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Associations of cortical iron accumulation with cognition and
cerebral atrophy in Alzheimer’s disease
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Background: In Alzheimer’s disease (AD), cerebral iron accumulation colocalizes with the pathological
proteins amyloid-B (Ap) and tau. Furthermore, tau-induced cortical thinning is associated with cognitive
decline. In this study, quantitative susceptibility mapping (QSM) was used to investigate the whole-brain
distribution pattern of cortical iron deposition and its relationships with cognition and cortical thickness in AD.
Methods: This cross-sectional study prospectively recruited 30 participants with AD and 26 age- and
sex-matched healthy controls (HCs). All participants underwent QSM and T-weighted examinations on a
3.0T MRI scanner. Global cognition was assessed using the Mini-Mental State Examination (MMSE) and
Montreal Cognitive Assessment (MoCA). Whole-brain cross-sectional QSM analysis and whole-brain QSM
regression analyses against the MMSE and MoCA scores were performed. Surface-based morphometry
analysis was also performed. Subsequently, in regions with significant atrophy, magnetic susceptibility was
compared between the AD and HC groups, and the association between magnetic susceptibility and cortical
thickness was assessed.

Results: Whole-brain QSM cross-sectional analysis in the AD group demonstrated widespread increased
susceptibility across the cortical ribbon, asymmetrically covering the left hemisphere cerebral cortex, caudate
nucleus, putamen, and partial cerebellar cortex. Whole-brain QSM regression analyses in the AD group
showed that increased susceptibility covaried with lower MMSE and MoCA scores, and was predominantly
located in the right parietal cortex and lateral occipital cortex. In the AD group, cortical thickness was
reduced in the left superior temporal gyrus, right frontal pole, fusiform gyus, and pars opercularis, and
there were increases in susceptibility in the right frontal pole (AD: mean = SD 0.034£0.007 ppm, 95% CI:
0.032-0.037 ppm; HC: 0.030£0.005 ppm, 95% CI: 0.028-0.032 ppm; P=0.016) and pars opercularis (AD:
0.0200.003 ppm, 95% CI: 0.018-0.021 ppm; HC: 0.0170.002 ppm, 95% CI: 0.017-0.018 ppm; P=0.002).
Susceptibility was negatively correlated with cortical thickness in the right pars opercularis in the entire
cohort (r=-0.521, P<0.001) and AD group (r=—0.510, P=0.005).

Conclusions: Widespread cortical iron, as measured by QSM, accumulated in AD and iron deposition

was associated with poor cognitive performance. Increased iron content was also associated with brain
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atrophy. Our study suggests QSM may be a useful imaging biomarker for monitoring the neurodegenerative

progression of AD.
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Introduction

Alzheimer’s disease (AD) is one of the most common
neurodegenerative diseases in older people. Manifestations
of AD include progressive memory loss and, eventually,
severe cognitive and behavior impairments (1).
Excessive accumulation of amyloid-p (AB) plaques and
tau neurofibrillary tangles in the brain gray matter are
widely considered to be the pathological hallmarks of
AD (2). Previous histochemical studies have shown that
iron deposition is associated with AP plaques and tau
neurofibrillary tangles, and can contribute to the formation
and aggregation of AB and hyperphosphorylated tau (3-5).
Furthermore, iron accumulation in insoluble amyloid
plaques and neurofibrillary tangles is consistently observed
in AD and has been extensively investigated (6). Iron, as
the major metal element in the brain, plays an essential
role in axon myelination, energetic metabolism, and
neurotransmitter synthesis, and iron levels in specific brain
regions, such as the basal ganglia, increase with age (7,8).
The breakdown of iron homeostasis can cause various age-
related neurodegenerative diseases (9). A previous study
demonstrated that the neurotoxicity of oxidative stress
induced by iron overload can promote neuron loss and
degeneration (10). However, although the participation of
iron in the pathogenic process of AD has been confirmed,
the mechanism involved remains unknown.

Quantitative susceptibility mapping (QSM) is a
magnetic resonance imaging (MRI) technique that uses
an advanced approach to non-invasively quantify the
magnetic susceptibility of tissue in vivo (11,12). Although
susceptibility measured by QSM is non-specific and
magnetic susceptibility can vary between different
biophysical substances, such as iron, calcium, lipid, and
myelin, paramagnetic iron is generally considered to be
the predominant source of magnetic susceptibility in gray
matter because the concentrations of other biophysical
substances in the cortex are very low. Hence, studies of
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neurodegenerative diseases have always used QSM to
evaluate iron content in the cortex (13).

Previous QSM studies have shown that excessive iron
accumulates in several areas of the AD brain, including
in some deep nuclei and cortical regions (14,15), and that
increased QSM values are associated with cognitive decline
in patients with AD (16). However, most QSM studies on
AD have been limited to analysis of regions of interest,
namely in the deep gray nuclei and some coarse cortical
regions extracted from the standard brain atlases. As a data-
driven method, voxel-based whole-brain analysis, which
is not limited to predefined regions of interest, is able to
explore the spatial specificity of magnetostatic changes in
AD. However, voxel-based whole-brain studies exploring
the spatial distribution of cortical iron accumulation and the
associations between iron accumulation and cognition in
AD are lacking.

