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Background: Previous studies have revealed abnormality of iron deposition in the brain of patients with
depression. The progression of iron deposition associated with depression remains to be elucidated.
Methods: This is a longitudinal study. We explored brain iron deposition with disease progression in 20
patients older than 55 years with depression and on antidepressants, using magnetic resonance imaging
(MRI)-based quantitative susceptibility mapping (QSM). Magnetic susceptibility values of the whole brain
were compared between baseline and approximately one-year follow-up scans using permutation testing.
Furthermore, we examined the relationship of changes between the susceptibility values and disease
improvement using Spearman’s partial correlation analysis, controlling for age, gender, and the visit
interval.

Results: Compared to the initial scan, increased magnetic susceptibility values were found in the medial
prefrontal cortex (mPFC), dorsal anterior cingulate cortex (IACC), occipital areas, habenula, brainstem, and
cerebellum (P<0.05, corrected). The susceptibility values decreased in the dorsal part of the mPFC, middle
and posterior cingulate cortex (MCC and PCC), right postcentral gyrus, right inferior parietal lobule, right
precuneus, right supramarginal gyrus, left lingual gyrus, left dorsal striatum, and right thalamus (P<0.05,
corrected). Notably, the increase in susceptibility values at the mPFC and dACC negatively correlated with
the changes in depression scores, as calculated using the Hamilton Depression Scale (HAMD) (r=-0.613,
P=0.009), and the increase in susceptibility values at the cerebellum and habenula negatively correlated with
the changes in cognitive scores, which were calculated using the Mini-Mental State Examination (MMSE)
(cerebellum: r=-0.500, P=0.041; habenula: r=-0.588, P=0.013). Additionally, the decreased susceptibility
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values at the white matter near the mPFC (anterior corona radiata) also correlated with the changes in

depression scores (r=-0.541, P=0.025), and the decreased susceptibility values at the left lingual gyrus

correlated with the changes in cognitive scores (r=-0.613, P=0.009).

Conclusions: Our study identified brain areas where iron deposition changed with the progression of

depression while on antidepressants. The linear relationship of changes in the magnetic susceptibility

values in the mPFC, dACC, and some subcortical areas with changes in depression symptoms and cognitive

functions of patients is highlighted. Our results strengthen the understanding of the alterations of brain iron

levels associated with disease progression in patients with late-life depression.
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Introduction

Depression is a common mental disorder mainly
characterized by low mood, feelings of sadness, or loss of
interest in activities that interfere with a person’s everyday
activities (1). In addition to experiencing emotional
burdens, late-life (older than 55 years) (2,3) depressive
patients may also show impairment in various cognitive
domains, including attention (4), memory (5,6), information
processing speed (7,8), and executive functions (6,9). The
neuropathological mechanism underlying depression and
its effect on cognition have not yet been fully elucidated,
but may be highly associated with multiple neurobiological
factors, including the reduction of monoamine
neurotransmitters, changes in the hypothalamic-pituitary-
adrenal axis, peripheral inflammation, and reduced level of
neuroplasticity (1).

Previous neuroimaging studies have also indicated that
depression is closely associated with brain structural and
functional abnormalities in multiple cortical and subcortical
areas, including but not limited to the ventral medial
prefrontal cortex (vmPFC), anterior cingulate cortex (ACC),
thalamus, and amygdala (10-14). Some neuroimaging
features have also been proposed as biomarkers for precise
diagnosis or an indication of the dynamic progression of
depression. For instance, a resting-state functional magnetic
resonance imaging (fMRI) study showed that connectivity
in the limbic system regions, such as the vmPFC and
ACC, could be used to distinguish between patients with
major depression and healthy controls with a high level of
accuracy (15). Another fMRI study illustrated that reduced
gray matter in the hippocampus was linked to a depressed
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state, which may be a potential biomarker of the depressive
episode (16).

Iron level, particularly iron deposition in the brain,
affects myelination, metabolism, and neurotransmitter
levels, and abnormal iron accumulation has been reported
in many neurodegenerative diseases (17). Previous
research has shown that excessive iron content gives rise to
several neurodegenerative diseases, including Parkinson’s
disease (PD) and Alzheimer’s disease (AD) (18,19). Iron
deposition may also serve as a biomarker for the onset and
progression of neurodegenerative diseases (20,21). Aside
from neurodegenerative diseases, iron dysregulation can
cause neuronal degeneration or even cell death and, thus,
may also influence emotional behavior (22). A previous
study indicated that the iron level in the peripheral blood
of patients with depression was correlated with the severity
of depressive symptoms (23). However, the relationship
between iron accumulation and depression is still
contradictory. In some studies, patients with lower levels
of serum ferritin had a higher prevalence of depressive
symptoms (24), while in other studies, researchers
found that higher iron levels were associated with more
severe depressive symptoms (25). A brain-imaging study
revealed increased iron deposition in the putamen and
thalamic nuclei in patients with depression, and this brain
iron accumulation pattern was related to the severity of
depression (26). Moreover, Zhang et al. (27) showed that
thalamic iron deposits were positively related to depressive
symptoms in older adults. Thus, although evidence has only
been observed in a limited number of studies, increased iron
deposition in some brain areas may be closely associated
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Figure 1 The flow chart of eligible patient inclusion. MRI,

magnetic resonance imaging.

with depressive symptoms.

Quantitative susceptibility mapping (QSM) is a
novel, non-invasive MRI technique that quantifies the
magnetic susceptibility value of brain tissue which has
been used to reveal the abnormality of iron deposition in
neurodegenerative diseases, such as PD and AD (28,29).
In recent years, QSM has also been used to identify brain
areas with abnormal iron deposition in psychiatric diseases,
including major depressive disorder (MDD) (26,27).
However, the alterations in iron deposition associated with
the progression of depression have not yet been examined.

