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[ron has been increasingly implicated in the pathology of neurodegenerative
diseases. In the past decade, development of the new magnetic resonance imaging
technique, quantitative susceptibility mapping (QSM), has enabled for the more
comprehensive investigation of iron distribution in the brain. The aim of this systematic
review was to provide a synthesis of the findings from existing QSM studies
in neurodegenerative diseases. We identified 80 records by searching MEDLINE,
Embase, Scopus, and Psycinfo databases. The disorders investigated in these
studies included Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis,
Wilson’s disease, Huntington’s disease, Friedreich’s ataxia, spinocerebellar ataxia, Fabry
disease, myotonic dystrophy, pantothenate-kinase-associated neurodegeneration, and
mitochondrial membrane protein-associated neurodegeneration. As a general pattern,
QSM revealed increased magnetic susceptibility (suggestive of increased iron content) in
the brain regions associated with the pathology of each disorder, such as the amygdala
and caudate nucleus in Alzheimer’s disease, the substantia nigra in Parkinson’s disease,
motor cortex in amyotrophic lateral sclerosis, basal ganglia in Huntington'’s disease, and
cerebellar dentate nucleus in Friedreich’s ataxia. Furthermore, the increased magnetic
susceptibility correlated with disease duration and severity of clinical features in some
disorders. Although the number of studies is still limited in most of the neurodegenerative
diseases, the existing evidence suggests that QSM can be a promising tool in the
investigation of neurodegeneration.

Keywords: quantitative susceptibility mapping, brain, iron, Alzheimer’s disease, Parkinson’s disease,
neurodegenerative diseases
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INTRODUCTION

While the presence of iron is vital for normal function and
development of the brain, excess iron deposition has been
proposed to play an important role in the pathology of
neurodegenerative diseases (Morris et al., 2018). Iron is a key
element in several metabolic pathways throughout the body
including oxidative phosphorylation and DNA synthesis and is
responsible for oxygen transport in the blood. In the central
nervous system (CNS), in addition to its general metabolic roles,
iron plays a critical part in myelin synthesis and neurotransmitter
production (Mills et al., 2010). On the other hand, there has
been a growing body of evidence in recent decades suggesting
a role for iron in the pathology of neurodegenerative diseases,
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Huntington’s disease (HD) (Masaldan et al., 2019).

The proposed role of iron in neurodegeneration is mediated
through two mechanisms. In the first mechanism that can occur
in all individuals regardless of illness, iron induces oxidative
damage through production of reactive oxygen species and
orchestrates “ferroptosis,” a recently identified form of iron-
mediated cell death (see more about ferroptosis at Dixon et al.,
2012) (Ndayisaba et al., 2019). The second mechanism is more
disease-specific. Iron has been shown to interact with hallmark
features of neurodegenerative illnesses, such as amyloid-p (AB)
plaques, a-synuclein aggregates, and tau protein. The interplay
between iron and these proteins promotes their production and
aggregation, and incorporation of iron in their structure further
increases the oxidizing capacity resulting in neuronal cell death
(Masaldan et al., 2019; Ndayisaba et al., 2019).

For the reasons mentioned above, in vivo evaluation of
brain iron has been of great interest in neurodegenerative
diseases. Magnetic resonance imaging (MRI) can detect iron due
to its high magnetic susceptibility. Magnetic susceptibility
is a dimensionless physical property that indicates the

Abbreviations: AP, Amyloid-p; AD, Alzheimer’s disease; ALS, Amyotrophic
lateral sclerosis; ALSFRS, Amyotrophic lateral sclerosis Functional Rating Scale;
aMCI, amnestic mild cognitive impairment; AR-PD, akinetic-rigid Parkinson’s
disease; AUC, area under curve; CN, caudate nucleus; CNS, central nervous
system; CSE, cerebrospinal fluid; CST, corticospinal tract; DLB, dementia with
Lewy bodies; DM1, myotonic dystrophy 1; DM2, myotonic dystrophy 2; DN,
dentate nucleus; DTI, diffusion tensor imaging; FD, Fabry disease; FRDA,
Friedreich’s ataxia; GP, globus pallidus; GRE, gradient (recalled) echo; GRE,
gradient echo; H&Y, Hoehn and Yahr; HD, Huntington’s disease; iLSQR,
iterative LSQR; LSQR, sparse linear equation and least-squares; MCI, mild
cognitive impairment; MEDI, morphology enabled dipole inversion; MMSE,
mini-mental status examination; MoCA, Montreal cognitive assessment; MPAN,
mitochondrial membrane protein-associated neurodegeneration; MRI, magnetic
resonance imaging; MSA, multiple system atrophy; NBIA, neurodegeneration
with brain iron accumulation syndromes; nMEDI, non-linear MEDI; PD,
Parkinson’s disease; PDE, projection onto dipole fields; PET, positron emission
tomography; PKAN, pantothenate-kinase-associated neurodegeneration; PLS,
progressive primary lateral sclerosis; PSP, progressive supranuclear palsy;
QSM, quantitative susceptibility mapping; RE-SHARP, regularization-enabled
SHARP; RN, red nucleus; ROC, receiver operating characteristic curve; SCA,
spinocerebellar ataxia; SHARP, sophisticated harmonic artifact reduction for
phase; SN, substantia nigra; SNc, substantia nigra pars compacta; SNr, substantia
nigra pars reticulata; SOD1, superoxide dismutase 1; STN, sub-thalamic nucleus;
SWI, susceptibility weighted imaging; TD-PD, tremor-dominant Parkinson’s
disease; UPDRS, unified Parkinson’s disease rating scale; V-SHARP, variable-radius
SHARP; WD, Wilson’s disease.

magnetizability of a material when exposed to an applied
magnetic field. Elements and compounds are categorized
as paramagnetic or diamagnetic based on their magnetic
susceptibility. Paramagnetic substances (such as most biologic
forms of iron and copper) have a positive magnetic susceptibility,
are attracted to an external magnetic field, and increase the mean
tissue magnetic susceptibility. On the other hand, diamagnetic
substances (such as water, myelin, and calcifications) have a
negative magnetic susceptibility, are slightly repelled by an
external magnetic field and decrease the mean tissue magnetic
susceptibility (Liu et al., 2015; Rumble, 2020).

Mean magnetic susceptibility of organic tissues is determined
by their composition and the magnetic susceptibility of their
constituents. The brain tissue is generally weakly diamagnetic
since water (slightly diamagnetic) constitutes 70-85% of the
brain. Magnetic susceptibility varies slightly among brain
regions due to the differences in their tissue composition. The
major contributors to the measurable changes of magnetic
susceptibility across the brain are myelin (weakly diamagnetic)
and iron-containing molecules (mostly strongly paramagnetic).
The largest proportion of non-heme iron in the brain is bound
to ferritin, which makes up the greatest contribution to the
tissue magnetic susceptibility among all iron compounds.
Other forms of iron, including free and transferrin-bound
iron only minimally contribute to the measured mean tissue
susceptibility (Liu et al, 2015; Deistung et al, 2017; Duyn
and Schenck, 2017). Another iron-containing complex
that is abundant in the substantia nigra pars compacta
(SNc) and locus coeruleus and constitutes a main source
of magnetic susceptibility in these areas is neuromelanin.
Neuromelanin is a dark pigment with a structure similar to
melanin found in the skin and iris. It is produced from the
oxidation of DOPA and dopamine and has high affinity and
capacity for chelation of iron and other metals, constituting
a major iron storage site in the catecholaminergic ganglia
(Haining and Achat-Mendes, 2017).

MRI sequences that are sensitive to tissue magnetic
susceptibility are used for investigation of iron. The contrast
in susceptibility-based MRI techniques, such as susceptibility
weighted imaging (SWI), T,*-weighted imaging (quantifying
effective transverse relaxation), Ry* imaging (reciprocal of T>*),
and quantitative susceptibility mapping (QSM), arises from
microscopic magnetic field shifts due to the variations of tissue
magnetic susceptibility. Recently developed QSM techniques
provide quantitative estimates of local magnetic susceptibility
at a voxel-level (Deistung et al., 2017). In each voxel, the local
magnetic field that is used to calculate susceptibility is comprised
of the background field (magnetic field from sources outside
the brain or even outside the scanner), the magnetic field from
neighboring voxels, and the local magnetic field produced by the
tissue within the voxel. The main strength of QSM compared
to traditional susceptibility-sensitive imaging techniques is
that it disentangles the local magnetic field from the non-local
contributions by solving a complex field-to-source inversion
problem (Haacke et al., 2015). Advanced inference techniques
enable QSM to localize, quantify, and produce a voxel-wise
mapping of mean tissue susceptibility (Haacke et al., 2015; Wang
and Liu, 2015).
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In the deep gray matter structures, due to less confounding
effect from myelin and negligible contribution from other
paramagnetic metals, QSM has been shown to reliably quantify
changes of iron content (Langkammer et al, 2012). The
accuracy of QSM in identifying iron deposition in these
regions has been validated in post-mortem studies showing
significant correlations between QSM contrast and histochemical
measurement of iron (Langkammer et al., 2012; Sun et al., 2015;
Hametner et al.,, 2018; Lee et al., 2018; Lewis et al., 2018; Wang
et al., 2020). In the white matter, on the other hand, alterations
in magnetic susceptibility measured by QSM may result from
changes in myelin as well as iron. In other words, in the basal
ganglia, an increased magnetic susceptibility is most likely arising
from an increase in iron content (except in the conditions
where other paramagnetic metals are also increased), while such
increase in the white matter can be a result of both an increase
in iron, a decrease in myelin (demyelination) or both (Hametner
etal., 2018).

Over the past decade, QSM has been used by an increasing
number of studies in investigations of brain changes in
neurodegenerative disorders. In this paper, we systematically
reviewed existing human studies that investigated brain changes
in neurodegenerative diseases using QSM. It is important
to note that QSM does not directly measure iron content,
rather it provides an accurate measurement of tissue magnetic
susceptibility. To determine whether the alterations in magnetic
susceptibility are indicative of changes in iron content, the
brain region where such changes are observed (white vs. gray
matter), as well as the pathophysiologic processes involved in
each neurodegenerative disease should be taken into account.
Therefore, in reporting the findings from QSM studies, we
present the direct measures made by QSM, which is tissue
magnetic susceptibility. In the discussion section, we will provide
the implications of the findings in terms of brain iron changes in
each neurodegenerative disease separately.

The overarching aim of this review was to determine
regional disease-specific patterns of brain iron distribution
in these disorders. To this end, we sought to address the
following questions:

e Are there any differences in brain tissue magnetic
susceptibility in patients with neurodegenerative diseases
in comparison to healthy individuals?

e In patients with neurodegenerative diseases, do the regional
changes of magnetic susceptibility correlate with the clinical
manifestations of the disease and the areas that are most
affected in these conditions?

e Is there evidence that the pattern of magnetic
susceptibility changes identified by QSM can differentiate
neurodegenerative diseases?

METHODS AND MATERIALS

Search Protocol

This review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(Moher et al., 2009; Shamseer et al., 2015). Our protocol

was registered at the International Prospective Register of
Systematic  Reviews  (https://www.crd.york.ac.uk/prospero/)
(CRD42020168598) and was also published as a preprint at the
publicly available domain, MedRXiv (Ravanfar et al., 2020).

We searched MEDLINE (PubMed interface), Embase (Ovid
interface), Scopus, and PsycInfo (Ovid interface) databases. To
ensure the inclusiveness of our search, we examined the reference
lists of reviewed studies and relevant literature reviews to
identify any further relevant records. Literature search strategies
were developed to identify any record containing QSM or
“quantitative susceptibility mapping” and any disease name
under the Medical Subject Headings (https://www.ncbinlm.
nih.gov/mesh/) subheading for “neurodegenerative diseases” in
their title, abstract and keywords. Details of our search strategy
can be found in our systematic review protocol, provided in
Supplementary Material 1. The initial search was performed in
January 2020 and amended in April 2020 to include all studies
published during the time of preparing the manuscript.

Study Selection

Authors PR and SL independently screened the records for
inclusion according to the eligibility criteria specified below. In
the first stage, titles and abstracts were screened and studies that
met our eligibility criteria were included. Full text records of the
studies included in the first stage were obtained and screened in
the second stage for final decision on inclusion or exclusion. The
two reviewers discussed any disagreements and if a consensus
could not be reached, a third reviewer (CP) adjudicated the case.
Studies included in this review were human studies published as
journal articles in English without any limitation of publication
date, according to the following criteria.

Design

We included cross-sectional and longitudinal case control
studies, retrospective and prospective. Case reports and case
series were not included.