Cortical atrophy, especially temporal and hippocampal
atrophy, is one of the most prominent neuroimaging
features of AD, and indicates considerable loss of neurons
and synapses in the cerebral cortex. Because neuron loss
is the main reason for cognitive decline and reflects the
progression of neurodegeneration (17,18), understanding
the relationship between cortical thickness and iron
accumulation, and clarifying their effects on cognition,
may provide new insights into the pathogenic mechanism
of iron deposition in AD. However, to date, the association
between cortical iron deposition and cortical thickness in
AD has not been systematically investigated.

Using QSM, we conducted an in vivo study to explore
the global distribution of cortical iron accumulation at the
voxel level in patients with AD, and to locate the cortical
regions in which magnetic susceptibility was correlated with
cognition using a previously optimized whole-brain analysis
workflow (19,20). We also performed a surface-based
morphometry analysis using structural MRI to explore
the hypothesis that iron content is increased in regions
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with cortical atrophy in AD. Finally, we investigated the
potential association between cortical thickness and iron
content. We present the following article in accordance
with the STROBE reporting checklist (available at https://
gims.amegroups.com/article/view/10.21037/qims-22-7/rc).

Methods
Study participants

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The Ethics
Committee of the China-Japan Friendship Hospital
approved this prospective cross-sectional study. All
participants were informed about the study and gave their
written informed consent.

From November 2015 to March 2019, consecutive
patients who met the diagnostic criteria for AD, as
published by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (21), were
recruited to the study from the Department of Neurology at
the China-Japan Friendship Hospital. All patients recruited
to the study completed integrated neuropsychological tests
and MRI examinations. To be included in the study, patients
needed to meet the following criteria: (I) age 50-85 years;
(IT) Fazekas scale score <2; and (III) >6 years of education.
Global cognitive status was assessed by a senior neurologist
using the Mini-Mental State Examination (MMSE) (22)
and Montreal Cognitive Assessment (MoCA) test (23). Age-
and sex-matched healthy controls (HCs) were recruited to
the study from the local community. The cognitive status of
HCs was assessed using the MMSE. The exclusion criteria
for all participants were: (I) other neurologic and psychiatric
diseases; (II) metabolic disease; (IIT) alcohol or drug abuse;
(IV) MRI contraindications; and (V) abnormal findings on
brain imaging.

MRI data acquisition

A Discovery MR750 3.0-T scanner (General Electric,
Milwaukee, WI, USA) with an eight-channel head coil
was used to perform MRI scans. The MRI examination
consisted of an axial three-dimensional gradient-echo
(3D-GRE) sequence and a sagittal three-dimensional T'-
weighted fast spoiled gradient-echo 3D-FSPGR) sequence.
The 3D-GRE data were acquired using the following
parameters: flip angle 12° multiple echo times (TEs): TE1
3.19 ms, ATE 2.37 ms, and TE8 19.77 ms; repetition time
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22.9 ms; bandwidth 62.5 Hz/pixel; slice thickness 1.0 mmy;
field of view 256 mm x 256 mm; voxel size 1x1x1 mm’; and
scan time 4.4 min. The 3D-FSPGR data were acquired
using the following parameters: flip angle 12° TE 2.9 ms;
repetition time 6.7 ms; bandwidth 31.25 Hz/pixel; slice
thickness 1.0 mmy; field of view 256 mm x 256 mm; voxel
size 1x1x1 mm’; and scan time 4.17 min.

Reconstruction and post-processing of QSM data

The multi-echo phase and magnitude images acquired using
the 3D-GRE sequence were used to reconstruct the QSM,
following the default processing pipeline for 3D-GRE data
in the Matlab-based STT Suite software (http://people.eecs.
berkeley.edu/~chunlei.liu/software.html). First, the multi-
echo phase images were unwrapped using Laplacian-based
phase unwrapping (24), and the first-echo magnitude image
was used to generate the binary brain mask using the brain
extraction tool in FSL (https://fsl.fmrib.ox.ac.uk). Then, the
variable-kernels sophisticated harmonic artifact reduction
for phase data (V-SHARP) (25) method with the binary
brain mask was used to remove the background frequency
of the unwrapped phase image. The susceptibility map
was estimated from the local field map using the streaking
artifact reduction method for QSM (26).

The QSM post-processing steps and the whole-brain
analysis were conducted using an optimized pipeline in
QSMexplorer (https://gitlab.com/acostaj/QSMexplorer) (27).
Briefly, a study-specific structural template was generated
from the bias-corrected 3D-FSPGR images of all
participants, following the “antsMultivariateTemplate
Construction2” routine with six full runs in Advanced
Normalization Tools (AN'Ts; http://stnava.githib.io/ANTS);
simultaneously, the individual T'-weighted structural images
were spatially normalized to the template using the “SyN”
approach in AN'Ts. Then, the first-echo magnitude images
were corrected for bias field and rigidly coregistered to their
corresponding T,-weighted structural images. The QSM
images were subsequently warped to the study-specific
T-weighted template for spatial normalization through a
method combining the above-mentioned transformations
and third-order b-spline interpolation in ANTs. We also
created a study-specific QSM template by averaging the
normalized QSM images across the participants (Figure I). In
addition, the 3D-FSPGR images were segmented to obtain
probabilistic maps of the gray matter for further analysis
using the SPM12 software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm12).
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Figure 1 Study-specific templates and QSM spatial normalization. (A,B) Study-specific T-weighted structural (A) and QSM (B) templates. (C,D)
Original (C) and spatial normalized (D) QSM of a 75-year-old woman with Alzheimer’s disease. QSM, quantitative susceptibility mapping.