In the present study, we imaged the progression of iron
deposition in late-life patients for the first time. To do so,
we recruited late-life, depressive patients and acquired QSM
images from them at baseline and approximately one year
later. The brain areas showing altered QSM values between
the 2 visits were identified. Furthermore, the relationships
between the alterations of the magnetic susceptibility values
and the depressive symptoms and cognitive assessment
scores in the patients were also examined. We present the
following article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1137/rc).

Methods
Study design

This was a longitudinal study specifically designed to
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investigate changes in magnetic susceptibility values of the
brain in late-life patients with depression. All participants
underwent 2 MRI scans with an interval of approximately
1 year. There was no change in pharmacological treatment
between the 2 scans and they took no medication on the day
before the scan. Participants were instructed to relax and
avoid movement during the scan.

Patient recruitment and criteria

Patients older than 55 years and diagnosed by a psychiatrist
at Shanghai Pudong New Area Mental Health Center with
depression according to the criteria in the International
Classification of Diseases [ICD-10; V. Mental and
behavioral disorders/F30-F39 Mood (affective) disorders/
F32 Depression episode] (30) were recruited into the study
from 2014 to 2016. Patients with a history of severe head
trauma, alcohol abuse, claustrophobia, psychiatric diseases
other than depression, or metal or electronic implants
were excluded. We recruited a total of 26 eligible patients
to our study. In all, 4 patients with excessive head motion
that prevented proper image assessment (3 in the first scan,
1 in the second scan) were excluded; 2 patients were lost
to follow-up. A total of 20 patients were included in the
analysis of the study. The flow diagram of patient selection
is shown in Figure 1. The mean age of the patients was
63.126.2 years (range, 55-78 years).

All patients enrolled were treated with selective serotonin
reuptake inhibitors (SSRIs) (sertraline, escitalopram,
citalopram, or paroxetine) or other antidepressants
(venlafaxine, mirtazapine, olanzapine, or trazodone),
and about half of the patients (9/20) took more than
1 antidepressant. There was no change in pharmacological
treatment between the 2 scans, and all patients took
their drugs regularly during the 1-year follow-up with
good compliance. During the follow-up period, the only
treatment that participants received was their medication.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and approved
by the Ethics Committee of Shanghai Pudong New Area
Mental Health Center (No. PDJWLL2014001). All patients
were fully informed about the procedures and provided
written informed consent.

Clinical evaluation

Demographic and clinical information was collected from
the participants. Clinical information mainly included
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the duration of depression and details of medication.
Psychological and cognitive measurements were performed
immediately before the patients were scanned in the
magnetic resonance machine. Depressive symptoms were
evaluated by an experienced psychiatrist using the Hamilton
Depression Scales (HAMD-17 and HAMD-24) (31).
In the HAMD-17, total scores were translated as: <8,
normal; 8-17, mild depression; 18-24, moderate depression;
and >24, severe depression. In the HAMD-24, total scores
were interpreted as: <8, normal; 8-20, mild depression;
21-35, moderate depression; and >335, severe depression.
Anxiety symptoms were evaluated using the Hamilton
Anxiety Scale (HAMA) (32), and the total scores interpreted
as: <7, normal; 7-13, mild anxiety; 14-20, moderate
anxiety; 21-28, significant anxiety; and >28, severe anxiety.
Cognitive functions were assessed via the Montreal
Cognitive Assessment (MoCA; total scores interpreted as:
>26, normal; 18-25, mild cognitive impairment; 10-17,
moderate cognitive impairment; and <10, severe cognitive
impairment) (33) and the Mini-Mental State Examination
(MMSE; total scores interpreted as: >27, normal; 21-26,
mild cognitive impairment; 10-20, moderate cognitive
impairment; and <10, severe cognitive impairment) (34). At
11 to 18 months after the first session, the patients attended
the second session, during which they were reevaluated
for depression, anxiety, and cognitive functions, and were
scanned for a second time.

MRI protocol

The MRI scans were performed at the Ruijin Hospital,
Shanghai Jiao Tong University School of Medicine,
Shanghai, China. On the day of the scanning, the patients
did not take medication. Each patient underwent an MRI
scan on the same 3.0-T clinical MRI scanner (Signa HDxt,
General Electric Healthcare, Milwaukee, WI, USA) using an
8-channel phased-array head coil during the first and second
visits. The patients lay supine with their heads snugly fixed by
foam pads. The patients were asked to keep still for as long as
possible during scanning. The MRI measurements consisted
of a T1-weighted magnetization-prepared rapid acquisition
gradient-echo (MP-RAGE) sequence for anatomical
structures and a three-dimensional (3D) gradient-recalled
echo (GRE) sequence for QSM, both in sagittal view.

The T1-weighted MP-RAGE image was obtained with
the following parameters: repetition time (TR) =5.6 ms;
echo time (TE) =1.7 ms; inversion time =450 ms; flip angle
=12°; field of view (FOV) =256x256x196 mm’; matrix size
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=256x256x196; voxel resolution =1x1x1 mm’; total scan
time =4 minutes 20 seconds. The multi-echo GRE sequence
was performed with the following parameters: TR =59.3 ms;
number of echoes =16; TE1/ATE/TE16 =2.7/2.9/45.8 ms;
bandwidth =62.5 kHz (488.28 Hz/pixel); flip angle =12°
FOV =220x220x136 mm’; matrix size =256x256x136; voxel
resolution =0.86x0.86x1.00 mm’; acceleration factor =2; and
total scan time =10 minutes 42 seconds.