Participants

We included studies investigating patients who were
formally diagnosed with any of the disorders recognized as
a neurodegenerative disease according to the National Institute
of Health, Medical Subject Headings (MeSH), regardless of age.
It should be noted that although a large number of QSM studies
in multiple sclerosis exist, since the disorder is not classified as
a neurodegenerative disease in MeSH, it has not been included
in this review [Studies of QSM in individuals with MS have been
reviewed elsewhere (Lee et al., 2017)].

Only those studies that presented the results from an
independent sample of data were included. If a study population
was used in more than one study, only the first published study
was included provided that it satisfied other eligibility criteria.

Investigations

Of interest to this review were the studies investigating the brain
structure in neurodegenerative diseases using QSM imaging with
MRI scanners of any field strength. Studies that used other
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FIGURE 1 | PRISMA flow diagram for inclusion of records (Moher et al., 2009).

susceptibility-based imaging techniques, such as SWI, T>*, and
R, ™ without QSM were excluded.

Comparators
Included studies were those that:

e compared QSM findings between each neurodegenerative
disease and healthy controls and/or,

e compared different subtypes or clinical features of a
disease and/or,

e examined the relationship of QSM indices with pathologic
markers of the disease.

Studies that focused on the QSM protocols and technical aspects
using a population of either healthy participants or patients
without any comparison between patients and healthy groups
were excluded.

Outcomes
The outcome measure of interest for this review was magnetic
susceptibility reported in ppm (parts per million) or ppb (parts
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per billion). In some studies, mean susceptibility values of the
brain regions of interest (ROIs) were not reported, but the results
from inter-group comparisons and correlation analyses were
provided. This was not considered as an exclusion factor.

Data Extraction, Synthesis, and Quality

Assessment

Relevant information was extracted and recorded in summary
tables for each study by PR and SL independently and compared
for discrepancies. Quality assessment was performed by
evaluating the risk of bias in each study using a modified
version of the National Heart, Lung, and Blood Institute
quality assessment tool for case-control studies which
was customized to improve its application to our target
studies (Supplementary Material 1). Factors, such as unclear
description of study population and eligibility criteria, data
processing by researchers who were not blinded to the clinical
characteristics of subjects, inconsistent MRI acquisition and/or
QSM processing, and failure to account for confounders, such
as age in the statistical analysis, were considered to pose a risk
of bias and reduce the quality of the study. Based on these
factors, the risk of bias was reported as “high,” “medium,” and
“low” for each study. The data extraction table and quality
assessment tool are available in the systematic review protocol
(Supplementary Material 1).

Due to the different methods of MRI acquisition, QSM
processing, brain segmentation, and QSM reference regions
among the reviewed studies, a meta-analysis was not possible.
However, in an effort to quantify the magnitude of magnetic
susceptibility differences between patient and healthy control
groups reported by each study, we calculated the effect size
(Hedges g) for each ROI where the mean and standard
deviation (or standard error of mean) were reported. Data
synthesis was conducted as a narrative report with tables used
to summarize and demonstrate the patterns of alteration in
magnetic susceptibility across the reviewed studies for each
neurodegenerative disease.

RESULTS

Search Summary

A total of 642 records were found in our search across the
four different databases. After removal of 315 duplicates, the
remaining 327 studies were screened for eligibility, of which
80 were included in our review (see Figurel for PRISMA
flow diagram).

The neurodegenerative diseases investigated in these studies
included: AD, PD, HD, amyotrophic lateral sclerosis (ALS),
Wilson’s disease (WD) and rare genetic neurodegenerative
diseases including Friedreich’s ataxia (FRDA), multiple system
atrophy (MSA), myotonic dystrophy (DM), spinocerebellar
ataxia (SCA), progressive supranuclear palsy (PSP), Fabry
disease, and syndrome of neurodegeneration with brain iron
accumulation (NBIA). Table 1 shows the number of studies
found for each neurodegenerative disease.

In the following sections, we will present the findings of
the review for each neurodegenerative disease structured into
the following subheadings: (1) changes in tissue magnetic
susceptibility when compared to healthy controls; (2)
correlations between QSM findings and clinical features or
other pathologic biomarkers; and (3) accuracy of QSM in
differentiation of patients from healthy individuals. Reported
changes of susceptibility in the brain regions examined by
each study and the calculated effect size for the inter-group
differences are summarized in color-coded Tables 2A-J. Detailed
characteristics, main findings and quality assessment of studies
are provided in the Supplementary Tables 1A-H. A summary
of susceptibility changes across all neurodegenerative diseases
reviewed in this paper are presented in Table 3.

As shown in Table 1, there are very few QSM studies published
in most neurodegenerative diseases. To adhere to the reporting
standards for systematic reviews, we have included and presented
the findings of all existing studies. However, to improve the
readability of this paper, for the rare neurodegenerative diseases
where fewer than three studies have been published (FRDA,
SCA, Fabry disease, DM, PKAN, and MPAN), their relevant
subheadings in the results and discussion sections have been
presented in Supplementary Material 3 instead of the main text.
Although, in the same way as the other disorders, their findings
are presented in the Supplementary Tables 1F-H, 2, and the
color coded tables (Tables 2L,]J, 3).

Alzheimer’s Disease and Mild Cognitive

Impairment (MCI)

Magnetic Susceptibility Changes in Alzheimer’s
Disease and Mild Cognitive Impairment in
Comparison With Healthy Individuals

This review included 10 studies that used QSM to evaluate brain
iron changes in AD, five studies that included a group of MCI
subjects (with or without an AD group), and two studies that
investigated the association of QSM and AP or APOE4 gene in
a healthy population (see Supplementary Table 1A).

TABLE 1 | Number of records included in this review for each neurodegenerative
disease.

Neurodegenerative disease Number of studies

included

Alzheimer’s disease 13
Parkinsonian diseases 43
Amyotrophic lateral sclerosis 8
Wilson’s disease 4
Huntington’s disease 3
Friedreich’s ataxia 2
Spinocerebellar ataxia 2
Fabry disease 1

Myotonic dystrophy 1

Pantothenate-kinase-associated neurodegeneration 2
Mitochondrial membrane protein-associated 1

neurodegeneration
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TABLE 2 | Color-coded tables for magnetic susceptibility changes in the regions of interest in each neurodegenerative disease.

(A) Summary of QSM changes in the subcortical structures in AD and MCI.

References Sample size (age, years) BG PUT GP CN
Acosta-Cabronero et al. Early-stage probable AD: 8 (72 + 6)
(2013) HC: 8 (70 £ 5)
Young HC: 3 (32 + 2)
Van Bergen et al. (2016b) aMCl: 15 (75.27 + 7.63)

HC: 22 (71.91 + 5.25)

Probable AD: 27 (78.63 + 8.11)
HC: 18 (46.89 & 14.69)

HC: 18 (65.2 + 6.41)
aMCl: 18 (66.9 + 5.51)
AD: 18 (69. 9 + 9.81)

HC: 64 (not reported)
MCI: 17 (not reported)
AD:19 (not reported)

HC: 19 (65.37 £ 6.29)

AD: 19 (69.79 + 10.27)

HC: 19 (65.37 + 6.29)

aMCl: 19 (65.95 + 6.75)

HC: 30 (66.2 + 7.8)
Mild-Moderate AD: 30 (68.3 + 6.6)
Tiepolt et al. (2018) HC: 10 (67.1)

AD: 10 (74.1)

Moon et al. (2016)

Hwang et al. (2016)a

Ayton et al. (2017)a

Kim et al. (2017)

Du L. et al. (2018)

Meineke et al. (2018) Mild to moderate AD: 6 (58 =+ 6)

HC: 10 (59 £ 7)
MCI: 8 (63 + 6)
HC: 10 (59 £ 7)
HC: 19 (71 £ 5)
AD: 38 (80 + 6)

Kan et al. (2020)
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TABLE 2 | Continued

(B) Summary of QSM changes in the cortical regions in AD and MCI

References

Acosta-Cabronero et al.
(2013)

Sample size (age, Entorhinal Frontal
years) cortex

Early-stage probable

AD: 8 (72 + 6)

HC: 8 (70 £ 5)

Young HC: 3 (32 + 2)

Van Bergen et al. (2016b)

aMCl: 15 (75.27 + 7.63)
HC: 22 (71.91 + 5.25)

Hwang et al. (2016)

HC: 18 (65.2 + 6.41)
aMCl: 18 (66.9 + 5.51)
AD: 18 (69. 9 + 9.81)

Ayton et al. (2017)

HC: 64 (not reported)
MCI: 17 (not reported)
AD:19 (not reported)

Kim et al. (2017)

HC: 19 (65.37 + 6.29)
AD: 19 (69.79 + 10.27)

HC: 19 (65.37 + 6.29)
aMCl: 19 (65.95 + 6.75)

Tiepolt et al. (2018)

HC: 10 (67.1)
AD: 10 (74.1)

Temporal

Parietal

Occipital

Cingulate

Insula

Neocortex

Allocortex
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TABLE 2 | Continued

(C) Summary of QSM changes in the subcortical structures in PD

References

Sample size (age, years) | BG | PUT

Lotfipour et al. (2012)

PD: 9 (66.6)
HC: 11(59.2)

Ide et al. (2014)

PD: 19 (72.6 + 7.65)
HC: 41 (9.4 + 9.10)

Barbosa et al. (2015)

PD: 20 (66 + 8)
HC: 30 (64 £ 7)

He et al. (2015)

PD: 44 (58 + 8.76)
HC: 35 (60.49 + 6.48)

Murakami et al. (2015)

PD: 21 (72.0 + 7.5)
HC: 21 (69.7 + 8.6)

Azuma et al. (2016)

PD: 24 (63.3 + 11.0)
HC: 24 (4.1 + 10.0)

Peckham et al. (2016)

PD: 18 (69.1 + 11.2)
HC: 16 (64.4 + 6.1)

Langkammer et al.
(2016)

PD: 66 (64.7 + 8.8)
HC: 58 (65.0 + 9.3)

Du et al. (2016) PD: 47 (65.8 + 10.1)
HC: 47 (62.2 + 8.9)
He et al. (2017) TD-PD: 19 (62.7 + 8.2)

HC: 48 (61.7 + 6.5)

Sjostrom et al. (2017)

PD: 62 (65.2 + 10.5)
HC: 14 (63.5 + 5.3)

Ito et al. (2017)

PD: 26 (64)
HC: 20 (68.5)

Xuan et al. (2017)

EOPD: 35 (50.0 + 5.3)
Younger HC: 24 (51.8 + 7.5)
M-LOPD: 33 (61.9 + 6.0)
Older HC: 22 (63.1 £ 7.3)

Guan et al. (2017b)

TD-PD: 27 (55.3 £ 9.0)
HC: 40 (56.6 & 9.9)

AR-PD: 27 (55.4 + 9.9)
HC: 40 (56.6 + 9.9)

Guan et al. (2017a)

ES-PD: 15 (55.8 + 8.3)
HC: 40 (56.6 + 9.9)

LS-PD: 45 (61.1 + 6.7)
HC: 40 (56.6 + 9.9)

Zhao et al. (2017)

PD: 29 (67.9 + 6.7)
HC: 25 (64.7 + 8.3)
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TABLE 2 | Continued

(C) Summary of QSM changes in the subcortical structures in PD

References

Sample size (age, years) BG | PUT

Acosta-Cabronero

PD: 25 (63.6 + 8.6)

etal. (2017) HC: 50 (63.6 + 8.5)
Takahashi et al. PD: 39 (69.24 + 6.04)
(2018b) HC: 25 (67.14 + 6.81)

Kim et al. (2018)

ES-PD: 38 (68.3 + 9.2)
HC: 25 (65.0 + 6.3)

Du G. et al. (2018)

PD: 72 (66.3 + 9.5)
HC: 62 (66.2 + 10.2)

Shin et al. (2018)

High-NMS: 13 (69.8 + 11.2)
HC: 19 (67.6 % 8.0)

Low-NMS: 16 (71.4 + 6.8)
HC: 19 (67.6 + 8.0)

Takahashi et al.
(2018a)

ES-PD: 18 (71.2 + 6.94)
HC: 18 (67.1 + 4.75)

An et al. (2018)

PD: 44 (67.3 + 9.8)
HC: 31 (66.9 + 9.0)

Li et al. (2018)

PD: 31 (63.1 + 8.3)
HC: 27 (62.0 + 7.0)

Guan et al. (2019b)

PD: 90 (59.38 + 8.54)
HC: 38 (57.93 + 8.04)

Chen et al. (2019)

PD: 33 (64.55 + 11.2)
HC: 26 (62.62 + 10.62)

Li et al. (2019)

PD: 28 (68.20 + 6.1)
HC: 28 (64.75 + 8.0)

Azuma et al. (2019)

PD: 18 (69.6 + 6.2)
HC: 18 (9.1 + 7.0)

Shahmaei et al. (2019)

PD: 30 (66.2 + 8.5)
HC: 15 (64.9 + 9.2)

Sethi et al. (2019)