Post-processing of structural data

Cortical thickness was measured using T;-weighted
structural images. Following the standardized framework
in FreeSurfer version 6.0.0 (http://surfer.nmr.mgh.
harvard.edu), the post-processing routine included motion
correction, volumetric segmentation, inflation, surface
reconstruction, spherical registration, smoothing, visual
inspection, and manual correction. Detailed descriptions of
the post-processing methods have been described previously
(28,29). Cortical thickness was measured as the vertical
distance between the gray-white matter boundary and the
pial surface.
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Statistical analysis

Voxel-based whole-brain QSM analysis

Because our whole-brain analysis focused on the cortex and
absolute QSM data have previously been proven to reduce
the susceptibility spatial variance and spurious dispersion
across the cortex (25), the absolute QSM value was used
for whole-brain analysis and further regional analysis. To
reduce the impact of inaccurate registration, the normalized
QSM images were smoothed using a three-dimensional
Gaussian kernel with a standard deviation of 3 mm, and
additional smoothing compensation was performed using
the smoothed gray matter mask to improve the specificity of
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Y
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Figure 2 Flowchart showing the selection of patients with AD for
this study. MRI, magnetic resonance imaging; AD, Alzheimer’s

disease.

the statistical analysis in the cortex (30).

Because the absolute QSM value (absolute susceptibility)
varies by age (27,30,31), age was included as a covariate
in all subsequent statistical models. We performed voxel-
based cross-sectional QSM analysis to explore intergroup
differences in absolute susceptibility between patients
with AD and HCs, in which sex and age were both mean-
centered and corrected as nuisance covariates. Also, whole-
brain QSM regression analyses against MMSE and MoCA
scores were performed to evaluate correlations between
absolute susceptibility and cognition in the AD group.
The whole-brain statistical analyses for each design matrix
were assessed by randomized permutation tests (10,000
permutations) with a threshold-free cluster enhancement
algorithm (TFCE) in FSL (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Randomise); these calculations were restricted to the
gray matter mask. The statistical significance threshold was
set to a family-wise error (FWE)-corrected P<0.05.

Finally, for visualization purposes and further regional
analysis, study-specific templates and resultant statistical
maps were warped into the Montreal Neurological Institute
(MNI) space.

Cortical thickness analysis

To explore intergroup differences in cortical thickness,
surface-based morphometry analysis was performed using
the “mri_glmfit” module in FreeSurfer, with adjustment for
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age and sex in the “Different-Offset, Same-Slope” general
linear model. For multiple comparison correction, a Z-based
Monte Carlo simulation algorithm was implemented, with
a vertex-wise threshold of P<0.01 (unsigned) and a cluster-
wise threshold of P<0.05. After multiple comparison
correction, the cortical thicknesses of significant clusters
were extracted from the surface images of all participants.

Also, the surface labels of significant clusters were
transformed into a volume mask and then warped into the
MNT space; subsequently, the mean absolute susceptibility
of all participants in the corresponding atrophied regions
was extracted by using the “fslmeants” tool in FSL.

Other statistical analyses

All other statistical analyses were conducted using SPSS
version 21.0 IBM Corp., Armonk, NY, USA), with graphs
drawn using GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA). The Shapiro-Wilk test was used to
assess the normality of data distribution. Sequential data
are presented as the mean = SD. Student’s #-test and the
chi-squared (x’) test were used to assess the significance of
differences in clinical characteristics. The significance of
differences in the absolute QSM values of atrophied regions
between groups was assessed using the Mann-Whitney
U test. Correlations between cortical thickness and
absolute QSM values in atrophied regions were assessed by
partial correlation analysis while controlling for age. The
Benjamini-Hochberg false discovery rate method was used
for multiple comparison correction. According to the results
of cortical thickness analysis, there were four significantly
atrophied regions when the false discovery rate significance
threshold was set to q<0.05.

Results
Demographic characteristics of participants

Thirty AD patients (mean age 68.5+6.8 years; 21 women)
and 26 HCs (mean age 65.5£8.1 years; 19 women) were
recruited to the study. A flowchart of the selection process
for the AD group is shown in Figure 2. There were no
significant differences in age or sex between the AD and
HC groups, and all participants were right-handed. The
mean number of education years was higher in the AD than
the HC group (P=0.015). The MMSE scores of the AD
group were significantly lower than those of the HC group
(P<0.001). The demographic and clinical characteristics of
all participants are summarized in Table 1.
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Table 1 Demographic and clinical characteristics of the study cohort

Characteristics AD group (n=30) HC group (n=26) P value
Sex (No. males/females) 9/21 719 0.799

Age (years) 68.5+6.8 65.5+8.1 0.136

Education (years) 11.33+3.86 8.50+4.57 0.015

MMSE score 19.77+4.79 27.96+1.64 <0.001
MoCA score 16.87+4.5 NA NA

Unless indicated otherwise, data are given as the mean + SD. AD, Alzheimer’s disease; HC, healthy control; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; NA, not applicable.