Reconstruction of QSM images

The pipeline of image processing and data analysis is shown
in Figure 2. The QSM images were reconstructed from
GRE data using the STI Suite v3.0 toolbox in MATLAB
R2019b (MathWorks, Natick, MA, USA). The details
of QSM processing have been documented in previous
studies (35,36). The brain mask was generated based on
the magnitude image of the second echo using the Brain
Extraction Tool (BET) (37) in Functional Magnetic
Resonance Imaging of the Brain (FMRIB) Software Library
v6.0 (FSL; Oxford University, UK; https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FSL) package. The 3D phase image was
first unwrapped with the Laplacian-based method (38).
For background phase removal, the tissue phase was
estimated from the unwrapped phase for each echo using
a variable-kernel sophisticated harmonic artifact reduction
for phase data (V_SHARP) method (39). Lastly, magnetic
susceptibility was quantitatively calculated by dipole
inversion using a 2-step field-to-source method called
streaking artifact reduction for QSM (STAR-QSM) (35).
The susceptibility value was not referenced to any specific
areas. Instead, the mean susceptibility value of the whole
brain was used as a reference. In this study, the signed,
rather than the absolute value of magnetic susceptibility,
was used for analysis.

Spatial normalization of QSM images

The GRE magnitude used for registration was obtained
by summing the squares of the magnitude images among
different TEs. The frequency intensity non-uniformities
of the MP-RAGE and GRE magnitude images were
corrected using the “N4BiasFieldCorrection” function (40)
in Advanced Normalization Tools v2.1 (ANTs; http://
stnava.github.io/ANTs/). The skulls of the MP-RAGE
and magnitude images were stripped using BET in FSL.
Using all MP-RAGE images, the T1-weighted study-wise
template was then created by the “antsMultivariate Templat
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Figure 2 Summarized steps of the pipeline for image preprocessing and group statistical analysis. QSM, quantitative susceptibility mapping;

MP-RAGE, magnetization-prepared rapid acquisition with gradient echo.

eConstruction2.sh” script (41,42) in AN'Ts with an isotropic
resolution of 1 mm.

The GRE magnitude image was affinely standardized to
its corresponding MP-RAGE image. The individual MP-
RAGE image was nonlinearly registered to the study-wise,
T1-weighted template. Then, the QSM image, in the same
space as the magnitude image, was normalized to the study-
wise space using the transformations above with linear
interpolation. These registration steps were performed
using “antsRegistrationSyN.sh” and “antsApply Transforms”
functions (43) in ANTs. After these procedures, a study-
wise QSM template was generated from the average of the
warped QSM images.

Whole-brain voxel-wise analysis

The spatially registered QSM images were smoothed with
a Gaussian kernel (standard deviation =3 mm) to reduce the
errors during registration and enable group comparisons.
To determine the progression of iron deposition in
depressive patients, a permutation test was performed to
identify the brain areas with significant differences between
the 2 visits. The whole-brain voxel-wise permutation was
conducted using the “randomize” command in FSL with
a paired design (44). The age, gender, and time interval
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between 2 visits were treated as the nuisance covariates.
The permutation time was set as 5,000, and the threshold-
free cluster enhancement (TFCE) was used as the test
statistic. The reported P value was family-wise error
(FWE)-corrected. The statistical significance of whole-
brain analysis was defined as FWE-corrected P<0.05. After
permutation analysis, the study-wise QSM template and
statistical results were warped to the Montreal Neurological
Institute (MNI) space (McGill University, Montreal,
Canada) for further visualization.

Statistical analysis

The data of patients with excessive head motion or lost to
follow-up were excluded. The clusters showing significantly
altered magnetic susceptibility values in the voxel-wise
analysis were extracted in the study-wise space by applying
the “cluster” function in FSL. It should be noted that it was
the unsmoothed susceptibility value that was used for the
region of interest (ROI) analysis.

The median QSM values were extracted from each
cluster for statistical analysis, which was performed
using the software SPSS 23.0 (IBM Corp., Armonk, NY,
USA). The comparison of the clinical scores between
the 2 visits was performed using the paired #-test, and
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Table 1 Participant demographic and clinical information

Measure First visit (n=20) Second visit (n=20) P value 95% Cl
Gender (male/female) 7/13 7/13 - -
Age at baseline (years) 63.1 (6.2) 64.3 (6.2) - -
Disease duration (years) 9.9 (10.4) 11.2 (10.4) - -
Interval between visits (months) - 15 (2.1) - -
Antidepressant medicine Sertraline (n=2) - -
Escitalopram (n=2)
Citalopram (n=4)
Paroxetine (n=1)
Venlafaxine (n=1)
Mirtazapine (n=1)
Escitalopram & mirtazapine (n=3)
Venlafaxine & mirtazapine (n=2)
Escitalopram & trazodone (n=1)
Escitalopram & trazodone & olanzapine (n=1)
Paroxetine & mirtazapine (n=1)
Citalopram & mirtazapine (n=1)
HAMD-17 scores 16.9 (8.1) 10.9 (8.9) 0.0053 -12.82 to -3.378
HAMD-24 scores 22.5(11.4) 14.4 (12.0) 0.0019 -9.994 to —2.006
HAMA scores 16.3 (8.6) 8.9 (8.1) <0.0001 -10.53 to —4.268
MoCA scores 25.2 (3.9) 25.2 (4.0) 0.902 -0.8882 to 0.7882
MMSE scores 28.1 (2.1) 28.2 (1.3) 0.785 —-0.6577 to 0.8577

The values of variables are presented in the form of the mean (standard deviation). Cl, confidence interval; HAMD, Hamilton Depression
Scale; HAMA, Hamilton Anxiety Scale; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination.

P<0.05 was considered significant. Spearman’s partial
correlation analysis was used to assess the relationship
between the alterations in clinical scores (HAMD-17,
HAMD-24, HAMA, MMSE, and MoCA) and the QSM
changes between 2 visits, controlling for age, gender, and
the visit interval. Multiple comparisons were corrected
using the Bonferroni correction with a factor of 23
(12 ROIs of increased QSM values and 11 ROIs of decreased
QSM values) to reduce the type I error (P<0.0022 was the
corrected threshold of P<0.05, by Bonferroni correction).