PD: 20 (67.0 % 10)
HC: 174 (45.1 + 14.2)

Uchida et al. (2019)

PD: 22 (70.8 + 5.9)
HC: 20 (71.4 £+ 5.2)

PD-MCI: 24 (74.9 + 5.5)
HC: 20 (71.4 £ 5.2)

Sun et al. (2019)

PD: 32 (61.6 + 6.5)
HC: 50 (62.0 & 7.5)

Cheng et al. (2019)

PD: 87 (60.9 + 8.1)
HC: 77 (63.4 £ 7.3)

Ghassaban et al.
(2019)

PD: 25 (61.8 + 6.4)
HC: 24 (63.4 £ 8.0)
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TABLE 2 | Continued

(C) Summary of QSM changes in the subcortical structures in PD

References

Sample size (age, years)

Wang et al. (2019)

PD: 35 (71.0 + 7.4)
HC: 37 (70.4 + 7.8)

Bergsland et al. (2019)

PD: 18 (60.1 + 6.2)
HC:16 (58.1 + 8.7)

Ahmadi et al. (2020)

PD: 23 (68.8 + 8.7)
HC: 27 (65.7 + 6.5)

Thomas et al. (2020)

PD: 100 (64.5 + 7.7)
HC: 37 (66.1 + 9.4)
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(D) Summary of QSM changes in the subcortical structures in PSP

References

Sample size (age,
years)

Ito et al. (2017)°

PSP: 14 (68.5)
PD: 26 (64)

Sjostrom et al. (2017)

PSP: 15 (69.1 £ 6.0)
HC: 14 (63.5 + 5.9)

Mazzucchi et al.
(2019)°

PSP:13 (70.3 £ 5.9)
PD: 35 (61.0 + 8.6)

Wang et al. (2019)

PSP: 17 (72.5 £ 9.7)
HC: 37 (70.4 + 7.8)

Azuma et al. (2019)

PSP: 8 (69.5 + 7.7)
HC: 18 (69.1 + 7.0)
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TABLE 2 | Continued

(E) Summary of QSM changes in the subcortical structures in MSA

References

Sample size (age, PUT

years)

Ito et al. (2017)°

MSA-P: 6 (67.5)
PD: 26 (64)

Sjostrom et al. (2017)

MSA: 11 (68.9 + 13.1)
HC: 14 (63.5 + 5.3)

Mazzucchi et al.
(2019)°

MSA: 12 (65.6 + 8.1)
PD: 35 (61.0 + 8.6)

Wang et al. (2019)

MSA-P: 16 (66.4 + 8.2)
HC: 37 (70.4 + 7.8)

Sugiyama et al. (2019)

MSA-C: 28 (63.8 + 9.5)
HC: 23 (62.9 + 8.1)

CN
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DN

STN HP

NA AMY

(F) Summary of QSM changes in the subcortical structures in ALS and PLS

References Sample size (age, years)
Schweitzer et al. (2015)° Motor neuron disease: 16 (56.3)
(ALS: 12, PLS: 4)
HC: 23 (56.6)
Costagli et al. (2016) ALS: 17 (62 + 11)
HC: 13 (55 + 11)
Lee et al. (2017) ALS: 26 (61.08)
HC: 26 (60.88)
Acosta-Cabronero et al. (2018) ALS: 28 (61)
HC: 39 (61)

Weidman et al. (2019)°

ALS/PLS: 43 (60.6 & 14.9)

Non-UMN controls: 15 (58.5 + 8.4)

Welton et al. (2019)

ALS: 21 (54 £ 14)
HC: 63 (48 + 18)

Contarino et al. (2020)

ALS: 42 (61.4 + 9.1)
HC: 23 (57.4 + 7.3)
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TABLE 2 | Continued

(G) Summary of QSM changes in the subcortical structures in WD

References

Sample size (age, years)

Fritzsch et al. (2014)

WD: 11 (44)
HC:10 (41)

Doganay et al. (2018)

Neurologic WD: 11 (15 &+ 3.3)
HC: 14 (13.2 £ 2.4)

Saracoglu et al. (2018)

Asymptomatic WD: 12 (13.7 £+ 3.3)
HC: 14 (13.2 £ 2.4)

Dezortova et al. (2019)

Neurologic WD: 28 (47.1 + 9.5)
HC: 26 (44.8 + 11.7)
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TH

Pons

(H) Summary of QSM changes in the subcortical structures in HD

References

Sample size (age,
years)

Dominguez et al. (2016)

Premanifest HD: 31 (42.0
+8.9)
HC: 30 (40.4 £ 12.1)

Symptomatic HD: 32
(52.2 +9.2)
HC: 30 (40.4 £ 12.1)

Van Bergen et al. (2016b)

Premanifest HD: 15 (42.4
+8.7)
HC: 16 (43.3 + 11.7)

Chen et al. (2018)

Early and premanifest HD:
24 (42.5 £12.9)
HC: 16 (44.8 £ 15.8)

BG

PUT

GP

CN

AMY

HP

TH

SN

RN

‘e 18 Jejueney

sesess|(] eAleleusBepoINBN Ul NSO


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

el 0" UISIBNUOI MMM | 8OUBIDSOINBN Ul SIBIUOI

GEY8L9 8P | G| awnjoA | 120Z Ateniged

TABLE 2 | Continued

(I) Summary of QSM changes in the brain regions in Ataxic disorders

References Sample size (age, CN GP PUT SN DN RN TH Pons Motor cortex Motor white matter
years)
Harding et al. (2016) FRDA: 30 (35.7 +12.2)
HC: 33 (36.9 + 13.1)
Ward et al. (2019) FRDA: 20 (34.3 + 12.5)
HC: 18 (39.7 + 13.3)
Xie et al. (2019) SCA3: 18 (44.22 £+ 5.51)
HC: 18 (41.33 £ 10.83)
Sugiyama et al. (2019) SCAB: 9 (60.7 &+ 9.1)
HC: 23 (62.9 + 8.1)

(J) Summary of QSM changes in the subcortical structures in NBIA

References Sample size (age, years) PUT GP CN SN RN TH Internal capsule
Dusek et al. (2014) PKAN: 2 (21 and 32 years)

HC: 13 (39.7 + 13.6)
Zeng et al. (2019) PKAN: 6 (age range: 6-25 years)

HC: 8 (mean: 22.5 years)
MPAN: 4 (21.0 £ 2.9)
HC: 19 (41.2 £ 14.9)

C190rf12 mutation carriers: 9 (50.4 + 9.8)
HC: 19 (41.2 + 14.9)

Dusek et al. (2019)

aNo significant difference was reported between any of the groups.
bComparison with PD not healthy controls.
CResults demonstrated for comparison of both ALS and PLS vs. controls.
AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; aMCl, amnestic mild cognitive impairment; AMY, amygdala; AR, akinetic-rigid; asymp-WD, asymptotic Wilson'’s disease; BG, basal ganglia; CN, caudate nucleus; DN, dentate
nucleus;, EOPD, early-onset PD; ES, early stage; FN, fascicula nigrale; FRDA, Friedreich’s ataxia; GF, globus pallidus; GPi, internal globus pallidus; GPe, external globus pallidus; HC, healthy control; HD, Huntington's disease; HR,
hippocampus; LOPD, late-onset PD; LS, late stage; MCI, mild cognitive impairment; MPPAN, mitochondrial membrane protein-associated neurodegeneration; MSA, multiple system atrophy; MSA-F, Parkinsonian type MSA; MSA-C,
cerebellar type MSA; NA, nucleus accumbens; NBIA, neurodegeneration with brain iron accumulation; neuro-WD, neurologic Wilson’s disease; NMS, non-motor symptoms; PD, Parkinson’s disease; PKAN, pantothenate kinase-
associated neurodegeneration; PLS, primary lateral sclerosis; PSR, progressive supranuclear palsy; PUL, pulvinar nucleus; PUT, putamen; RN, red nucleus; SCA, spinocerebellar ataxia; SN, substantia nigra; SNc, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; TD, tremor dominant; TH, thalamus; UMN, upper motor neuron disease; UMN, upper motor neuron; WD, Wilson'’s disease; VaD, vascular dementia.
B wossignificant difference.

Not studied.

Increased magnetic susceptibility.

Decreased magnetic susceptibility.
Red: significantly higher susceptibility in the patient group, Blue: significantly lower susceptibility in the patient group, Green: non-significant difference. Gray: ROl not studied. Numbers in each cell represent the calculated effect size
(Hedge’s g) based on the reported mean and standard deviation. Arrows indicate the direction of changes in the patient group compared with controls and ~ indicates equal means among two groups where calculation of effect size
was not possible/data not provided. Empty cells indicate that the data required to determine the direction of inter-group differences was not provided.
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The comparison of magnetic susceptibility in the subcortical
structures among people with AD and healthy individuals
revealed inconsistent findings. The most consistent evidence for
increased susceptibility was observed in the amygdala, caudate
nucleus (CN), and putamen. All three studies that investigated
the amygdala reported increased susceptibility in both mild
(Acosta-Cabronero et al., 2013) and moderate (Kim et al., 2017)
stages of AD (Kan et al.,, 2020). In people with amnestic MCI
(aMCI), the amygdala did not show any significant difference
compared to healthy individuals (Van Bergen et al., 2016b). In the
CN, six out of seven studies reported higher susceptibility in AD.
This increase was detected in both mild and moderate stages of
AD (Acosta-Cabronero et al., 2013; Moon et al., 2016; Kim et al.,
2017; Du L. et al., 2018; Meineke et al., 2018; Kan et al., 2020) but
not in MCI (Hwang et al., 2016; Van Bergen et al., 2016b; Ayton
et al., 2017; Meineke et al., 2018). Only a few studies reported
the mean susceptibility values in the investigated ROIs to enable
the estimation of the effect size of differences between groups
(Table 2A).

Among seven studies that investigated the putamen, four
reported higher susceptibility in both mild and moderate AD
(Acosta-Cabronero et al., 2013; Moon et al., 2016; Du L. et al.,
2018; Meineke et al., 2018), while in two studies on mild to
moderate and moderate AD stages, no changes were found
(Hwangetal., 2016; Kim et al., 2017). One study did not provide a
description of disease stage in the study population (Ayton et al.,
2017). In studies of patients with MCI, none detected any change
in susceptibility in the putamen (Hwang et al., 2016; Van Bergen
et al., 2016b; Ayton et al., 2017; Kim et al., 2017; Meineke et al.,
2018).

Among other studied regions, limited evidence for increased
susceptibility was provided in moderate AD in the hippocampus
(two out of six studies) (Kim et al., 2017; Kan et al., 2020), in mild-
moderate AD in the globus pallidus (GP) (one out of six studies)
(Tiepolt et al., 2018) and in moderate AD in the thalamus (one
out of four studies) (Kim et al., 2017) (Table 2A).

Cortical gray matter was examined in five studies. Patients
with early-stage AD showed increased susceptibility in
widespread regions over the temporal, parietal and occipital
cortices (Acosta-Cabronero et al., 2013). Further, in studies
of moderate AD, clusters of increased susceptibility were
distributed across the cortex including the frontal, parietal,
temporal, limbic, and insular lobes (Supplementary Table 1A)
(Kim et al., 2017). Other studies, however, did not report any
difference of mean susceptibility in the cortex between patients
with mild or moderate AD and healthy individuals (Hwang et al.,
2016; Ayton et al.,, 2017; Tiepolt et al., 2018). Among four studies
that investigated QSM in the cortex in individuals with MCI; one
reported increased susceptibility in the precuneus, allocortex,
and anterior and posterior cingulate gyrus (Kim et al., 2017),
while the others did not detect any difference between the MCI
and healthy groups (Hwang et al., 2016; Van Bergen et al., 2016b;
Ayton et al.,, 2017) (Table 2B).

Correlation of QSM Findings in AD and MCI With
Clinical Features and Other Pathologic Biomarkers
Few studies examined the relationship between QSM changes
and severity of cognitive deficits in AD. An association of

magnetic susceptibility with mini-mental state examination
(MMSE) and Montreal cognitive assessment (MoCA) in patients
with AD was reported in the left CN (Du L. et al, 2018)
and GP (Tiepolt et al, 2018). However, such correlations
were not replicated in the study by Moon et al. (2016). In a
longitudinal study combining AP positron emission tomography
(PET) and QSM in AD, MCI, and cognitively normal individuals,
Ayton et al. (2017) followed the study population by serial
neuropsychiatric assessments and neuroimaging scans over 6
years. Interestingly, in both Af-positive and -negative subjects,
magnetic susceptibility within certain ROIs was associated with
deficits in specific cognitive domains. In the AB-negative group,
higher QSM in the frontal lobe and CN was associated with subtle
deterioration in language function. In the Ap-positive individuals
(MCI and AD), magnetic susceptibility of the hippocampus
correlated with decline in episodic memory, attention and
executive function in serial assessments, while susceptibility
values in the temporal and frontal lobes predicted decline in
language functions.