Whole-brain cortical QSM cross-sectional analysis

Whole-brain cross-sectional analysis revealed that
relative to the HCs, the AD group had widespread
increased absolute susceptibility along the cortical ribbon,
predominantly in the left cerebral cortex, which reflected
increased iron content. Abnormalities on the left side were
found in frontal lobe structures including the superior
frontal gyrus, middle frontal gyrus, inferior frontal gyrus,
frontal pole, and precentral gyrus; in parietal lobe structures
encompassing the precuneus cortex, postcentral gyrus,
supramarginal gyrus, and angular gyrus; in temporal lobe
structures including the inferior temporal gyrus, middle
temporal gyrus, fusiform gyrus, and parahippocampal
gyrus; in occipital lobe structures, primarily the lateral
occipital cortex and occipital pole; and in the insula cortex,
opercular cortex, and cingulate cortex (P<0.05, FWE-
corrected). Deep gray matter nuclei located in the basal
ganglia, including the left caudate and putamen nuclei,
were also found to be involved. In the AD group, although
absolute susceptibility was primarily increased in the
left cerebral cortex, extensively covering the left frontal,
parietal, temporal, and occipital lobes, the right cerebral
cortex also had relatively sparse regions with abnormally
increased absolute susceptibility, including the right
precuneus cortex, cingulate gyrus, lateral occipital cortex,
occipital pole, insular cortex, opercular cortex, postcentral
gyrus, precentral cortex, and supramarginal gyrus (P<0.05,
FWE-corrected). Notably, the susceptibility of the Crus
IL, VIIb, and VIIIa regions in the left cerebellar cortex was
also significantly increased in the AD group (P<0.05, FWE-
corrected). No significant clusters of decreased absolute
QSM values were found in the AD group. The peak MNI
coordinates and anatomical labeling of significant clusters
with increased absolute susceptibility are presented in Zable 2
and Figure 3, respectively.
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Whole-brain cortical QSM regression analysis

Whole-brain QSM regression analysis with cognition
showed that, in patients with AD, increased absolute
susceptibility in the right angular gyrus, supramarginal
gyrus, lateral occipital cortex, parietal operculum cortex,
left frontal operculum cortex, and inferior frontal gyrus was
associated with decreased MMSE scores (Figure 4A; Table 3;
TFCE, FWE-corrected P<0.05). Increased susceptibility
in the right angular gyrus, supramarginal gyrus, lateral
occipital cortex, superior temporal gyrus, left superior
frontal gyrus, inferior frontal gyrus, and frontal pole was
also associated with decreased MoCA scores in patients with
AD (Figure 4B; Table 3; TFCE, FWE-corrected P<0.05).
Interestingly, similar patterns were seen in maps of whole-
brain QSM regression analysis plotted against MoCA scores
and against MMSE scores. However, unlike those of cross-
sectional analysis, the results of QSM regression analysis with
cognition were primarily located in the right hemisphere.

In contrast, we did not find any significant clusters in
which absolute susceptibility was positively correlated with
the MMSE or MoCA score at the whole-brain level.