Results
Demographics and clinical measurements

A total of 26 patients with late-life depression were
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recruited, and all of them underwent the first MRI scan. As
3 patients with excessive head motion that prevented proper
image assessment were excluded and 2 patients were lost to
follow-up, the 21 remaining patients underwent the second
MRI scan. We excluded 1 patient due to excessive head
motion in the second scan. A total of 20 patients with late-
life depression were included in the final analysis. The flow
diagram of patient selection is shown in Figure 1. The mean
follow-up time was 15+2.1 months (range, 11-18 months).
The age, gender, mean disease duration, and clinical
assessments (HAMD-17, HAMD-24, HAMA, MMSE, and
MoCA scores) of the 2 visits of the patients are presented
in Table 1. The patients received medication of SSRIs
(sertraline, escitalopram, citalopram, or paroxetine) or other
antidepressants (venlafaxine, mirtazapine, olanzapine, or
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Figure 3 Changes in patient whole-brain susceptibility values after approximately 1 year, overlaid on the QSM template and T'1 template in

the MNI space by voxel-wise analysis. The red/yellow clusters represent a higher susceptibility value in the follow-up/second visit (P<0.05,

FWE-corrected). The blue/light blue clusters represent a lower susceptibility value in the follow-up/second visit (P<0.05, FWE-corrected).

The numbers represent the axial coordinates of the slice in millimeters in the MNI coordinate space (P<0.05, FWE-corrected). FWE,

family-wise error; ACR, anterior corona radiata; dACC, dorsal anterior cingulate cortex; MCC, middle cingulate cortex; mPFC, medial

prefrontal cortex; PCR, posterior corona radiata; PCC, posterior cingulate cortex; dmPFC, dorsal medial prefrontal cortex; IPL, inferior

parietal lobule; QSM, quantitative susceptibility mapping; MNI, Montreal Neurological Institute.

trazodone) during the year between the 2 visits. The MoCA
and MMSE scores did not show significant changes in the
second visit (P>0.05), while the scores on the HAMD-17,
HAMD-24, and HAMA, significantly decreased after 1 year,
indicating a decrease in the depression and anxiety level
(P<0.01, P<0.01, P<0.0001 for HAMD-17, HAMD-24, and
HAMA, respectively).

Patient brain areas showing changed susceptibility values
after 1 year

The susceptibility values were compared to identify the brain
areas associated with the progression of iron deposition in
patients with depression on antidepressants. The susceptibility
values of the patients between the 2 visits were quantitatively
compared, and the brain areas showing a significant
alteration in susceptibility values (P<0.05, FWE-corrected)
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are shown in Figure 3 and summarized in Tables S1,52.
The susceptibility values showed an increase in the medial
prefrontal cortex (mPFC), dorsal anterior cingulate cortex
(dACC), occipital areas (the calcarine, lingual, and fusiform
gyri), habenula, brainstem, and the cerebellum compared
with the values of 1 year before (P<0.05, FWE-corrected;
Figure 44). The susceptibility values decreased in the dorsal
medial prefrontal cortex (dmPFC; anteriorly close to the
supplementary motor area), middle and posterior cingulate
cortex (MCC and PCC), right postcentral gyrus, right
parietal areas (the inferior parietal, right precuneus, and
right supramarginal areas), left lingula, left dorsal striatum
(the caudate and putamen), and right thalamus (P<0.05,
FWE-corrected; Figure 4B). Some white-matter regions
also showed alterations. The anterior corona radiata showed
a decreased susceptibility value, and the posterior corona
radiata showed an increased susceptibility value. The
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Figure 4 Comparison of magnetic susceptibility values of each cluster between the 2 visits. (A) The increased magnetic susceptibility value

in the mPFC, dACC, occipital areas, habenula, brainstem, and the cerebellum compared with that of 1 year previously (P<0.05, FWE-
corrected). (B) The decreased susceptibility value in the dmPFC, MCC and PCC, right postcentral, right inferior parietal, right precuneus,
right supramarginal, left dorsal striatum, and right thalamus (P<0.05, FWE-corrected). Values represent the mean and SEM. QSM,

quantitative susceptibility mapping; ppm, parts per million; mPFC, medial prefrontal cortex; dACC, dorsal anterior cingulate cortex; PCR,

posterior corona radiata; dmPFC, dorsal medial prefrontal cortex; ACR, anterior corona radiata; FWE, family-wise error; MCC, middle

cingulate cortex; PCC, posterior cingulate cortex; SEM, standard error of the mean.

sagittal projections of the whole-brain susceptibility values
changed after approximately 1 year in the patients, which
are overlaid on the QSM template and the T'1 atlas in the
MNI space shown for reference in Figure SI.

Relationship between alterations in susceptibility values
and changes in depressive symptoms and cognition

The relationships between the changes in iron deposition
and the alterations in depressive symptoms and cognition
were further examined by a partial Spearman correlation
adjusted for age, gender, and the interval between the
2 visits. The QSM signals were extracted from the areas
with changed susceptibility in the second visit. Before the
correction for multiple comparisons, we found the increase
of QSM value in the mPFC and dACC was negatively
correlated with the decrease in the HAMD-17 scores
(r=-0.613, P=0.009) (Figure 5A) and HAMD-24 scores
(r=-0.542, P=0.025) (Figure 5B), and the increase of the
QSM value in the cerebellum and habenula was negatively
correlated with the increase in the MMSE scores (r=—0.500,
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P=0.041; r=-0.588, P=0.013, respectively) (Figure 5C,5D).
Additionally, the decrease in the QSM value in the white
matter near the mPFC (at the anterior corona radiata, the
cluster peaked at x =-18, y =44, z =6 mm in the MNI space)
was negatively correlated with the decrease in the HAMD-17
scores (r=-0.541, P=0.025) (Figure SE) and HAMD-24 scores
(r=-0.500, P=0.041) (Figure 5F), and the decrease in the QSM
value in the left lingula was negatively correlated with the
increase in the MMSE scores (r=-0.613, P=0.009) (Figure 5G).
After Bonferroni correction, none of the changes in the
QSM values after 1 year were significantly correlated with
alterations in depressive symptoms (HAMA, HAMD-17, and
HAMD-24 scores; all P>0.0022) or cognition (MMSE and
MoCA scores; all P>0.0022) (Tables S3,54).