In a limited number of studies, the correlation of AP
deposition and increased magnetic susceptibility in QSM was
investigated in AD. Ayton et al. (2017) reported a significant
correlation of AB-PET signal and QSM in the frontal, parietal,
and occipital cortices but not in the parietal lobe, hippocampus,
CN, or cingulate gyrus. On the other hand, in the study by Tiepolt
etal. (2018), where authors examined the correlation of magnetic
susceptibility and AB-PET only in the GP, no such correlation was
detected. In a recent study, ultra-high field (9.4 and 14.1T) QSM
at a resolution of 37 wm isotropic voxels in the frontal cortex of
a post-mortem brain from a patient with AD showed that the
pattern of increased susceptibility in the cortical layers strongly
matched the AP depositions in histochemical staining (Tuzzi
et al.,, 2020). In individuals with MCI, increased susceptibility
significantly correlated with AB deposition in the cortical regions
where altered functional coupling with the medial prefrontal
cortex was shown in fMRI (Van Bergen et al, 2016b), while
in healthy individuals, the significant correlation of magnetic
susceptibility and AP PET signal was detected in clusters spread
across the cortex and subcortical gray matter, with the strongest
correlations in the GP, CN, and putamen (Van Bergen et al.,
2018).

The association between APOE-e4 gene and QSM was
investigated in two studies. Van Bergen et al. (2016b) studied
a group of MCI subjects (n = 15) in comparison with healthy
controls (n = 22). Forty percent of the MCI group and thirty-
one precent of the control group were APOE-e4 carriers. While
no differences of magnetic susceptibility in any of the ROIs
existed between the MCI and healthy groups, in the MCI group,
APOE-e4 carriers had significantly higher susceptibility in the
CN as well as frontal, parietal, occipital, and temporal cortices
than APOE-e4 negative subjects. In another study, Kagerer et al.
(2020) reported no significant variation of susceptibility between
APOE-e4 positive and APOE-e4 negative cognitively healthy
adults. However, increased magnetic susceptibility and positive
APOE-e4 gene status, were synergistically associated with
increased default mode network activity. This relationship was
most pronounced in the posterior cingulate cortex, precuneus,
and lateral parietal cortex. In this study, the authors did not

Frontiers in Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 618435


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

report any correlation with the cognitive control network, which
would be relevant to the disorders of cognition.

Diagnostic Accuracy of QSM in Differentiation of
Patients With AD From Healthy Individuals

A number of studies used the Receiver Operating Characteristic
(ROC)-curve analysis to evaluate the diagnostic accuracy of
QSM in differentiation of people with AD and MCI from
healthy subjects. In AD vs. healthy controls, high sensitivity, and
specificity was observed for magnetic susceptibility of the GP
(90 and 100%, respectively) (Tiepolt et al., 2018), while the CN
showed lower accuracy (sensitivity and specificity = 61.67%) (Du
L.etal, 2018).

Kim et al. (2017) examined both AD and MCI in comparison
with healthy controls. The area under curve (AUC) was 0.850,
0.831, and 0.803 for susceptibility of the precuneus, amygdala,
and hippocampus, respectively, showing good accuracy in
differentiation of AD from healthy groups. Furthermore, in
differentiation of people with MCI from healthy individuals,
susceptibility in the hippocampus, thalamus, precuneus, and
various cortical areas showed moderate accuracy (AUC: 0.692-
0.759). In the comparison between MCI and healthy controls
by Hwang et al. (2016), the mean susceptibility of the
white matter yielded a sensitivity of 55.56% and specificity
of 94.44%.

Parkinsonian Diseases

Forty-three studies using QSM in the investigation of brain iron
in PD and other parkinsonian diseases, such as MSA, PSP, and
corticobasal degeneration were included in this review.

Magnetic Susceptibility Changes in Parkinsonian
Diseases in Comparison With Healthy Individuals
Thirty-seven studies reported the measurement and comparison
of magnetic susceptibility in the subcortical gray matter
structures among the PD and control groups. Of this, 33
investigated the SN or its subregions [SNc and substantia nigra
pars reticulata (SNr)], with 30 (90.9%) reporting significantly
increased magnetic susceptibility in PD (Table 2C). Investigated
in one study, magnetic susceptibility in the SN was also
increased in idiopathic REM sleep behavior disorder which is
considered as a prodromal phase for synucleinopathies with
high rates of conversion to PD (Sun et al, 2019). The next
most investigated region was the red nucleus (RN) (22 studies),
where seven studies (31.8%) reported increased susceptibility
in PD (Table 2C). Figures 2, 3 demonstrate the effect sizes for
susceptibility differences in the SN and RN respectively, in
patients with PD compared to healthy individuals.

The alterations in susceptibility were less consistent in the
basal ganglia in PD patients. Only four of 22 studies (18.1%) of
the putamen showed a significant increase in susceptibility while
one study reported significantly decreased susceptibility in the
putamen (He et al., 2015). Six of 21 studies (28.6%) investigating
the GP reported increased susceptibility and only one of 18
studies (5.5%) reported significantly higher susceptibility in the
CN. It is worth mentioning that, while not statistically significant,
a trend toward lower susceptibility in the basal ganglia was

reported in a noticeable proportion of the studies (Putamen: 8
out of 22, GP: 8 out of 21, and CN: 9 out of 18) (Table 2C).

In the hippocampus, significantly unilateral (Li et al,
2018) or bilateral (Acosta-Cabronero et al, 2017) higher
susceptibility was reported in two out of four studies. In the
thalamus, and cerebellar dentate nucleus (DN), most of the
studies reported no significant changes in regional magnetic
susceptibility. These findings are summarized in Table 2C and
Supplementary Table 1B.

In one of the first studies to investigate QSM in cortical gray
matter in PD, Acosta-Cabronero et al. (2017) reported increased
susceptibility in widespread regions of the cortex including the
lateral occipital, posterior parietal, rostral middle prefrontal,
and middle temporal cortex. In a further update, the same
group reported increased susceptibility in prefrontal and right
insular cortices in PD (Thomas et al., 2020). In the study by
Uchida et al. (2019), higher susceptibility was observed in the
cuneus, precuneus, fusiform gyrus, insula and cerebellum in PD
patients. None of these studies found any brain region with
lower susceptibility in patients with PD. On the other hand,
the mean susceptibility value of the whole cortex did not show
any difference between patients with PD and healthy controls
in the study by Chen et al. (2019). Surprisingly, Lewy-body
dementia, which is characterized by cortical involvement by the
same pathology as PD (a-synuclein), has not been examined in
QSM studies.

In one study investigating white matter QSM in PD,
Guan et al. (2019a) reported alterations in widespread
areas in the frontal, temporal, and parietal lobes (details in
Supplementary Table 1B). In the inferior longitudinal fasciculus,
there were increases in both magnetic susceptibility and radial
diffusivity measured by diffusion tensor imaging (DTT).

In six studies, QSM was compared between controls and
PD or other parkinsonian syndromes, such as PSP and MSA
(Tables 2D,E). Compared to healthy controls, susceptibility was
increased in the RN, SN, and GP in PSP (Sjostrom et al.,
2017; Azuma et al, 2019), in the RN, putamen, and SN,
in MSA (Sjostrom et al,, 2017), and in the DN and SN
in cerebellar type of MSA (MSA-C) (Sugiyama et al, 2019).
Compared to PD, magnetic susceptibility was higher in the SN,
subthalamic nucleus (STN), putamen, and RN in both patients
with MSA and PSP, while in PSP, higher susceptibility was
further detected in the GP (Ito et al., 2017; Sjostrom et al.,
2017; Azuma et al., 2019; Mazzucchi et al., 2019). In comparison
with PD, patients with parkinsonism dominant MSA (MSA-
P) showed higher susceptibility in the posterior putamen (Ito
et al., 2017), lateral SN, STN, and RN (Mazzucchi et al., 2019)
(Supplementary Table 1B).

Studies comparing PSP and MSA reported higher
susceptibility of the GP, RN, and the medial part of the SN
in PSP (Sjostrom et al.,, 2017; Mazzucchi et al., 2019). The only
study that compared limbic structures among PD, MSA, and
PSP using QSM, reported no susceptibility differences in the
hippocampus, amygdala, and nucleus accumbens (Wang et al,,
2019). Nevertheless, it should be noted that in some of the studies
on MSA, PSP, and PD, study groups were not matched based
on age and disease characteristics. In the study by Mazzucchi
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FIGURE 2 | Parkinson’s disease: Effect sizes for the intergroup differences of magnetic susceptibility in the SN, SNr, and SNc between PD and healthy groups. Red
bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.

2 25
Effect size

w
w
(6]
N

45

et al. (2019), patients with PSP were older than the MSA and PD
groups. In the study by Ito et al. (2017) patients with PD were
at lower disease stages compared to the other groups. Also in
the studies by Mazzucchi et al. (2019) and Wang et al. (2019),
the PD group had lower clinical severity scores compared to the
other groups.

Correlation of QSM Findings in PD With Clinical
Features and Other Pathologic Biomarkers

In addition to the comparison of QSM in various brain regions
among PD and healthy individuals, studies have also evaluated
its correlation with duration and severity of symptoms, disease
stage, and clinical features of PD. Magnetic susceptibility of
the SN (He et al., 2015) and SNc (Du et al., 2016) were
shown to positively correlate with disease duration, however,
such a correlation has not been agreed upon by all studies

(Ghassaban et al., 2019). Additionally, this correlation was not
found in any of the other subcortical structures including the
GP, putamen, CN, thalamus, RN, and cerebellar DN (Barbosa
et al,, 2015; Langkammer et al., 2016; Shin et al., 2018; Sun et al.,
2019).

In the PD studies included, disease progression stage was
generally assessed by Hoehn and Yahr (H&Y) scale and clinical
severity of symptoms were evaluated by Unified Parkinson’s
Disease Rating Scale (UPDRS). H&Y staging evaluates the
overall clinical progression of motor impairments in PD on
a scale of 1-5, with a score of 1 indicating limited unilateral
involvement and 5 indicating a wheelchair-bound or bedridden
state (Goetz et al., 2004). UPDRS is a PD severity assessment
scale, comprised of three parts: UPDRS-I evaluates mental
status and cognition; UPDRS-II assesses the impairment of
daily activities; and UPDRS-III evaluates the severity of motor
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FIGURE 3 | Parkinson’s disease: Effect sizes for the intergroup differences of magnetic susceptibility in the RN between PD and healthy groups. Red bars indicate
significantly higher susceptibility in the patient group, while green color shows a non-significant difference.
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dysfunction (Movement Disorder Society Task Force on Rating
Scales for Parkinson’s Disease, 2003).

The majority of evidence indicates a significant association of
susceptibility in the SN and its subfields with H&Y illness stage
(Langkammer et al., 2016; Guan et al., 2017a,b; Xuan et al., 2017;
An et al., 2018; Chen et al., 2019; Shahmaei et al., 2019). A simlar
association was found in the RN and GP in some (Guan et al.,
2017a; Chen et al., 2019; Shahmaei et al., 2019), but not all studies
(Shin et al., 2018; Sun et al., 2019).

The correlation of UPDRS sub-scores have been evaluated
by a number of studies, showing inconsistent findings. While
some studies suggested a correlation of UPDRS scores with
susceptibility in subcortical structures, such as CN, GP, putamen,
and SN (He et al., 2015; Du et al., 2016; Langkammer et al., 2016;
Guan et al,, 2017b; Xuan et al, 2017; An et al,, 2018; Du G.
et al., 2018; Mazzucchi et al., 2019; Uchida et al., 2019; Thomas
et al,, 2020), others did not report such findings (Du et al., 2016;
Acosta-Cabronero et al., 2017; Zhao et al., 2017; Shin et al., 2018;
Bergsland et al., 2019; Ghassaban et al., 2019; Sun et al., 2019)
(Supplementary Table 1B).

Tremor Dominant vs. Akinetic-Rigid PD

Tremor-dominant and akinetic-rigid clinical presentations of PD
were found to have distinct QSM patterns in specific regions
of the brain. While in the SN, magnetic susceptibility did
not differ among tremor-dominant and akinetic-rigid groups,
the cerebellar DN and RN showed higher susceptibility in
tremor-dominant PD, which positively correlated with tremor

severity (Guan et al., 2017b; He et al., 2017; Mazzucchi et al.,
2019). Additionally, the patients with akinetic-rigid PD showed
higher susceptibility in the CN compared to those with tremor-
dominant disease (Guan et al., 2017b).