Atrophy measurements

The results of surface-based morphometry analysis revealed
reduced cortical thickness in several regions in the AD group,
including the left superior temporal gyrus (AD: 2.74+0.28 mm,
95% CI: 2.63-2.84 mm; HC: 3.01£0.16 mm, 95% CI:
2.94-3.07 mm), right fusiform gyrus (AD: 2.76+0.31 mm,
95% CI: 2.64-2.87 mm; HC: 3.11+0.20 mm, 95% CI: 3.03—
3.19 mm), pars opercularis (AD: 2.42+0.17 mm, 95% CI:
2.36-2.49 mm; HC: 2.63+0.13 mm, 95% CI: 2.58-2.67 mm),
and frontal pole (AD: 2.30+0.23 mm, 95% CI: 2.21-2.38 mmy;
HC: 2.55+0.21 mm, 95% CI: 2.47-2.63 mm) (Monte Carlo
null-Z simulation-corrected P<0.05; Figure 5; Table 4). At
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Cluster size P Peak MNI coordinates (mm)  Absolute susceptibility (ppm)
Brain regions of significant clusters Ve
(voxels) value X Y 7 AD HC
Contrast: AD > HC
LH frontal lobe/parietal lobe/temporal lobe/insula/ 18,795 0.002 -55 -6 8 0.027+0.004 0.022+0.002
caudate/putamen
LH Crus lI/VIIb 4,142 0.016 -21 =77 -47 0.018+0.004 0.014+0.004
LH lateral occipital cortex/occipital pole/middle 3,681 0.005 -49 -74 -7 0.029+0.004 0.025+0.03
temporal gyrus/inferior temporal gyrus
LH inferior temporal gyrus/fusiform cortex/ 2,682 0.009 -39 -45 -25 0.038+0.008 0.031+0.005
parahippocampal gyrus
LH precuneus cortex/cingulate gyrus 2,433 0.006 -7 —42 41 0.021+0.003 0.018+0.002
RH precuneus cortex/cingulate gyrus 2,123 0.012 5 -46 41 0.021+0.003 0.017+0.002
RH lateral occipital cortex/occipital pole 1,479 0.003 31 —-76 17 0.025+0.005 0.020+0.002
LH superior frontal gyrus/middle frontal gyrus/ 1,230 0.032 -20 4 51 0.022+0.006 0.018+0.003
precentral gyrus
LH cerebellar Villa/Vilib 676 0.030 22 -46 -46 0.030+0.005 0.026+0.004
RH insular cortex 605 0.033 37 2 9 0.026+0.005 0.022+0.004
LH postcentral gyrus/precentral gyrus 350 0.006 41 27 53 0.031+0.008 0.025+0.005
RH postcentral gyrus/supramarginal gyrus/ 273 0.020 62 -17 22 0.021+0.003 0.018+0.002
opercular cortex
LH postcentral gyrus 194 0.006 -53 -12 33 0.022+0.004 0.019+0.002
RH central opercular cortex 179 0.043 53 2 9 0.019+0.005 0.015+0.002
LH postcentral gyrus/supramarginal gyrus 176 0.032 -42 -33 50 0.020+0.005 0.017+0.003
RH precentral gyrus 96 0.042 55 7 26 0.023+0.005 0.019+0.003
RH postcentral gyrus 83 0.018 44 -29 51 0.021+0.005 0.016+0.003
LH supramarginal gyrus 50 0.038 -57 -46 29 0.020+0.004 0.017+0.003
LH middle frontal gyrus 39 0.019 -35 21 37 0.021+0.006 0.017+0.004

Unless indicated otherwise, data are given as the mean + SD. Clusters larger than 30 voxels are listed. AD, Alzheimer’s disease; HC,
healthy control; FWE, family-wise error; MNI, Montreal Neurological Institute; LH, left hemisphere; RH, right hemisphere.

the whole-brain level, cortical thickness was not found to
be statistically significantly higher in the AD group than the
HC group.

Correlation between QSM and cortical thickness

Further analysis in atrophied regions showed that
absolute susceptibility in the right frontal pole
(AD: 0.034+0.007 ppm, 95% CI: 0.032-0.037; HC:
0.030+0.005 ppm, 95% CI: 0.028-0.032; P=0.016)
and right pars opercularis (AD: 0.020£0.003 ppm,
95% CI: 0.018-0.021; HC: 0.017£0.002 ppm, 95% CI:
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0.017-0.018; P=0.002) was significantly higher in the
AD group than the HC group after FDR correction.
However, there was no significant difference in absolute
susceptibility between the two groups in the left superior
temporal gyrus (AD: 0.027+0.004 ppm, 95% CI: 0.026—
0.029; HC: 0.026+0.003 ppm, 95% CI: 0.024-0.027;
P=0.168) and right fusiform gyrus (AD: 0.039+0.006 ppm,
95% CI: 0.037-0.041; HC: 0.036+0.004 ppm, 95% CI: 0.034-
0.037; P=0.057) (Figure 64). The results of partial correlation
analysis between QSM values and cortical thickness showed
that, in the AD group, absolute susceptibility was significantly
negatively correlated with cortical thickness in the right pars
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Figure 3 Results from whole-brain absolute QSM analysis. Red-yellow clusters represent significantly higher absolute susceptibility in the
AD group than in the HC group (threshold-free cluster enhancement, family-wise error-corrected P<0.05). The resulting maps are overlaid
onto the study-specific QSM template in the Montreal Neurological Institute coordinate system. R, right; L, left; QSM, quantitative
susceptibility mapping; AD, Alzheimer’s disease; HC, healthy control.
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0.00 B 0.05

Figure 4 Results from whole-brain absolute QSM regression analysis against the MMSE and MoCA scores in AD. (A) Red-yellow clusters
represent significant negative associations between cortical absolute susceptibility and the MMSE score in the AD group (TFCE, FWE-
corrected P<0.05). (B) Blue clusters represent significant negative associations between cortical absolute susceptibility and MoCA scores
in the AD group (TFCE, FWE corrected P<0.05). Resulting maps are overlaid onto the study-wise QSM template in the Montreal
Neurological Institute coordinate system. R, right; L, left; QSM, quantitative susceptibility mapping; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; AD, Alzheimer’s disease; TFCE, threshold-free cluster enhancement; FWE, family-

wise error.
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Table 3 Significant clusters in the whole-brain absolute susceptibility regression against the MMSE and MoCA scores

Peak MNI coordinates (mm)