Discussion

Objective biomarkers for the onset and progression of
depression are helpful for accurate diagnosis and evaluation
and may help to improve the clinical interventions for the
disorder. Excessive iron has been shown to contribute to
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the 2 visits (P<0.05). QSM, quantitative susceptibility mapping; ppm, parts per million; HAMD, Hamilton Depression Scale; mPFC, medial

prefrontal cortex; dACC, dorsal anterior cingulate cortex; MMSE, Mini-Mental State Examination; ACR, anterior corona radiata.

some abnormal physiological brain functions, and iron may
be a potential biomarker for depression and its progression.
Our study used QSM for the first time to identify the
brain areas where iron deposition changed as depression
progressed in patients with late-life depression. Specifically,
the mPFC, dACC, occipital areas, habenula, brainstem,
and cerebellum showed increased magnetic susceptibility
values. Additionally, the dmPFC, MCC and PCC, parietal
and occipital areas, thalamus, and dorsal striatum (caudate
and putamen) showed decreased susceptibility values after
approximately 1 year of disease progression in patients
being treated with antidepressants. Notably, the changed
susceptibility values in the mPFC, dACC, and nearby white
matter (anterior corona radiata) after 1 year were negatively
correlated with the changes in depression scores, and the
changed susceptibility values in the cerebellum, habenula,
and left lingula after approximately 1 year were negatively
correlated with the changes in cognitive scores, although
this was not significant after correction for multiple
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comparisons.

Abnormal brain iron deposition and depression

While the relationship between abnormal magnetic
susceptibility values representing elevated iron deposition
and the progression of neurodegenerative diseases has
been well established, the relationship between magnetic
susceptibility values and the neuropathology of psychiatric
diseases remains to be elucidated. To our knowledge, only
a few studies have reported the abnormality of brain iron
deposition measured by QSM. A brain imaging study
revealed increased iron deposition in the putamen and
thalamus nucleus of patients with depression, and this brain
iron accumulation pattern was related to the severity of
depression (26). Moreover, Zhang et al. (27) showed that
thalamic iron deposits were positively related to depressive
symptoms in older adults. Thus, although evidence has only
been observed in a limited number of studies, increased iron
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deposition in some brain areas may be closely associated
with depressive symptoms. However, the alterations in iron
deposition associated with the progression of depression
remain yet to be examined. The examination of the
alterations in susceptibility values associated with depression
would help elucidate the dynamic progression of brain iron
deposition in this disorder.

Changed susceptibility in the cortical areas during the
progression of depression

In the present study, iron accumulation changed both in the
cortical areas and subcortical areas in late-life depressive
patients. Iron deposition in the mPFC, dACC, and
occipital areas was significantly changed. In particular, the
increased QSM values of mPFC and dACC were negatively
correlated with the alteration in depression scores. As the
depressive symptoms improved, the increased QSM values
in the mPFC and dACC were decreased. The mPFC and
ACC are part of the cortical midline structures (CMS),
which serve as the neural underpinnings of self-referential
processing in healthy people (45). Dysfunction within
the CMS may induce disturbances in emotional behavior,
problem-solving, decision-making, and cognitive processing
in patients with MDD (46).

Several studies have shown that mPFC is dysregulated
and shows an abnormal structure in patients with
depression (47). Furthermore, various therapies for the
treatment of depression seem to modulate the activity of
the PFC or PFC-involved circuit as the antidepressant
mechanism (48-50). It has also been reported that iron
deposition could affect the functional coherence between
cortical and subcortical areas (51). Therefore, increased
iron accumulation may contribute to the abnormal neuronal
activity of mPFC, change the local processing of input
information and output pathological information which
affect the functional activities of the brain areas connected
to the mPFC, and lead to episodes of depression. Our
findings identified the link between the iron deposition in
mPFC and depression, further highlighting the affected
mPFC (PFC) function with depression.

The MRI and magnetic resonance spectroscopy (MRS)
studies also suggest that 1 of the most promising biomarkers
in MDD might be the activities in the ACC (52). The
alterations of regional homogeneity of the ACC might be
associated with depression duration and severity in MDD
patients (53). The changed susceptibility value of the JACC
in our study further illustrates the role of ACC in depression.
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Previous studies have found that the occipital lobe is also
involved in depression. The occipital lobe consists of the
primary visual cortex and associative visual areas, which mainly
participate in perception and visual information processing,
as well as in interpreting and drawing conclusions about
visual images. A resting-state fMRI study showed that the
regional homogeneity of the bilateral occipital lobe decreased
in patients with depression (54). Another study found that
the activation of the occipital lobe decreased in patients with
depression during an emotional picture-processing task (55).
These pieces of evidence suggest that the dysfunction of the
occipital lobe may be involved in the abnormality of emotional
and cognitive functions of depressed patients, which is
possibly related to the generation of oxidative reactions and
neurotoxicity under elevated iron levels (56), and eventually
affects the neural activities in this area.

Our observations of increased iron deposition in the
mPFC, dACC, and occipital areas suggest that these cortical
midline areas may be adversely affected around the 1-year
progression of depression with antidepressant treatment.