Cognitive Impairment in PD

In patients with PD, cognitive impairment was significantly
correlated with higher susceptibility in the hippocampus, rostral
CN, thalamus, amygdala, and right putamen (Li et al, 2018;
Uchida et al., 2019; Thomas et al., 2020) but not in the SN and
its subregions, midbrain, and DN (He et al., 2017; Du G. et al,,
2018; Ahmadi et al., 2020). Cortical regions where increased
susceptibility correlated with lower MoCA scores include the
basal forebrain, caudal regions of ventromedial prefrontal cortex,
right insular cortex (Thomas et al., 2020), cuneus, and fusiform
gyrus (Uchida et al., 2019).

Further, compared to patients with PD who had normal
cognition, those with MCI showed higher susceptibility in
the head of CN, entorhinal cortex, parahippocampal gyrus,
amygdala, and precuneus (Uchida et al, 2019). In another
study, Li et al. (2018) reported higher susceptibility in the left
hippocampus in patients with PD with dementia, compared to
cognitively normal PD patients.

Olfaction in PD

Hyposmia is a common non-motor symptom in PD which occurs
in up to 90% of patients (Pantelis and Brewer, 2006; Xiao et al.,
2014). Two studies compared QSM among PD patients with
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and without olfactory deficits. Uchida et al. (2019) reported
that higher susceptibility in the amygdala, cuneus and fusiform
gyrus was associated with olfactory deficits. However, in the
study by Hwang et al. (2019), differences were only observed in
the thalamus, with significantly higher susceptibility in the left
thalamus and lower susceptibility in the right thalamus (showing
a more heterogeneous distribution of susceptibility) in patients
with hyposmia.

Diagnostic Accuracy of QSM in Parkinsonian
Diseases

In nine studies, ROC analysis was used to evaluate the accuracy
of QSM in differentiating parkinsonian disease groups. QSM in
the SN was able to differentiate patients with PD from healthy
individuals with an accuracy of 68-88.7% (Azuma et al., 2016;
Zhao et al., 2017; Takahashi et al., 2018a,b; Li et al., 2019),
with the highest accuracy in the posterior part of SN (Azuma
etal., 2016). Magnetic susceptibility in the DN could differentiate
patients with MSA-C from healthy individuals with an accuracy
of 83.4% (Sugiyama et al., 2019), while magnetic susceptibility
in the posterior putamen (AUC = 0.91) (Ito et al., 2017),
RN (AUC = 0.86) (Sjostrom et al., 2017), and STN (AUC =
0.808) differentiated MSA from PD (Mazzucchi et al., 2019). The
highest accuracy for differentiation of PSP from PD has been
reported for susceptibility in the GP (AUC = 0.903) (Azuma
et al., 2019) and RN (AUC = 0.97) (Sjostrom et al., 2017),
while the accuracy of QSM in differentiating between MSA and
PSP, was 0.826 in the RN, 0.785 in the medial part of the SN
(Mazzucchi et al., 2019), and 0.73 in the GP (Sjostrom et al.,
2017).

Amyotrophic Lateral Sclerosis (ALS) and
Primary Lateral Sclerosis (PLS)

Magnetic Susceptibility Changes in ALS and PLS in
Comparison With Healthy Individuals

We identified eight records investigating brain iron in patients
with ALS using QSM, in which the motor cortex was the primary

focus. The majority of studies reported higher susceptibility
within the motor cortex compared to the control groups (Acosta-
Cabronero et al., 2018; Welton et al., 2019) (Figure4 and
Table 2F). Costagli et al. (2016) reported focally increased
susceptibility in the deep layers of the hand and foot motor
cortices corresponding to the most affected limb, compared
to healthy controls. Such increase was primarily observed in
ALS patients who had evident T2* hypoinstensities in the
deep cortical layers and was not found in those without
the T2* hypoinstensities. In the study by Contarino et al.
(2020), the entire motor cortex including the precentral
gyrus and paracentral lobule was examined as one ROI. The
results revealed a close-to-significant trend of higher mean
susceptibility, and a significantly higher skewness and standard
deviation of susceptibility values across the motor cortex in ALS
patients, which indicates increased heterogeneity of susceptibility
distribution. One study did not observe any susceptibility
difference in the motor cortex of patients with ALS compared
with controls, but reported a significantly larger susceptibility
variation from the motor cortex to the adjacent subcortical white
matter in patients with ALS compared to healthy individuals (Lee
etal.,, 2017) (Supplementary Table 1C).

Comparison of individuals with ALS and PLS with healthy
controls revealed higher maximum (Weidman et al., 2019) and
mean (Schweitzer et al., 2015) susceptibility in the motor cortex
in the patients with ALS or PLS but no difference existed between
patients with ALS and those with PLS (Schweitzer et al., 2015).
In the only study to investigate the subcortical structures and
whole brain susceptibility changes in ALS, Acosta-Cabronero
et al. (2018) reported a markedly increased susceptibility in
the motor cortex, pars opercularis of the prefrontal cortex,
premotor medial areas, and the primary somatosensory fields,
SN, RN, GP, putamen, and hippocampus in patients with
ALS. Tissue magnetic susceptibility was significantly lower
in the corticospinal tract (CST), which positively correlated
with fractional anisotropy and negatively correlated with mean
diffusivity and radial diffusivity of the tract measured by DTI.

2017
2020

Lee etal, ( )

Contarino et al., ( )
Weidman et al., (2019)
Acosta-Cabronero et al., (2018)
Costagliet al., (2016)
Welton et al., (2019)

( )

Schweitzer et al., (2015

o

0.2

Motor Cortex

0.4

FIGURE 4 | Amyotrophic lateral sclerosis: Effect sizes for the intergroup differences of magnetic susceptibility in the motor cortex between ALS and control groups.
Red bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.
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Correlation of QSM Findings in ALS With Clinical
Features and Other Biomarkers

The correlation of QSM findings of altered susceptibility with
disease severity and duration was investigated in four studies,
but the results were inconsistent. Two studies reported that
susceptibility was not associated with disease severity (Acosta-
Cabronero et al., 2018; Welton et al., 2019) or duration (Welton
et al., 2019; Contarino et al., 2020). In contrast, two studies
reported that disease severity was associated with the median
susceptibility of the motor cortex (Contarino et al.,, 2020) and
mean and maximum susceptibility of the left motor cortex (Lee
etal., 2017).

In a recent study, the orofacial region of the primary motor
cortex was investigated in relation to bulbar onset of ALS
presentation. Magnetic susceptibility was significantly higher
in those with marked T2* hypointensity in the deep layer of
orofacial region of the motor cortex, which was predominantly
observed in patients with bulbar-onset disease (Donatelli et al.,
2019).

Diagnostic Accuracy of QSM in Differentiating
Patients With ALS From Healthy Individuals

The ROC curve analysis of QSM in the motor cortex showed
an AUC of 0.632 for the maximum (Lee et al, 2017) and
0.70 for the mean susceptibility of the motor cortex relative to
the adjacent white matter (sensitivity: 74%, specificity: 54.8%)
for the differentiation of ALS from controls. In the study by
Schweitzer et al. (2015), susceptibility of the motor cortex
showed high accuracy for the differentiation of patients with ALS
and PLS from healthy controls (AUC: 0.88, sensitivity: 87.5%,
specificity: 87%).

Wilson’s Disease

There were four articles included in this review that described
the use of QSM in WD, two studies in pediatric patients
with WD and two studies on adult patients with WD, with
comparisons to age-matched healthy individuals (Table 2G and
Supplementary Table 1D).

Doganay et al. (2018) found increased susceptibility in
the putamen, CN, SN, thalamus, and pons in 11 pediatric
patients (mean age = 15 years) with neurological-WD compared
to healthy controls, while T1 and T2 images did not show
any differences among the groups. The same research group
investigated brain QSM changes in 12 asymptomatic children
(mean age 13.3 years) with a positive WD mutation. QSM
evaluation of the same ROIs as the previous study revealed a
similar pattern of higher susceptibility except for GP and SN
(Saracoglu et al., 2018).

In the first QSM study in adult WD, Fritzsch et al. (2014) used
a 7T MRI scanner to investigate brain changes in 11 adult patients
with WD (six with neurologic WD, and five with hepatic WD)
with a mean age of 44, and 10 age-matched healthy controls. The
results showed a differential pattern of increased susceptibility in
the subcortical structures among patients with neurologic and
hepatic WD compared to controls. In both groups of patients
with WD, the SN and right GP showed higher susceptibility.
Susceptibility was further found to be increased in the left GP
and putamen in neurologic WD group, and in the RN in patients
with hepatic WD (Fritzsch et al., 2014).

Dezortova et al. (2019) used a 3T MRI scanner to study a
larger sample of participants with WD (28 with neurologic-WD
and 10 with mild hepatic-WD) and comparisons were made
with 26 healthy controls. In addition to increased susceptibility
in the putamen and GP in neurologic WD, similar to the
findings of Fritzsch et al. (2014), the CN and thalamus also
showed this increase. Of note, this pattern was only observed
in the neurologic WD group, while patients with hepatic
WD showed no significant differences in any of these regions
compared to healthy controls (Dezortova et al., 2019). Figure 5
demonstrates the effect sizes for increased magnetic susceptibility
in the basal ganglia in patients with WD compared to
healthy individuals.

Correlation of clinical assessments with QSM and the accuracy
of QSM in the differentiation of patients with WD from healthy
individuals have not been examined in these studies.

Doganay et al., (2018
Fritzsch et al., (2014

Basal Ganglia

Dezortova et al., (2019

% Doganay et al., (2018
(
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FIGURE 5 | Wilson's disease: Effect sizes for the intergroup differences of magnetic susceptibility in the basal ganglia between WD and healthy groups. Red bars
indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.
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Huntington’s Disease

Magnetic Susceptibility Changes in HD in
Comparison With Healthy Individuals

Three studies that investigated brain iron distribution
in HD using QSM were included in this review. These
studies consistently reported higher susceptibility in the
CN, GP, and putamen in both asymptomatic carriers of
the HD gene mutation and in patients with HD compared
to healthy controls (Dominguez et al, 2016; Van Bergen
et al, 2016a; Chen et al, 2018) (Supplementary Table 1E,
Figure6, and  Table2H). Increased  susceptibility
within these regions also significantly correlated with
their atrophy (Van Bergen et al, 2016a; Chen et al,
2018).

In the thalamus and RN, QSM did not show any alterations in
HD compared to healthy controls (Dominguez et al., 2016; Van
Bergen et al., 2016a; Chen et al., 2018). In one study investigating
preclinical carriers of HD genotype, lower susceptibility in the SN
and hippocampus was reported compared to healthy individuals
(Van Bergen et al., 2016a), however, such a finding was not
observed in another study (Chen et al., 2018).

Correlation of QSM Findings in HD With Clinical
Features and Other Pathologic Biomarkers

Higher susceptibility values in the CN, putamen, and GP
significantly correlated with composite scales of age and genetic
burden of the disease (CAG-age product scaled score, see
Supplementary Table 1E) (Dominguez et al., 2016; Van Bergen
et al, 2016a; Chen et al., 2018). The CAG-age product scale
score is calculated based on age and length of CAG trinucleotide
repeats, and estimates the probability of disease onset within
5 years (Zhang et al, 2011). This increase in susceptibility,
however, was not correlated with clinical motor symptoms and
function, as measured by the Unified Huntington Disease Rating
Scale or cognitive assessments by MoCA in any of the studies
(Dominguez et al.,, 2016; Van Bergen et al., 2016a; Chen et al,,
2018).

Methodological Diversity of QSM

Processing in Reviewed Studies

Among the studies included in this review, we observed a
variety of MRI acquisition sequences, post-processing methods
and reference regions used to produce QSM images. Table 3
provides an overview of this methodological diversity. A
detailed description of MRI acquisition and QSM processing
methods implemented in each study is brought in the
Supplementary Table 2.

Scanner Field Strength

QSM studies were most frequently conducted using scanners
with the magnetic field strength of 3T (66/80 studies) (Table 3),
while a smaller number of studies were carried out using 1.5T,
7T, or 9.4T scanners (2, 9, and 1 studies, respectively). Sixty-seven
studies employed multi-channel receiver coils.

Data Acquisition Parameters

All studies performed QSM on MRI scans from single head
orientation, with the majority of studies using a gradient echo
sequence with or without flow compensation. Fourteen studies
reported single-echo acquisition, and fifty-four studies acquired
multi-echo data with inter-echo spacing varying between 2
and 12ms. The first echo times ranged between 2 and 53 ms
(Supplementary Table 2).

The spatial resolution is an important factor that affects the
accuracy of the magnetic susceptibility estimates. Images with
smaller voxels have higher spatial resolution. Sixteen studies had
a voxel-size equal to or smaller than 0.5 x 0.5 x 2 mm?, which
is the recommended voxel-size to ensure reasonably accurate
magnetic susceptibility estimates (Haacke et al., 2015). Sixty-nine
studies had voxel-sizes >0.5 x 0.5 x 2 mm?> (Table 4).

