingly, the 
exact mechanisms causing the QSM differences are still 
uncertain. The putamen is a region innervated by do-
paminergic neurons, and iron (modifying the QSM) is a 
co-factor of multiple steps in mono-amine metabolism, 
including its chelation into neuromelanin in this region.54 
As such, changes in iron concentration may be reflecting 
changes in the dopaminergic tone.

When analyzing the GPe of FEP patients, we found a 
decrease in both QSM and R2* values. This finding indi-
cates a reduction of paramagnetic elements, particularly 
iron. An earlier study55 found a proliferation of axon 
terminals to their normal levels in the GPe in an animal 
model of schizophrenia. Iron has been linked not only 
to myelin formation processes but also to transport pro-
cesses near axon terminals that have a substantial turn-
over of myelin.56,57

Patients also showed a susceptibility reduction in the 
putamen. Here R2* rates did not show a significant change 
and therefore introduced another viewpoint. It is unclear 
whether iron depositions decrease or diamagnetic sub-
stances increase in this area. Although QSM and R2* are 
somehow correlated (as we verified in our experiments), 
they can produce different statistical results. Similarly, a 
previous study found that QSM and R2* values reported 
different areas with significant differences.58 The au-
thors proposed using the Iron Microstructure Coefficient 
(IMC) to analyze brain tissue magnetic susceptibility 
and R2* maps simultaneously. In some areas, IMC was 

significantly different compared to R2* maps. Since the 
decrease in susceptibility at the putamen cannot be en-
tirely explained by a reduction of iron, we might consider 
that changes in diamagnetic structures could also be in-
volved (eg, myelin).

Quantitatively, our QSM values are lower than those 
reported by Xu et al.20 Qualitatively, they reported sus-
ceptibility differences in substantial nigra, left red nu-
cleus, and left thalamus, differences that we only found 
in the GPe and putamen. These differences could be 
explained by the fact that different processing pipelines 
might produce some differences in the quantified suscep-
tibility or by some statistical differences of their smaller 
cohort. Studies combining PET with QSM, or combining 
NM-MRI with QSM, postmortem tissue, pharmacolog-
ical challenges, as well as studies in animal models could 
provide further insights about these differences. Studying 
SN with NM-MRI, Ueno et al.11 reported higher 
Neuromelanin levels in schizophrenia compared with 
controls. If  in SN the only source of iron was that bound 
to Neuromelanin, schizophrenia patients should show an 
increased susceptibility. Other chemical species (particu-
larly other iron sources) affecting susceptibility might be 
involved in SN; however, considering the relationship of 
Neuromelanin-bonded iron vs susceptibility (QSM), the 
results in11 and those showing a decreased susceptibility 
in20 might be counterintuitive.

Our QSM results showed larger intra and 
interindividual variability compared to those in.11 This 
result may be an effect of a small misclassification of 
our automatic segmentation process based on the use of 
an atlas. Importantly, our QSM reconstruction process 
was designed to avoid over-smoothed results, which is a 
common accuracy problem of current QSM reconstruc-
tion algorithms.59 Changes in QSM were not associated 
with nuclei volumes; therefore, potential dependencies 
with atrophy might be ruled out. However, the suscep-
tibility variability depends on region, group, gender, and 
age. Therefore, all these predictor variables have been 
considered to study the characteristics of patients.

Since susceptibility changes observed in putamen and 
GPe were not associated with psychotic symptoms, dose, 
and treatment duration, we hypothesize that suscepti-
bility may be a trait marker rather than a state marker, 
but this must be verified with long-term studies.

Our study has several limitations. QSM might be af-
fected by motion. We here managed this by excluding 
a number of  subjects whose images were corrupted by 
movement. Additionally, in our statistical model, we in-
cluded a measure of  movement in the scanner (FD). 
Our control subjects were slightly older than our pa-
tients, and it is known that QSM increases with age in 
some brain areas, particularly in the caudate, putamen, 
and substantia nigra.14,60,61 To account for this differ-
ence, we included a variable age in our statistical ana-
lyses. We also found an age-related effect in QSM. QSM 
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might be affected by microvascular blood flow, blood 
pressure,62 and demyelination13 in the ROIs, however we 
did not control for these confounding effects. Another 
limitation in our longitudinal study is the rather small 
number of  subjects included for the second MRI scan 
and the time interval between scans is also small. A 
larger group rescanned in a longer time window might 
better capture the response to pharmacological treat-
ment and eventual changes in susceptibilities or iron 
concentrations.

Other nuclei are also of interest for future studies. For 
example, the pallidus has also been previously involved in 
schizophrenia, with studies showing an abnormal struc-
ture63,64 as well as function.65 This region is known to be 
rich in iron66,67 and consequently has a strong signal in 
QSM images (figure 1). Iron in this region could be asso-
ciated with its multiple inhibitory neurons and synapses, 
but also to dopaminergic pathways previously exam-
ined with PET. Interestingly, a PET study reported that 
antipsychotic treatment reduced a radioligand ([11C]
PHNO) binding in the caudate/putamen, which mainly 
represents D2 receptors. In contrast, the same treatment 
increased a radioligand binding in D3-rich regions, no-
tably in the globus pallidus.68 However, another theory 
speculated that dopamine can modulate globus pallidus 
neuronal activity directly through stimulation of pre and 
postsynaptic D2 family receptors.69

Future studies should also explore QSM changes in 
a more chronic population and examine the mechan-
isms responsible for iron differences. This future research 
could demonstrate QSM as an indirect measurement for 
analyzing the undergoing neurophysiological processes 
involved in psychosis and their relationship with iron 
metabolism.
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Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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