Aside from the cortical brain areas showing an increase
in susceptibility as depression progressed, cortical areas
showing a decrease in susceptibility were also found. The
QSM values in the MCC and PCC and the parietal areas
(right precuneus, right supramarginal gyrus, and right
inferior parietal lobule) decreased in the second scan.
Abnormal functional connectivity between the PCC and the
brain areas associated with reward processing, salience, and
executive functions has been found in MDD patients (57,58),
suggesting a critical role of the PCC in the pathological
basis of depression. Previous studies have reported that
structural and functional abnormalities of the precuneus are
associated with depression. In a study, at the resting state,
the spontaneous neural activity of the precuneus in MDD
patients was impaired (59). In another study, functional
connectivity changed in patients with depression among
the precuneus and the prefrontal cortex, anterior cingulate
gyrus, and other regions (60). In patients with subclinical
depression, the amplitude of low-frequency fluctuation
(ALFF) in the right precuneus was significantly increased
compared with healthy controls (61). The increased
ALFF was also found in the bilateral supramarginal gyrus
in a partially-remitted depression group compared with a
healthy control group (62). In addition, the ALFF in the
right supramarginal gyrus was negatively correlated with
the HAMD scores. The inferior parietal lobule, a major
network hub of the human brain, is involved in multiple
brain networks (e.g., the frontoparietal control network,
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default mode network) related to emotional processing
and cognitive functions (63). The resting-state functional
connectivity was found to be abnormal at the inferior parietal
lobule in the late-life depressive patients (64). A previous
study showed that patients with depression had significantly
impaired parietal lobe function, which may be associated
with cognition dysfunction in depressive patients (65).
The decreased magnetic susceptibility values in the MCC
and PCC and parietal areas suggest the involvement of
these regions in the progression of depression.

Altered susceptibility in the subcortical areas as depression
progresses

The habenula is a nucleus closely related to depression.
Functional MRI studies have revealed that the activity of
the habenula is correlated with depressive symptoms (66).
Preclinical research has also found that hyperactivity of
the lateral habenula is associated with depression, and local
bilateral infusion of ketamine into the lateral habenula
can elicit rapid antidepressant effects (67,68). Electrical
stimulation at a certain frequency targeting the lateral
habenula may modulate the degree of depression (69).
Iron accumulation in the habenula during the progression
of depression over 1 year may be related to the abnormal
activity of the habenula neurons involved in depression.

The brainstem contains nuclei of cells synthesizing
multiple neurotransmitters modulating depression, such as
dopamine, serotonin, and norepinephrine (70). Aberrant
structure and function of the brainstem have been found
in MDD patients (71,72). Our observation of the increase
in susceptibility at the brainstem may be associated with
alterations in brainstem cells as depression progresses in
patients treated with antidepressants.

A changed QSM value was also found in the cerebellum
in our late-life depressive patients. The cerebellum is an
area of the hindbrain, and it receives information from the
spinal cord, brainstem, and cerebral cortex. Such complex
incoming information indicates that the cerebellum
is involved in movement, cognitive, and emotional
processes. Pieces of evidence from the studies of patients
with cerebellar diseases also suggest a possible role of the
cerebellum in motor, cognition, and mood (73,74). Patients
diagnosed with MDD have shown structural and functional
abnormalities in the cerebellum. A high-resolution,
structural MRI study showed that MDD is characterized
by abnormal volume in non-motor cerebellar regions, and
the bilateral cerebellar volume changes may be reflective of
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successful anti-depression treatment (75). Previous studies
have found that MDD patients have a significantly smaller
vermis, a narrow central part of the cerebellum, compared
with healthy controls (76). Anatomical findings using MRI
have also shown that the cerebellum of MDD patients is
smaller than that of healthy controls (77). Furthermore,
depressed patients on antidepressant medication have
shown increased blood flow in the vermis and increased
cerebellar activity (78). Thus, the altered iron deposition in
the cerebellum may contribute to the change in the volume
and activity of the cerebellum, which may be involved in the
progression of depression.

Disrupted cerebellar-cortical connections are also
involved in MDD. Ma and colleagues found an abnormal
connection between the cerebellum and ACC in medication-
naive depressive patients (79). An altered cerebellar-frontal
lobe connection has also been reported in patients with
geriatric depression (80). Our results of changed magnetic
susceptibility values in the mPFC and the dACC, together
with the cerebellum, may be related to the disrupted
connection between these brain regions.

The iron deposition in the left dorsal striatum (caudate
and putamen) was found to be reduced compared with
the baseline measurement. Structural abnormalities in the
caudate nucleus are frequently found in depression (81). A
structural MRI study showed that depressed patients had
significantly lower caudate volumes, with the left caudate
volume reductions greater than the right, and the volume
reductions were correlated with depression severity (82).
The susceptibility value was higher in MDD patients than
in healthy controls (26). The present study showed that
lower left caudate iron deposition may be associated with
the progression of depression and antidepressant effects.

Altered susceptibility in white-matter structures

Magnetic susceptibility values can be a quantification
measurement of iron and myelin in the white matter
structures (83,84). Aside from the gray matter, aberrant
white matter structures were also found in MDD patients.
A widespread white matter abnormality, including in the
corona radiata, has been observed in adult MDD patients, as
revealed by a diffusion tensor imaging study (85). The iron
content was highly associated with the integrity of white
matter structures (86). Our observation that a reduction
in depressive symptoms was associated with a decrease in
magnetic susceptibility values in the anterior corona radiata
suggests that remyelination may occur in white matter
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structures related to the alleviation of depressive symptoms
in patients on antidepressants.

Limitations

This study had several limitations. First, the study included
a relatively small sample size. Studies with larger sample
sizes are needed in the future to increase the statistical
power and confirm our findings. Second, there was a lack
of examination of the QSM alterations in a healthy control
group, and thus we could not rule out the possibility that
our findings on QSM alterations might result from the
normal aging process. In our study, the interval between
the 2 scans was approximately 1 year (15+2.1 months), a
period of time during which iron content changes could be
regarded as minor and part of normal aging (87). Therefore,
the iron deposition changes observed in late-life depression
in our study might be induced by depression progression. In
our results, only the increased magnetic susceptibility value
in the left lingula was associated with age, so future studies
with a matched control group are still needed. Third, there
may be some error in the result regarding the increased
QSM value in the habenula. The habenula is a small
nucleus, and magnetic susceptibility was heterogeneous
within the habenula and across the participants (88,89). The
low myelin density may have been the source of elevation
of the magnetic susceptibility values, and the veins of the
thalamus may have also influenced the analysis of the
magnetic susceptibility values in the habenula. Fourth, an
observation of a group taking placebo medication could
help to reveal the specific influence of antidepressant drugs,
and this is recommended for future studies.