Brain region Cluster size (voxels) Prwe value
X Y 4
MMSE (negative linear relationship)
RH angular gyrus/supramarginal gyrus 2,649 0.015 56 -46 36
RH lateral occipital cortex 533 0.033 40 -72 28
RH parietal operculum cortex 107 0.048 42 -25 22
LH frontal operculum cortex/inferior frontal gyrus 82 0.037 -33 28 6
RH lateral occipital cortex 56 0.047 32 -65 35
RH supramarginal gyrus/angular gyrus 30 0.023 45 -47 50
MoCA (negative linear relationship)
RH angular gyrus/supramarginal gyrus 2,810 0.008 52 -52 26
LH superior frontal gyrus 367 0.036 -12 33 56
RH lateral occipital cortex 294 0.038 45 -70 27
LH frontal pole/superior frontal gyrus 281 0.035 -18 37 30
LH frontal operculum cortex/inferior frontal gyrus 188 0.023 -34 28 6
RH superior temporal gyrus 77 0.041 67 -33 12
RH angular gyrus/supramarginal gyrus 30 0.031 45 47 50

Clusters larger than 30 voxels are listed. FWE, family-wise error; LH, left hemisphere; MMSE, Mini-Mental State Examination; MNI,
Montreal Neurological Institute; MoCA, Montreal Cognitive Assessment; RH, right hemisphere.

RH fusiform gyrus

N

RH pars opercularis RH frontal pole

LH superior temporal gyrus

Figure 5 Results from whole-brain vertex-wise cortical thickness analysis. Compared with the HC group, cortical thickness was significant
reduced in the AD group in the superior temporal gyrus in the LH, as well as the fusiform gyrus, pars opercularis, and frontal pole in the
RH (cluster-wise, Z-based Monte Carlo simulation-corrected P<0.05). Original statistical maps are overlaid on the FreeSurfer average pial
surface, and are shown in blue. HC, healthy control; AD, Alzheimer’s disease; LH, left hemisphere; RH, right hemisphere.

opercularis (r=—0.510, P=0.005) after FDR correction (Figure regions of the right fusiform gyrus (r=-0.436, P=0.001)
6B). For the whole study cohort, absolute susceptibility was and right pars opercularis (r=—0.521, P<0.001) after FDR
inversely correlated with cortical thickness in the atrophied correction (Figure 6C). However, the right frontal pole and the
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Table 4 Clusters showing significant differences in cortical thickness between the AD and HC groups

Peak MNI coordinates (mm) Cortical thickness (mm)
Brain region Cluster size (mm?) CWP
X Y 4 AD HC
Contrast: AD < HC
LH superior temporal gyrus 707.14 0.0395 -55.4 -3.3 -4.0 2.74+0.28 3.01+0.16
RH fusiform gyrus 969.25 0.0070 37.8 -13.3 -28.7 2.76+0.31 3.11+0.20
RH frontal pole 825.01 0.0195 8.5 63.7 -9.2 2.30+0.23 2.55+0.21
RH pars opercularis 812.41 0.0209 49.9 11.7 12.6 2.42+0.17 2.63+0.13

AD, Alzheimer’s disease; HC, healthy control; CWP, cluster-wise P value; MNI, Montreal Neurological Institute; LH, left hemisphere; RH,
right hemisphere.
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Figure 6 Absolute susceptibility in the Alzheimer’s disease (AD) and healthy control (HC) groups and its correlation with cortical thickness
in atrophied regions. (A) The absolute susceptibility of the RH frontal pole (P=0.016) and RH pars opercularis (P=0.002) was significantly
higher in the AD than the HC group (FDR correction, P<0.05). Data are shown as the mean = SEM. *P <0.05 (uncorrected), **P<0.01
(uncorrected). (B) In the AD group, absolute susceptibility was negatively correlated with cortical thickness in the atrophied region of the
RH pars opercularis after FDR correction (r=—0.510, P=0.005). (C) In the whole cohort, absolute susceptibility was negatively correlated
with cortical thickness in the atrophied regions of the RH fusiform gyrus (r=—0.436, P=0.001) and RH pars opercularis (r=—0.521, P<0.001)
after FDR correction. Shaded areas indicate 95% confidence intervals. RH, right hemisphere; LH, left hemisphere; AD, Alzheimer’s disease;
HC, healthy control; FDR, false discovery rate.

left superior temporal gyrus showed no significant correlations superior temporal gyrus: r=—0.191, P=0.162) or in the AD
between absolute susceptibility and cortical thickness in the group (right frontal pole: r=0.013, P=0.945; left superior
whole cohort (right frontal pole: r=—0.183, P=0.182; left temporal gyrus: r=—0.285, P=0.134).
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Discussion

Iron accumulation in the brain is consistently observed in
AD. As the most crucial structural imaging characteristic
of AD, cortical thinning is associated with cognitive
impairment. However, the relationships of cortical iron
content with cortical thickness and cognitive decline in AD
remain unclear. In this study, we obtained a whole-brain
pattern of susceptibility perturbations throughout the cortex
and explored the association between susceptibility and
cognitive severity in patients with AD. We also assessed the
correlations between susceptibility and cortical thickness
in these patients. Our main findings are that: (I) there
was widespread increased susceptibility across the cortical
ribbon in patients with AD, non-symmetrically covering
the left cerebral cortex, deep gray-matter nuclei, and partial
cerebellar cortex; (II) susceptibility was increased in the
right parietal cortex and lateral occipital cortex in patients
with AD, which correlated with cognitive deficits; and (III)
increased susceptibility was associated with reduced cortical
thickness in the right pars opercularis.