Phase Unwrapping Methods

Laplacian-based phase unwrapping algorithms were employed by
thirty studies to recover true phase of the MRI signal from the
measured phase, which is wrapped between -7 and m (Table 3).
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FIGURE 6 | Huntington’s disease: Effect sizes for the intergroup differences of magnetic susceptibility in the basal ganglia between HD and control groups. Red bars
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TABLE 3 | Summary of the methods used for QSM processing and referencing in the reviewed studies.

Scanner Field 1.5T 1.5T/3T 3T 7T 9.4T
strength strength
Number of 2 2 66 9 1
studies
Phase Method Laplacian-based  Best path Magnitude-guided FSL prelude Quality-guided One-dimensional Not reported
unwrapping spatial unwrapping temporal unwrapping
Number of 30 1 3 2 3 1 40
studies
Background Method SHARP RE-SHARP V-SHARP  TSVD-SHARP HARPERELLA PDF Not reported
field
removal
Number of 10 3 26 1 1 9 27
studies
- - JEDI 1 MSDI 2
Dipole Method LSQR  iLSQR SFCR HEIDI MEDI SDI MUDICK STAR-QSM TKD  Other Not reported
inversion
Number of 4 19 1 3 13 2 1 4 2 4 24
studies
Reference  Tissue type CSF White matter Whole brain Calcarine sulcus Not referenced Not reported
regions
Number of 18 19 7 1 2 33
studies

CSF, cerebrospinal fluid; HARPERELLA, harmonic phase removal with the Laplacian operator; HEIDI, homogeneity enabled incremental dipole inversion; iLSQR, iterative LSQR; JEDI,
Jjoint background-field removal and segmentation-enhanced dipole inversion; LSQR, sparse linear equation and least-squares; MEDI, morphology enabled dipole inversion; MSDI, multi-
scale dipole inversion; MUDICK, multiple dipole-inversion combination with k-space segmentation; PDF, projection onto dipole fields; RE-SHARR, regularization-enabled SHARP; SDI,
superfast dipole inversion; SFCR, structural feature-based collaborative reconstruction algorithm,; SHARR, Sophisticated Harmonic Artifact Reduction for Phase; STAR-QSM, streaking
artifact reduction for QSM; TKD, truncated k-space division;, TSVD-SHARF, truncated singular value decomposition SHARP; V-SHARF, variable-radius SHARP.

The Laplacian-based phase unwrapping techniques utilize spatial
information in the Fourier space to correct for arbitrary 2m
jumps present in the measured phase images (Schofield and Zhu,
2003; Deistung et al., 2017). Other phase unwrapping methods
used in these studies include best path algorithm, FSL Prelude,
magnitude- and quality-guided spatial unwrapping and temporal
unwrapping. A detailed description of these methods can be
found elsewhere (Schweser et al., 2017; Fortier and Levesque,
2018). Out of eighty studies included in this review, forty studies
did not report the phase unwrapping method used to obtain
QSM estimates.

Background Field Removal Algorithms

In order to identify local contributions to the magnetic
susceptibility, 40 studies used a variant of Sophisticated
Harmonic Artifact Reduction for Phase data (SHARP)-based
background field removal techniques (Table 3). Such techniques
eliminate the harmonic background magnetic field component
using its spherical mean value property and reconstruct the
non-harmonic local field component using a deconvolution
operation on the filtered phase images (Schweser et al., 2011).
SHARP-based methods are susceptible to cortical surface artifact,
leading to limited accuracy in determining cortical magnetic
susceptibility distribution. Advanced SHARP-based techniques
use regularization (RE-SHARP) and variable high-pass filter sizes
and regularization parameters (V-SHARP) to reduce surface and
streaking artifacts in magnetic susceptibility maps (Schweser
etal., 2017).

Nine studies used the projection onto dipole field (PDF)
method, that uses the orthogonality between magnetic fields
produced by dipoles outside and inside an ROI to eliminate
background field susceptibility contributions (Liu et al., 2011).

Dipole Inversion

Twenty-eight studies employed a sparse linear equation and
least-squares (LSQR)-based method to perform dipole inversion
for the purpose of estimating magnetic susceptibility from
local field shifts. The iterative LSQR (iLSQR) was the most
frequently employed dipole inversion method. Thirteen studies
used morphology enabled dipole inversion (MEDI) to supress
artifacts using edge information from the magnitude images (Liu
et al,, 2011). Twenty-three studies did not report the dipole
inversion method used for estimating magnetic susceptibility
maps (Table 3).

Normalization of Magnetic Susceptibility Values
Magnetic susceptibility values were normalized using mean
susceptibility values from ventricular CSF (18 studies), white
matter (19 studies), or whole brain (seven studies), while two
studies did not use referencing of the QSM values and thirty-three
studies did not report their normalization process.

DISCUSSION

In the results section, we provided a report of the existing
evidence supplied by QSM in neurodegenerative disorders. This
section is structured in two main parts. In the first part, we will
provide a synthesis of the QSM findings and their implications in
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TABLE 4 | Summary of magnetic susceptibility changes in the brain regions across neurodegenerative diseases compared to healthy individuals.

Number| PUT CN | GP | AMY | HP | TH | PUL | NA | SN | SNc | SNr DN RN | FN | STN | Motor cortex | Pons

of

studies
AD 9
PD 38
MSA 3
PSP 3
ALS/

6
PLS
WD 4
HD 2
FRDA 2
SCA3 1
SCA6 1
Fabry 1
DM1 1
Dm2 1
PKAN 2
MPAN | 1

Numbers inside the cells indicate the number of studies reporting that finding.
AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; aMCl, amnestic mild cognitive impairment; AMY, amygdala; asymp-WD, asymptotic Wilson's disease; BG, basal ganglia;
CN, caudate nucleus; DN, dentate nucleus; FN, fascicula nigrale; FRDA, Friedreich’s ataxia; GR, globus pallidus; HD, Huntington’s disease; HF, hippocampus; MCA, mild cognitive
impairment; MPAN, mitochondrial membrane protein-associated neurodegeneration; MSA, multiple system atrophy; NA, nucleus accumbens; NBIA, neurodegeneration with brain
iron accumulation; neuro-WD, neurologic Wilson’s disease; PD, Parkinson’s disease; PKAN, pantothenate kinase-associated neurodegeneration; PLS, primary lateral sclerosis; PSR,
progressive supranuclear palsy; PUL, pulvinar nucleus; PUT, putamen; RN, red nucleus; SCA, spinocerebellar ataxia; SN, substantia nigra; SNc, substantia nigra pars compacta; SNr,
substantia nigra pars reticulata; STN, subthalamic nucleus; TH, thalamus; WD, Wilson'’s disease.

No change in magnetic susceptibility.

Not studied.

Increased magnetic susceptibility.

Decreased magnetic susceptibility.

each neurodegenerative disease. Similar to the results section, the  their neurotoxicity through production of reactive oxygen species
discussion relating to the less studied neurodegenerative diseases  and oxidative stress (Telling et al., 2017; Cheignon et al., 2018).
(FRDA, SCA, Fabry disease, DM, PKAN, and MPAN) is moved  Further, abnormal iron deposition has been detected in AP
to the Supplementary Material 3. In the second part, we provide  plaques in histologic evaluation of post-mortem brains from AD
a discussion of our overall current understanding, limitations of  patients (Lovell et al., 1998), and APOE-e4 gene status, which is

QSM and suggested future directions for QSM studies. the most common predisposing genetic risk factor for AD, has
. . L. . been linked to increased iron in certain regions of the brain (Van
The Implications of QSM Findings in Bergen et al., 2016b; Kagerer et al., 2020). These findings support
Neurodegenerative Diseases the involvement of iron in the pathogenesis of AD.
Alzheimer’s Disease Our review of studies using QSM in AD shows that there is

Abnormal iron homeostasis has been hypothesized to play  an increased iron deposition in the CN and amygdala, in both
a role in the pathogenesis of AD, with evidence suggesting  mild and moderate stages of AD (Table 2B). The amygdala is
a bidirectional pathological interaction between iron and AB  one of the main regions involved in the pathologic processes
(Masaldan et al., 2019). Excess iron upregulates gene expression ~ in AD and undergoes significant atrophy in the early stages
of amyloid precursor protein, shifts its physiologic non-  of AD. Atrophy of the amygdala is comparable to that of the
amyloidogenic processing toward amyloidogenic cleavage that  hippocampus and correlates with cognitive deficits (Poulin et al.,
produces AB peptides, and contributes to the misfolding of AR~ 2011). Although less investigated, the striatum shows evidence of
peptides and production of insoluble AB plaques (Rogers et al, AP deposition in the early stages of AD at even higher levels than
2008). AP plaques in turn, absorb free iron, which enhances  the cortical regions, and volumetric assessments have revealed
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significant changes in the CN in AD. While some studies have
reported reduced volumes, others found increased size of the
CN in early AD (Tentolouris-Piperas et al., 2017; Persson et al.,
2018). Although this inconsistency remains unexplained, these
significant changes suggest the involvement of the CN in AD.

In the other subcortical and cortical regions, findings of
susceptibility changes were inconsistent. The hippocampus,
which is one of the key areas undergoing significant atrophy
in AD (Blair et al., 2020), showed changes in susceptibility
in only two out of six studies. Similarly, key cortical
regions involved in AD, such as the medial temporal lobe,
precuneus, and cingulate gyrus have been shown by a limited
number of studies to have increased susceptibility, while
others did not confirm these results. One reason for the
inconsistent results in the hippocampus and cortical regions
can be the inaccuracies in QSM measurements at the edges
of the brain where environments with drastically difference
susceptibilities meet. This limitation is further discussed in
section Methodological Aspects of QSM. It is also important
to note that the susceptibility measurements depend on the
precise segmentation of an ROL Inclusion of the surrounding
tissues within a segmented ROI leads to mean susceptibility
measurements that are less representative of the actual values.
Experience shows that the segmentation of the hippocampus
and amygdala are particularly challenging. This reduces the
reliability of both positive and negative findings in these
regions and warrants further evaluations with more accurate
segmentation methods.

MCI is defined as the slight impairment of cognition often
in the memory domain, but not sufficiently severe to be
characterized as dementia. Individuals with MCI are at higher
risk for AD but do not necessarily progress to AD (Kelley and
Petersen, 2007). Amnestic MCI, however, is recognized as a
precursor to AD (Morris et al., 2001) with conversion rates to
AD estimated to be between 7.5 and 16.5% per year (Ward
et al,, 2013). The QSM findings in aMCI and MCI have been
inconsistent. Based on the studies suggesting a colocalization of
AB PET signal and increased susceptibility in QSM, it would
be expected to detect changes in the brain regions where
accumulation of AP plaques occur (Ayton et al, 2017). One
possible explanation of the negative findings of QSM changes in
MCI may be that the increased iron content in the regions with
AP deposition does not reach the level that enables its detection
by QSM. We did not find any longitudinal QSM studies in people
with MCI to examine susceptibility changes over time and its
association with progression to AD.

Parkinson’s Disease

PD is the second most common neurodegenerative disease
presenting with motor and cognitive impairment. The disease is
characterized by degeneration and atrophy of the dopaminergic
neurons in the SN along with intracellular a-synuclein deposition
(Lewy bodies) (Poewe et al, 2017). In PD, nigral iron
accumulation is suggested to result from dysregulation of iron
transmembrane transporters, decreased ferritin, and impaired
iron export mechanisms (Masaldan et al., 2019). Excess iron
contributes to neurodegeneration by inducing the aggregation of

alpha synuclein (Bharathi and Rao, 2007) and formation of Lewy
bodies (Castellani et al., 2000), in addition to the pathways of
oxidative toxicity, which are common across neurodegenerative
diseases (Wang et al., 2017).

The centerpiece of pathology in PD is within the SN.
Physiologically, SN is one of the iron-rich regions of the brain,
storing large amounts of iron required for dopamine synthesis,
mainly bound to neuromelanin (Sulzer et al., 2018). Abundance
of iron in the SN enables highly accurate visualization of this
region required for deep brain stimulation surgeries, which
has resulted in a large number of published studies examining
QSM in PD. These studies have shown consistent evidence of
higher susceptibility in the SN in patients with PD compared to
healthy individuals, suggestive of increased iron content. In other
subcortical structures including the basal ganglia, RN, thalamus,
and hippocampus, evidence for increased susceptibility has been
inconsistent, with the majority of the studies finding no changes
in PD.