Conclusions

Our study primarily identified the brain areas where iron
deposition changes as depression progresses in late-life
depressive patients. The CMS, occipital areas, habenula,
brainstem, and cerebellum showed increasing magnetic
susceptibility during the progression of depression in
patients on antidepressants. Additionally, the dmPFC,
MCC and PCC, parietal and occipital areas, left dorsal
striatum, and thalamus showed decreased magnetic
susceptibility. Notably, the alterations in the mPFC, dACC,
and the nearby white matter area (anterior corona radiata)
negatively correlated with alterations in depression scores.
Our results strengthen the understanding of the progression
of brain iron deposition in late-life depression in patients
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on antidepressant medication and highlight the close
relationship between magnetic susceptibility in the medial
frontal areas and depression.
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Figure S1 The sagittal projections of the whole-brain susceptibility values change around one year in the patients overlaid on the QSM
template and the T1 template in the MNI space by voxel-wise analysis. The red/yellow clusters represent a higher susceptibility value in
the follow-up/the second visit (P<0.05, FWE corrected). The blue/light blue clusters represent a lower susceptibility value in the follow-
up/the second visit (P<0.05, FWE corrected). The numbers represent the sagittal coordinates of the slice in millimeters in MNI coordinate
space. (P<0.05, FWE corrected). FWE, family-wise error; ACR, anterior corona radiata; PCC, posterior cingulate cortex; mPFC, medial
prefrontal cortex; dACC, dorsal anterior cingulate cortex; dmPFC, dorsal medial prefrontal cortex; MCC, middle cingulate cortex; IPL,
inferior parietal lobule; QSM, quantitative susceptibility mapping; MNI, Montreal Neurological Institute.

Table S1 Brain areas showed increased QSM value after an approximately one-year duration in the depressive patients (P<0.05, FWE corrected)

Peak MNI Peak Cluster’s
Cluster index coordinates intensit voxel Anatomical name Brodmann area
(x mm, y mm, z mm) y number
Cluster #1 (-3, 58, 35) 0.997 5,548 Cingulum_Ant_sup_L, Cingulum_Ant_sup_R, BAG, 8, 9,
(mPFC and dACC) Frontal_Sup_Medial_L, Frontal_Sup_Medial_ 10, 24, 32
R, Frontal_Sup_R, Frontal_Sup_L
Cluster #2 (middle cingulate) (6, -31, 26) 0.962 88 Cingulum_Mid_R BA23
Cluster #3 (left lingual) (=21, -71,-7) 0.978 664 Lingual_L, Cerebelum_6_L BA18, 19
Cluster #4 (right lingual) (13, =57, -1) 0.991 1,345 Cerebelum_4_5_R, Lingual_R, Calcarine_R, BA18, 19, 29, 30
Vermis_4_5
Cluster #5 (right lingual) (11, =70, -9) 0.960 110 Cerebelum_6_R, Lingual_R BA18, 19
Cluster #6 (=15, -42, 14) 0.996 2,109 Corpus_Callosum_Splenium _L, Calcarine_L, BA18, 29, 30
(white matter and left Cingulum_Post_L, Precuneus_L
calcarine)
Cluster #7 (habenula) 8, -21,8) 0.973 247 Thalamus_L, Thalamus_R -
Cluster #8 (1, -38, -27) 0.992 1,575 Cerebelum_3_R, Vermis_1_2 -
(brainstem and cerebellum)
Cluster #9 (38, -72, -18) 0.991 1,461 Cerebelum_Crusi_R, Fusiform_R, BA18, 19, 37
(cerebellum and fusiform) Cerebelum_6_R, Temporal_Inf_R
Cluster #10 (cerebellum) (=19, -81, -25) 0.955 13 Cerebelum_Crus1_L -
Cluster #11 (cerebellum) (-21, -92, -22) 0.970 75 Cerebelum_Crus1_L -
Cluster #12 (white matter) (-25, -28, 24) 0.978 155 Posterior_Corona_Radiata_L -

The anatomical name indicates the names of the Automated Anatomical Labeling (3rd version) or ICBM DTI-81 atlases. QSM, quantitative
susceptibility mapping; FWE, family-wise error; MNI, Montreal Neurological Institute; mPFC, medial prefrontal cortex; dACC, dorsal
anterior cingulate cortex.
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Table S2 Brain areas showed decreased QSM value after an approximately one-year duration in the depressive patients (P<0.05, FWE corrected)

Peak MNI Cluster’s
. . Peak ) Brodmann
Cluster index coordinates . ) voxel Anatomical name
intensity area
(x mm, y mm, z mm) number
Cluster #1 (dmPFC) (2, 29, 52) 0.987 2,566 Frontal_Sup_Medial_R, Frontal_Sup_Medial_ BAG, 8, 32
L, Supp_Motor_Area_L, Frontal_Sup_L
Cluster #2 (MCC) (-1,-14,31) 0.997 2,389 Cingulum_Mid_L, Cingulum_Mid_R BA23, 24
Cluster #3 (MCC and PCC) (-6, —-38, 37) 0.999 3,117 Cingulum_Mid_L, Cingulum_Mid_R, BA31
Cingulum_Post_L, Cingulum_Post_R
Cluster #4 (right postcentral) (28, —43, 72) 0.968 211 Postcentral_R BA2, 5
Cluster #5 (right inferior parietal) (47, -46, 51) 0.979 755 Parietal_Inf_R BA40
Cluster #6 (right precuneus) (16, -38, 3) 0.962 75 Precuneus_R BA30
Cluster #7 (right supramarginal) (42, -41, 32) 0.962 320 SupraMarginal_R BA40
Cluster #8 (left lingual) (-14, -85, -7) 0.964 133 Lingual_L BA17
Cluster #9 (right thalamus) (14, -26, 10) 0.996 956 Thalamus_R -
Cluster #10 (left dorsal striatum (-23, 8, 22) 0.9996 5,295 Caudate_L, Putamen_L, Rolandic_Oper_L, -
and white matter) Insula_L, Anterior_Corona_Radiata_L
Cluster #11 (white matter) (-18, 44, 6) 0.970 246 Anterior_Corona_Radiata_L -