Whole-brain voxel-based analysis demonstrated
increased susceptibility, which approximately reflected
elevated iron content and was predominantly distributed
in the cortex of left frontal, parietal, temporal, occipital
and insula lobes, with some sparse clusters distributed in
the right hemisphere. Excessive iron deposition in the AD
brain is associated with AP plaques and tau neurofibrillary
tangles, and has been extensively investigated. Iron
has been proven to modulate the misfolding process
associated with AB formation (32) and to be correlated with
hyperphosphorylation of tau (33). Deposition of AB and tau
appears to affect the medial parietal cortex, medial temporal
lobe, and frontal lobe first, with aggregates gradually
appearing in the whole brain cortex (34). However, the
distribution patterns of Ap and tau proteins during disease
progression are not entirely the same. The accumulation
of AP plaques begins in the temporal, occipital, and frontal
lobes, and finally affects the striatum, brain stem nuclei, and
cerebellum, whereas tau protein is preferentially deposited
in the temporal and frontal lobes, and ultimately the entire
cortex (35). Both AP plaques and tau tangles are deposited
in the temporal lobe first, which is also the most affected
brain area, and eventually aggregate in the striatal region
and cerebellum. In the cerebral cortex, our resultant map
showed that increased iron levels were highly colocalized
with the cortical regions in which AP and tau are likely to
first accumulate, especially in the temporal lobe; this may be
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indirect evidence of an association between iron deposition
and neuritic plaques and neurofibrillary tangle aggregations.
Previous imaging studies using A positron emission
tomography and QSM techniques reported that increased
iron content was spatially colocalized with A accumulation
(36,37). A histological post-mortem study combined with
T,*-weighted MRI found an association between iron
and tau aggregations (35). Furthermore, an elevated iron
content was found in left basal ganglia regions, including
the left caudate and putamen nuclei, which is consistent
with results from our previous study (14).

Because the voxel-based whole-brain analysis was limited
to the gray matter, which was segmented by SPM12 from
T,-weighted anatomical data, and the probabilistic tissue
map of the gray matter contained the basal ganglia, we
did not repeat the regional analysis in the basal ganglia.
Interestingly, we found that there was increased iron
content in several regions of the cerebellum. A prior study
used flutemetamol positron emission tomography and
QSM to confirm that iron deposition in multiple brain
regions, including the cerebellum, was highly correlated
with the deposition of AB plaques in elderly patients (38).
Another study using whole-brain regression analysis
found that age-related iron deposition in healthy adults
was spatially selective and that iron accumulated in the
cerebellar cortex with aging (27). Our findings in the
cerebellar cortex support the concept that iron homeostasis
is disrupted and that physiological iron deposition is
accelerated in the AD brain. Furthermore, after correction
for multiple comparisons, clusters of significantly increased
susceptibility were found primarily in the left hemisphere,
and bilateral perturbations of susceptibility were found at
lower thresholds. These findings illustrate the asymmetric
patterns of iron deposition and its features of selective
vulnerability, which are also seen in other diseases, such as
Parkinson’s disease (20).

Because the processes and mechanisms of iron
overload in the AD brain are complex, neuritic plaques
and neurofibrillary tangle aggregations may not be the
only sources of iron elevation; for example, the increased
blood-brain barrier permeability in AD could increase iron
uptake in the brain (10,39). Furthermore, when excess A
accumulates in small blood vessels in the brain, it causes
cerebral amyloid angiopathy (CAA), subsequently leading
to CAA-related microhemorrhage and elevated iron
concentrations in the cortex (40). Nearly all patients with
AD have CAA to varying degrees (41). However, based on
the results of the present cross-sectional study, we still do
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not know whether abnormal iron homeostasis is a cause or
consequence of AD, and we cannot determine the source of
the iron. Nevertheless, our results provide a map of elevated
iron distribution that may serve as a robust rationale for
selecting regions of interest in future studies.

A previous study also demonstrated higher cortical iron
using another iron-sensitive MRI technique, R2* mapping, in
longitudinal and cross-sectional assessments (42). However,
compared with other iron-sensitive MRI techniques, such as
T,*-weighted, R2*-, and susceptibility-weighted imaging,
QSM provides the most precise method for tissue iron
quantification. However, although QSM is highly sensitive
to variations in brain iron content and is commonly equated
with changes in brain iron content, the QSM signal is still
not specific to iron and its accuracy can be affected by
diamagnetic myelin. Therefore, whole-brain analyses in
the present study were restricted to the cortical ribbon to
reduce error variation resulting from opposite magnetic
susceptibility in the gray and white matter. Furthermore,
a previous study demonstrated a significant relationship
between histologically quantitated iron values and QSM,
thus confirming that magnetic susceptibility is suitable for
iron quantification in the gray matter (43).