Although susceptibility in the SN was increased in most
studies, there have been inconsistent findings of its association
with disease duration, stage and severity of clinical symptoms.
This may relate to important confounders, such as medication.
For example, in some studies, clinical assessments have
been performed in the “on-state” (with dopaminergic agonist
treatment) while in others, assessments were in the “off-state” (no
dopaminergic treatment). Further, since more advanced stages
of the disease inherently interfere with the ability of patients to
participate in studies due to excessive movements throughout
the MRI acquisition and other comorbidities, the populations
of PD patients in studies are predominantly limited to earlier
stages of the disease. It is possible that the selective inclusion of
individuals who are at the early (or late) stages of the disease leads
to the failure to detect a correlation that may exist in the long-
term progression of the disease. This limitation is not unique
to PD and occurs in the neuroimaging research involving most
neurodegenerative disorders.

In a limited number of studies, increased susceptibility
was found in widespread cortical regions and correlated with
cognitive impairment. Importantly, such involvement points to a
cortical pathology in PD, however, no QSM study has examined
dementia with Lewy bodies (DLB), a disorder characterized by
a similar a-synuclein-related pathology. Future studies focussing
on DLB are needed to examine the pattern of cortical iron
alterations in synucleinopathies.

QSM  studies have also examined susceptibility changes
in other parkinsonian syndromes, such as PSP and MSA.
PSP and MSA are progressive neurodegenerative diseases
with parkinsonian features (such as tremor, rigidity, and
abnormal movement). PSP is considered to be a tauopathy
characterized by vertical gaze palsy, postural instability, rigidity,
and cognitive impairment (Armstrong, 2018). According to
two meta-analyses of morphometric studies in PSP, among the
subcortical structures, the putamen, CN, thalamus, midbrain,
and anterior cerebellum show significant atrophy in PSP (Shao
et al., 2014; Pan et al., 2017). This involvement is reflected in
the increased susceptibility shown by QSM in the SN, RN, and
putamen. In the globus pallidus, however, although QSM shows
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higher susceptibility, such involvement has not been reported in
morphometric studies.

MSA is an a-synucleinopathy (similar to DLB and PD)
typically involving the striatum and SN, most commonly presents
with Parkinsonian features and dysfunction of the autonomic
system (Cykowski et al., 2015). Structural MRI studies have
reported greatest gray matter reductions in the putamen and
claustrum followed by the thalamus and cerebellum (Yu et al.,
2015). In a similar fashion, QSM showed higher susceptibility in
the SN and putamen, as well as the RN.

Clinical diagnosis and differentiation of the parkinsonian
disorders is often challenging. In the limited number of studies
reviewed, the pattern revealed by QSM in parkinsonian diseases
showed high accuracy in their differentiation. This may suggest
a clinical diagnostic utility for QSM in combination with other
diagnostic tools. However, this remains to be more explored.

ALS

ALS is a progressive neurodegenerative disease characterized
by the degeneration of upper and lower motor neurons in the
motor cortex, brainstem and spinal cord. Copper-zinc superoxide
dismutase (SODI1) mutation is one of the implicated genetic
risk factors in ALS (Morgan and Orrell, 2016; Oskarsson et al.,
2018). In animal models, it has been shown that SOD1 mutation
results in increased expression of ferritin, transferrin receptor 1,
and divalent metal transporter-1, leading to significant increase
of iron in neural cells (Jeong et al., 2009). Additionally, even
in the absence of SOD1 mutation, increased oxidative stress
has been detected in patients with ALS, and suggested to play
an important role in ALS pathogenesis (D’Amico et al., 2013).
Further, in human studies, dysregulation in iron homeostasis has
been reported in patients with ALS, including increased serum
ferritin and decreased transferrin (Lovejoy and Guillemin, 2014).

ALS is commonly associated with MRI evidence for atrophy
and reduced thickness in the motor cortex (precentral gyrus)
(Cosottini et al., 2012; Chio et al, 2014), and most QSM
studies have focused on this region. Increased susceptibility
was reported in these studies, which is in line with reports of
increased oxidative stress in motor cortex and its correlation
with disease severity (Ikawa et al., 2015). Further, T, T>*, and
SWI studies also support the finding of increased iron in the
motor cortex of patients with ALS (Yu et al., 2014; Sheelakumari
et al., 2016). An explanation for this iron accumulation can
be the regional migration of iron-containing microglia and
macrophages observed in post-mortem analyses (Kwan et al.,
2012; Adachi et al., 2015).

The few studies investigating subcortical structures in ALS
have reported inconsistent volume reductions in the basal
ganglia and hippocampus (Grolez et al, 2016). One QSM
study has examined these brain regions in ALS, showing
increased susceptibility in the putamen, GP, RN and SN, and
reduced susceptibility in the corticospinal tract (CST). Increased
susceptibility in the basal ganglia is consistent with pathological
findings in the nigrostriatal pathways in ALS (Takahashi et al.,
1993), and transactive response (TAR) DNA binding protein 43
(TDP-43) pathology in the RN and striatum (Brettschneider et al.,
2013). The CST is another key region involved in ALS (Toosy

et al., 2003; Rajagopalan and Pioro, 2017), with its degeneration
characterized by T, hyperintensities (Goodin et al., 1988; da
Rocha et al., 2004). Decreased susceptibility in the CST correlated
with reduced fractional anisotropy and increased mean and
radial diffusivity in DTL These DTI changes usually indicate
myelin degeneration and abnormalities. Thus, the QSM finding is
surprising given that demyelination usually results in increased,
rather than decreased susceptibility. Decrease in susceptibility
may be due to other tissue microstructural changes, although this
remains speculative (Takahashi et al., 1993; Brettschneider et al.,
2013; Grolez et al., 2016; Acosta-Cabronero et al., 2018). Further,
it is important to note that QSM measurement of susceptibility
is dependent on the orientation of the neural fiber tracts and
subject’s head in relation to the scanner’s magnetic field (Lee
et al., 2017), which can pose a large confounding effect on QSM
assessment of the white matter (Lancione et al., 2017).

Wilson’s Disease

WD is an autosomal recessive condition, resulting from
a mutation in the ATP7B gene, characterized by excessive
deposition of copper within tissues. Most commonly affected
organs are the brain and liver leading to neurodegeneration and
hepatic damage, respectively. The most-affected brain regions are
the basal ganglia, thalamus, cerebellum, and upper brainstem,
leading to movement, cognitive and psychiatric impairments
(Czlonkowska et al., 2018). QSM studies showed an increased
susceptibility in subcortical structures including the putamen,
GP, thalamus, SN and pons, reflecting their recognized pattern
of involvement in both adult and pediatric patients with WD
with neurologic involvement. Of note, the abnormal changes
of susceptibility in the putamen, thalamus, and pons were also
detectable in asymptomatic children with the WD genotype. This
finding suggests that QSM can be a useful tool in exploring the
complex pre-clinical pathophysiologic changes in WD.

It is not clear whether the increased susceptibility in
the basal ganglia in WD is attributable to copper, iron or
both. Although increased, the concentration of copper in the
putamen, GP, and DN in patients with neurologic-WD is less
than iron (Litwin et al., 2013; Dusek et al., 2017). There is
an increased brain iron content in WD which results from
dysfunction of the multicopper-dependent ferroxidase activity
of ceruloplasmin. Ceruloplasmin is a multicopper containing
protein that has a vital role in the export of iron from glial cells.
In WD, the deficiency of ATP7B gene product leads to failure
of incorporation of copper in ceruloplasmin (Cztonkowska
et al., 2018). In the absence of functional ceruloplasmin, iron
accumulates inside cells. In a study examining the correlation
of iron and copper concentrations with R,* mapping of
susceptibility in post-mortem brain tissue from patients with
WD, there was a strong correlation of Ry* measures with iron
but not with copper concentrations (Dusek et al., 2017). Further,
it is suggested that increased brain copper content in WD is likely
in its diamagnetic Cu(I) state (Wender et al., 1974). Therefore,
it is likely that increased magnetic susceptibility in WD results
predominantly from secondary brain iron accumulation.
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Huntington’s Disease

HD is a genetic neurodegenerative syndrome, characterized
by chorea, movement disorder and cognitive decline, and is
caused by expansion of CAG trinucleotide repeats in exon 1
of huntingtin gene on chromosome 4. Evidence shows that
abnormal huntingtin protein impairs iron homeostasis in the
brain and is suggested to upregulate the expression of iron
regulatory protein 1, transferrin, and transferrin receptor, which
can result in increased iron accumulation (Niu et al., 2018). In
mouse models of HD, increased production of mitochondrial
iron uptake transporter (mitoferrin) and reduced frataxin lead
to mitochondrial iron accumulation (Agrawal et al, 2018).
Frataxin is a mitochondrial protein involved in the synthesis of
iron-sulfur proteins necessary for oxidative phosphorylation in
the mitochondria.

The brain structural hallmark of HD is degeneration of the CN
and putamen and to a lesser extent, the GP, SN, STN, and locus
coeruleus (Bhidayasiri and Truong, 2004). Higher iron content
was reported in the basal ganglia by all of the studies in both
patients with symptomatic HD and pre-symptomatic carriers of
HD mutation, which correlated with atrophy in these structures,
as well as age and genetic burden of HD. These findings are
consistent with the recognized involvement of the basal ganglia
in HD. Further, the increased iron content in asymptomatic
individuals with the HD genotype is supportive of the findings
from molecular studies indicating the association of abnormal
huntingtin protein and dysregulation of iron homeostasis. Lower
susceptibility was found in one study in the SN and hippocampus
in patients with HD. The reason for this finding is not clearly
understood but it may be associated with redistribution of iron
within the brain (Van Bergen et al., 2016a).

In the cortical gray matter, structural studies have shown
atrophy in the prefrontal and insular cortices (Lambrecq
et al., 2013). Additionally, widespread deposition of huntingtin
aggregates has been detected in the cortical regions including the
insula, cingulate, and frontal cortices in clinical and preclinical
HD (Gutekunst et al., 1999). These findings suggest a pathologic
involvement of the cortex in HD in addition to the basal ganglia.
To date, no QSM evaluation has been made in the cortical
gray matter in HD. Such research would provide important
information on the nature of cortical pathology in HD and verify
whether a similar pattern of iron changes occurs in the cortex.

Our Current Understanding, QSM

Limitations and Future Directions

Measurements of magnetic susceptibility by QSM provide
valuable information about the changes in tissue composition
in the target regions. The existing literature suggests that QSM
shows promise in the investigation of the pathophysiology of
neurodegeneration by revealing changes in the gray matter,
where considering the relative concentrations of paramagnetic
and diamagnetic substances, increased susceptibility is most
likely derived from increased levels of iron. In the white
matter, however, due to the abundance of diamagnetic myelin,
an increase in magnetic susceptibility may result from both
demyelination and/or iron deposition (Langkammer et al., 2012;

Sun et al, 2015; Hametner et al, 2018; Lee et al, 2018;
Lewis et al., 2018; Wang et al., 2020). Further, susceptibility
estimates in the white matter are often confounded by its
geometrical properties, as the axonal orientation distribution
with respect to the direction of the applied magnetic field has
been shown to influence the inference of the true magnetic
susceptibility distribution of the white matter tracts from the
MRI phase images. Accounting for orientational dependence
of white matter magnetic susceptibility estimates necessitates
multiple orientation acquisitions or concurrent diffusion-
weighted images, which can lead to longer scan times, subject
discomfort and limited clinical feasibility (Liu, 2010; Lancione
et al., 2017; Kaden et al., 2020).

Generally, studies using QSM showed increased susceptibility,
suggestive of higher iron content, in the brain regions that are
associated with the pathophysiology of each neurodegenerative
disease, such as the SN in PD, the basal ganglia in HD, the
amygdala and CN in AD, motor cortex in ALS and cerebellar
DN in FRDA (Table 3). However, this pattern has not been
consistently detected throughout all disorders, such as in AD
where QSM did not reveal any changes in the hippocampus,
which is recognized as one of the regions most involved by
the pathologic processes in AD (Serrano-Pozo et al, 2011).
One shortcoming of the reviewed papers on rare genetic
neurodegenerative disorders is that most studies have restricted
their scope of QSM evaluations to the iron rich basal ganglia
and midbrain structures where susceptibility changes appear to
be a common finding across some of these disorders (Table 3). A
whole brain approach or investigation of a larger number of ROIs
within all regions of the brain will provide a more exhaustive
picture. It should also be noted that a number of relatively
common neurodegenerative diseases, such as frontotemporal
dementia, DLB, and prion diseases have not been investigated
by QSM.

Methodological Aspects of QSM

QSM is an advanced post-processing technique for voxel-
wise quantitative estimation of susceptibility, however, there
are inherent limitations to the technique that restrict the
robustness and reproducibility of susceptibility measurements
by QSM. First, QSM estimates are sensitive to scanner field
strength, acquisition parameters (such as echo time and voxel
size), receiver noise, subject orientation and choice of QSM
processing methods (Haacke et al., 2015). A description and
critical comparison of these methods can be found in Deistung
etal. (2017).