The anatomical name indicates the names of the Automated Anatomical Labeling (3rd version) or ICBM DTI-81 atlases. QSM, quantitative
susceptibility mapping; FWE, family-wise error; MNI, Montreal Neurological Institute; dmPFC, dorsal medial prefrontal cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex.

Table S3 Correlations between the increases in QSM measures and the changes in clinical measurements

Partial Spearman correlation [r (P)]

Cluster index

HAMD-17 HAMD-24 HAMA MMSE MoCA
Cluster #1 (MPFC and dACC)  -0.613 (0.009) -0.542 (0.025) -0.343 (0.178) -0.166 (0.523) -0.308 (0.229)
Cluster #2 (middle cingulate) -0.237 (0.359) -0.195 (0.454) -0.161 (0.538) 0.042 (0.874) -0.105 (0.690)

Cluster #3 (left lingual)
Cluster #4 (right lingual)
Cluster #5 (right lingual)

Cluster #6 (white matter and
left calcarine)

Cluster #7 (habenula)

Cluster #8 (brainstem and
cerebellum)

Cluster #9 (cerebellum and
fusiform)

Cluster #10 (cerebellum)
Cluster #11 (cerebellum)

Cluster #12 (white matter)

~0.153 (0.557)
~0.109 (0.678)
~0.166 (0.525)
~0.287 (0.264)

-0.024 (0.927)
-0.153 (0.559)

-0.221 (0.395)

~0.154 (0.555)
0.035 (0.893)
-0.358 (0.158)

~0.107 (0.682)
~0.113 (0.666)
~0.230 (0.374)
~0.181 (0.490)

~0.029 (0.912)
-0.118 (0.652)

-0.166 (0.525)

0.018 (0.946)
0.143 (0.584)
-0.193 (0.459)

0.097 (0.710)
0.111 (0.671)
0.044 (0.867)
-0.227 (0.380)

~0.236 (0.362)
-0.141 (0.589)

0.019 (0.943)

-0.316 (0.217)
0.117 (0.655)
-0.282 (0.273)

-0.410 (0.102)
~0.408 (0.104)
~0.016 (0.951)
~0.472 (0.055)

-0.588 (0.013)
-0.230 (0.375)

-0.038 (0.885)

~0.500 (0.041)
0.164 (0.528)
-0.288 (0.266)

0.132 (0.613)
0.000 (0.999)
~0.100 (0.703)
~0.046 (0.860)

-0.008 (0.974)
0.119 (0.648)

-0.220 (0.395)

0.423 (0.091)
0.322 (0.208)
-0.062 (0.814)

The r and P values are from partial Spearman correlation analyses adjusting for age, gender, and the interval between two visits. QSM,
quantitative susceptibility mapping; HAMD, Hamilton Depression Scales; HAMA, Hamilton Anxiety Scale; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; mPFC, medial prefrontal cortex; dACC, dorsal anterior cingulate cortex.
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Table S4 Correlations between the decreases in QSM measures and the changes in clinical measurements

Cluster index

Partial Spearman correlation [r (P)]

HAMD-17 HAMD-24 HAMA MMSE MoCA

Cluster #1 (dmPFC) -0.014 (0.958) -0.035 (0.666) 0.056 (0.832) 0.080 (0.761) 0.225 (0.385)
Cluster #2 (MCC) -0.190 (0.465) -0.093 (0.722) -0.155 (0.554) -0.139 (0.594) 0.046 (0.862)
Cluster #3 (MCC and PCC) -0.276 (0.283) -0.169 (0.516) -0.004 (0.987) -0.189 (0.467) -0.007 (0.979)
Cluster #4 (right postcentral) -0.375 (0.138) -0.391 (0.121) -0.406 (0.106) -0.188 (0.469) -0.347 (0.172)
Cluster #5 (right inferior parietal) —0.355 (0.162) —-0.278 (0.280) —0.180 (0.489) 0.211 (0.416) —0.182 (0.486)
Cluster #6 (right precuneus) -0.165 (0.526) -0.149 (0.568) -0.162 (0.534) -0.174 (0.504) 0.129 (0.620)
Cluster #7 (right supramarginal) -0.225 (0.385) -0.270 (0.295) -0.022 (0.933) -0.352 (0.166) -0.029 (0.913)
Cluster #8 (left lingual) 0.055 (0.834) -0.013 (0.960) 0.283 (0.271) -0.613 (0.009) 0.450 (0.070)
Cluster #9 (right thalamus) 0.064 (0.809) 0.055 (0.833) 0.180 (0.489) -0.517 (0.033) 0.072 (0.782)
Cluster #10 (left dorsal striatum -0.100 (0.703) 0.041 (0.877) -0.009 (0.973) 0.066 (0.800) -0.181 (0.486)
and white matter)

Cluster #11 (white matter) -0.541 (0.025) -0.500 (0.041) -0.120 (0.646) 0.015 (0.953) 0.230 (0.375)

The r and P values are from partial Spearman correlation analyses adjusting for age, gender, and the interval between two visits. QSM,
quantitative susceptibility mapping; HAMD, Hamilton Depression Scales; HAMA, Hamilton Anxiety Scale; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; dmPFC, dorsal medial prefrontal cortex; MCC, middle cingulate cortex; PCC,

posterior cingulate cortex.
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