In the whole-brain cortical susceptibility regression
analysis against the MMSE and MoCA scores, the
resultant maps were almost the same for both scores,
which reveals that susceptibility perturbations in these
overlaid regions are highly sensitive and related to global
cognition in patients with AD. In the AD group, we found
increased susceptibility covaried with poor cognitive
performance predominantly located in the right angular
gyrus, supramarginal gyrus, and lateral occipital cortex,
with some more sparse clusters in the left frontal cortex.
The angular gyrus is linked to memory retrieval, attention,
spatial cognition, word reading, and comprehension,
whereas the supramarginal gyrus is linked to phonological
processing and emotional responses (44,45). The lateral
occipital cortex is associated with working memory, which
is consistent with observations of memory, language, and
emotional deficits in AD. In the present study, we showed,
for the first time, that cognitive scores are negatively related
to QSM signals detected at the voxel level in AD. However,
those cognition-correlated regions did not overlap with
the resultant maps of increased susceptibility at the voxel
level. One possible interpretation of this result is that the
right angular gyrus, supramarginal gyrus, lateral occipital
cortex, and left superior frontal gyrus are more sensitive to
iron dysregulation in AD, even though the iron content in
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these regions was not significantly higher than that in the
HC group at the voxel level. Another explanation is that
different cortical regions execute particular brain functions,
but in the whole-brain regression analysis we only used the
global cognitive score, rather than a specific cognitive score,
to evaluate the relationship between susceptibility and
cognitive impairment.

The results of the atrophy analysis demonstrated that
conventional neuroimaging failed to identify atrophy
in some regions in which QSM showed excessive iron
deposition. Considering the cohort of patients with
AD in the present study was relatively young and their
cognitive impairment was not very severe, QSM may be
more sensitive than conventional measurement to indicate
abnormal conditions in the early stages of AD. There is
strong evidence that ferric iron elevation interferes with
the normal functions of microglial cells and mitochondria
(46,47), which can disrupt normal cellular function and
eventually lead to tissue damage and neurodegeneration.
This effect could occur earlier than obvious atrophy
captured by standard structural MRI.

Oxidative stress and a neuroinflammatory environment
induced by iron overload can eventually cause cellular
dysfunction, apoptosis, and ferroptosis, and ultimately lead
to neuron death and loss, which may manifest as brain
atrophy (48). In the present study, susceptibility in atrophied
regions of the right frontal pole and right pars opercularis
was significantly higher in the AD group than the HC
group. Furthermore, in the atrophied region of the right
pars opercularis, susceptibility was inversely correlated with
cortical thickness. These results can be explained by the
theory that disrupted iron homeostasis triggers neurotoxic
events and causes neuron damage. Reduced cortical
thickness in AD is primarily associated with tau aggregation
rather than AB (49,50), and a recent study showed that iron
deposition was spatially colocalized with tau rather than
AB (51). Therefore, the results of the present study provide
indirect evidence that overload iron with tau aggregation
promotes the neurodegenerative process in AD. Also,
increased susceptibility has been shown to have a significant
modulatory effect on the relationship between tau, as
determined by positron emission tomography, and cortical
thickness in the inferior temporal gyrus in AD (52). A prior
study reported that greater susceptibility was associated with
lower cortical volume only in the medial temporal region (16);
however, we did not find any significant relationships
between greater susceptibility and thinner cortical thickness
in the temporal cortex. The differences in results between
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this study and others may due to differences in sample
size and the region of interest selected. Although the exact
pathogenic mechanism by which excessive iron contributes
to neurodegeneration in AD remains unknown, elevated
iron content is increasingly being recognized as a new
therapeutic target for AD, and it has been shown that using
an iron chelator can slow and reverse neurodegenerative

progression in AD (53,54).

Limitations

This study has several limitations. First, the sample size
of the study was small and we did not recruit amnestic
subjects with mild cognitive impairment. Second, the QSM
signal was interpreted as “iron content”, but the current
QSM technique cannot differentiate different metals and
myelin in the brain. Second, we used the composite MMSE
and MoCA scores to assess the relationships between
global cognition and QSM signals, but we did not assess
the relationships between QSM and the specific scores of
different cognitive domains, such as the episodic memory
score. Third, although the study recruited several patients
with early onset AD, the number of these patients was not
sufficient to allow for subgroup analysis. In future studies,
we will increase the sample size to enable further subgroup
analysis between patients with early and late-onset AD,
because the severity of iron deposition may differ according
to age at onset. Finally, this was a cross-sectional study and
longitudinal studies are warranted to further elucidate the
pathogenic effects of iron accumulation on AD progression.

Conclusions

In conclusion, we have demonstrated the whole-brain
pattern of widespread increases in cortical magnetic
susceptibility, which are suggestive of increased iron
accumulation, in the cerebral and cerebellum in AD,
and their relationship with poor cognitive performance.
Increased iron content was found to be associated with
cortical atrophy in patients with AD. Our findings show that
QSM may be useful for monitoring the disease progression
and cognitive severity of AD at the whole-brain level in
vivo, and may provide new insights into the application of
QSM as a disease biomarker.
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