These dependencies lead to variations across studies in
terms of the accuracy of measured susceptibilities. Another
limitation of QSM is the surface artifacts (arising from strong
susceptibility gradient at tissue interfaces, such as at the brain
surfaces or around the blood vessels) and streaking artifacts
(due to noise and mathematical limitations in solving the point-
dipole problem) (Deistung et al, 2017; Taege et al., 2019;
Jung et al, 2020). The third factor that contributes to the
heterogeneity of susceptibility measurements across sites and
studies is the inconsistent reference regions considered for
relative measurement of magnetic susceptibility. In this review,
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we observed a diversity of reference regions used in studies
including various white matter areas (frontal, occipital, etc.),
CSE, or mean susceptibility value of the whole brain. Reporting
the absolute susceptibility value without referencing has also
been preferred in some studies. These discrepancies among
referencing methods have made it difficult or impossible to
directly compare the susceptibility values across different studies
and disorders. Therefore, it is not currently feasible to perform
a meta-analysis. QSM processing methods are under constant
improvements, enhancing their robustness and reproducibility.
Future studies using more robust and standardized QSM
methods may enable more homogeneous and comparable
measurements. Additionally, using a consensual referencing
region in each neurodegenerative disease in future studies can be
a step towards the comparison of QSM findings across studies.
Finally, the possible effect of atrophy in measurements of mean
susceptibility should not be overlooked. It has been suggested
that atrophy of a ROI may result in higher iron concentration
and therefore mean susceptibility in the absence of a change
in absolute iron content (Taege et al., 2019). To account for
and further explore this possibility, studies should consider the
effect of atrophy as a confounder in magnetic susceptibility
comparisons in their statistical analyses.

Future Directions

Although the small number of studies and the limitations
of QSM make it difficult to draw definitive conclusions, the
existing evidence suggests that QSM can greatly contribute
to a better understanding of the underlying pathological
changes in neurodegeneration. In most neurodegenerative
diseases reviewed in this article, future studies with larger
datasets, more consistent QSM referencing, and longitudinal
designs are required. Multimodal studies using QSM and
other neuroimaging techniques, such as PET can provide
valuable information on the correlation of iron and pathologic
protein aggregates. In the white matter, investigation of
QSM together with diffusion weighted imaging allows more
accurate examination of the alterations in myelin and iron.
Finally, the high accuracy of QSM in differentiating certain
neurodegenerative diseases, such as parkinsonian disorders,
warrants further investigations aiming to evaluate its utility in
clinical diagnosis of neurodegenerative diseases as an add-on
imaging tool to the existing methods.

CONCLUSION

Our review indicates that QSM provides evidence of
altered iron distribution in the brain in neurodegenerative
diseases. Currently, the number of QSM studies in most
neurodegenerative diseases is limited, especially in the rare
disorders. In PD that has been more widely studied by QSM,
higher iron content in the SN as the most involved brain
region has been revealed. The small number of studies in
AD, ALS, and HD makes a confident conclusion out of
reach. Nevertheless, this limited evidence is suggestive of
disease-specific patterns of microenvironmental changes that

are worthy of further investigation. This in-vivo evidence is
in line with the reports from cellular and molecular studies
(suggesting a pathologic role for iron in neurodegeneration)
and post-mortem studies (indicating increased iron content
in the brain in these disorders) (Zecca et al., 2004). Further,
the increased burden of iron correlates with cognitive deficits
in AD, disease stage in PD, and genetic burden and age in
HD. Such associations may point out ongoing relationships
between iron accumulation and neurodegeneration, either
causal, intermediate, or independent.

Based on the findings of this review, QSM provides a
unique opportunity for investigation of neurodegenerative
diseases that can improve our understanding of the pathologic
processes involved.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

PR developed the search strategies, ran the database search. PR
and SML, have each independently performed the screening of
studies for inclusion, data extraction, and quality assessment. CP
adjudicated the conflicts between two reviewers, PR and SML, in
screening, data extraction, and quality assessment. Development
of the protocol was done by PR, and all authors have collaborated
to improve, and approved the final protocol. Data synthesis was
performed by PR and SML. CP, DV, AIB, and BAM provided
the intellectual input to data synthesis and interpretation. VLC,
WTS, PD, AIB, BAM, DV, CP, TEVR, CMO, DJRL, and SML
provided the intellectual input into the manuscript draft prepared
by PR. All authors have read, provided feedback, and approved
the final manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Martha E. Shenton and Dr.
Amanda E. Lyall (Psychiatry Neuroimaging Laboratory, Brigham
and Women’s Hospital, Harvard Medical School, Boston, MA,
USA) for their valuable contributions and feedback on the drafts
of this manuscript. CP was supported by a National Health and
Medical Research Council (NHMRC) Senior Principal Research
Fellowship (1105825), an NHMRC L3 Investigator Grant
(1196508). AIB was supported by a NHMRC L3 Investigator
Grant (1194028). VLC was supported by an Australian National
Health and Medical Research Council EL2 Investigator Grant
(1177370) and a University of Melbourne Dame Kate Campbell
Fellowship. BAM holds a fellowship from the National Imaging
Facility, funded by the Australian Government NCRIS program.

Frontiers in Neuroscience | www.frontiersin.org

26

February 2021 | Volume 15 | Article 618435


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.618435/full#supplementary-material

Supplementary Material 1 | Protocol for systematic review.

REFERENCES

Acosta-Cabronero, J., Cardenas-Blanco, A., Betts, M. J., Butryn, M., Valdes-
Herrera, J. P., Galazky, L, et al. (2017). The whole-brain pattern of magnetic
susceptibility perturbations in Parkinson’s disease. Brain 140, 118-131.
doi: 10.1093/brain/aww278

Acosta-Cabronero, J., Machts, J., Schreiber, S., Abdulla, S., Kollewe,
K., Petri, S., et al. (2018). Quantitative susceptibility MRI to detect
brain iron in amyotrophic lateral sclerosis. Radiology 289, 195-203.
doi: 10.1148/radiol.2018180112

Acosta-Cabronero, J., Williams, G. B., Cardenas-Blanco, A., Arnold, R. J., Lupson,
V., and Nestor, P. J. (2013). In vivo quantitative susceptibility mapping (QSM)
in Alzheimer’s disease. PLoS ONE 8:81093. doi: 10.1371/journal.pone.0081093

Adachi, Y., Sato, N., Saito, Y., Kimura, Y., Nakata, Y., Ito, K., et al. (2015).
Usefulness of SWI for the detection of iron in the motor cortex in amyotrophic
lateral sclerosis. J. Neuroimaging 25, 443-451. doi: 10.1111/jon.12127

Agrawal, S., Fox, J., Thyagarajan, B., and Fox, J. H. (2018). Brain mitochondrial
iron accumulates in Huntington’s disease, mediates mitochondrial dysfunction,
and can be removed pharmacologically. Free Radic. Biol. Med. 120, 317-329.
doi: 10.1016/j.freeradbiomed.2018.04.002

Ahmadi, S. A., Botzel, K, Levin, J., Maiostre, J., Klein, T., Wein, W.,
et al. (2020). Analyzing the co-localization of substantia nigra hyper-
echogenicities and iron accumulation in Parkinson’s disease: a multi-modal
atlas study with transcranial ultrasound and MRI. Neuroimage Clin. 26:102185.
doi: 10.1016/j.nicl.2020.102185

An, H, Zeng, X, Niu, T., Li, G, Yang, J., Zheng, L., et al. (2018). Quantifying iron
deposition within the substantia nigra of Parkinson’s disease by quantitative
susceptibility mapping. J. Neurol. Sci. 386, 46-52. doi: 10.1016/j.jns.2018.01.008

Armstrong, M. J. (2018). Progressive supranuclear palsy: an update. Curr. Neurol.
Neurosci. Rep. 18:12. doi: 10.1007/s11910-018-0819-5

Ayton, S., Fazlollahi, A., Bourgeat, P., Raniga, P., Ng, A., Lim, Y. Y., et al. (2017).
Cerebral quantitative susceptibility mapping predicts amyloid-beta-related
cognitive decline. Brain 140, 2112-2119. doi: 10.1093/brain/awx137

Azuma, M., Hirai, T., Nakaura, T., Kitajima, M., Yamashita, S., Hashimoto,
M, et al. (2019). Combining quantitative susceptibility mapping
to the morphometric in differentiating between progressive
supranuclear palsy and Parkinson’s disease. J. Neurol. Sci. 406:116443.
doi: 10.1016/j.jns.2019.116443

Azuma, M., Hirai, T., Yamada, K., Yamashita, S., Ando, Y., Tateishi, M.,
et al. (2016). Lateral asymmetry and spatial difference of iron deposition
in the substantia nigra of patients with Parkinson disease measured
with quantitative susceptibility mapping. Am. J. Neuroradiol. 37, 782-788.
doi: 10.3174/ajnr.A4645

Barbosa, J. H. O,, Santos, A. C., Tumas, V., Liu, M., Zheng, W., Haacke, E. M., et al.
(2015). Quantifying brain iron deposition in patients with Parkinson’s disease
using quantitative susceptibility mapping, R2 and R2*. Magn. Reson. Imaging
33, 559-565. doi: 10.1016/j.mri.2015.02.021

Bergsland, N., Zivadinov, R., Schweser, F., Hagemeier, J., Lichter, D., and Guttuso,
T. (2019). Ventral posterior substantia nigra iron increases over 3 years in
Parkinson’s disease. Mov. Disord. 34, 1006-1013. doi: 10.1002/mds.27730

Bharathi, and Rao, K. S. J. (2007). Thermodynamics imprinting reveals
differential binding of metals to a-synuclein: Relevance to parkinson’s disease.
Biochem. Biophys. Res. Commun. 359, 115-120. doi: 10.1016/].BBRC.2007.
05.060

Bhidayasiri, R., and Truong, D. D. (2004). Chorea and related disorders. Postgrad.
Med. J. 80, 527-534. doi: 10.1136/pgm;j.2004.019356

index

Supplementary Material 2 | Tables S1A-H. Summary of the characteristics,
findings and risk of bias assessment of QSM studies in
neurodegenerative diseases.

Supplementary Material 3 | Results and discussion sections on less studied
neurodegenerative disorders.

Supplementary Material 4 | Table S2. Details of MRI acquisition and QSM
processing methods used by reviewed studies.

Blair, J. C., Lasiecka, Z. M., Patrie, J., Barrett, M. J., and Druzgal, T. J. (2020).
Cytoarchitectonic mapping of MRI detects rapid changes in Alzheimer’s
disease. Front. Neurol. 11:241. doi: 10.3389/fneur.2020.00241

Brettschneider, J., Del Tredici, K., Toledo, J. B., Robinson, J. L., Irwin, D. J.,
Grossman, M., et al. (2013). Stages of pTDP-43 pathology in amyotrophic
lateral sclerosis. Ann. Neurol. 74, 20-38. doi: 10.1002/ana.23937

Castellani, R. J., Siedlak, S. L., Perry, G., and Smith, M. A. (2000). Sequestration
of iron by Lewy bodies in Parkinson’s disease. Acta Neuropathol. 100, 111-114.
doi: 10.1007/s004010050001

Cheignon, C., Tomas, M., Bonnefont-Rousselot, D., Faller, P., Hureau, C., and
Collin, F. (2018). Oxidative stress and the amyloid beta peptide in Alzheimer’s
disease. Redox Biol. 14:450-464. doi: 10.1016/j.redox.2017.10.014

Chen, L., Hua, J., Ross, C. A,, Cai, S., van Zijl, P. C. M., and Li, X. (2018).
Altered brain iron content and deposition rate in Huntington’s disease as
indicated by quantitative susceptibility MRI. J. Neurosci. Res. 97, 467-479.
doi: 10.1002/jnr.24358

Chen, Q., Chen, Y., Zhang, Y., Wang, F., Yu, H., Zhang, C,, et al. (2019). Iron
deposition in Parkinson’s disease by quantitative susceptibility mapping. BMC
Neurosci. 20:23. doi: 10.1186/512868-019-0505-9

Cheng, Z., Zhang, J., He, N,, Li, Y., Wen, Y., Xu, H,, et al. (2019). Radiomic
features of the nigrosome-1 region of the substantia nigra: using quantitative
susceptibility mapping to assist the diagnosis of idiopathic Parkinson’s disease.
Front. Aging Neurosci. 11:167. doi: 10.3389/fnagi.2019.00167

Chio, A., Pagani, M., Agosta, F., Calvo, A, Cistaro, A. and Filippi,
M. (2014). Neuroimaging in amyotrophic lateral Insights
into structural and functional changes. Lancet Neurol. 13, 1228-1240.
doi: 10.1016/51474-4422(14)70167-X

Contarino, V. E., Conte, G., Morelli, C., Trogu, F., Scola, E., Calloni, S.
F., et al. (2020). Toward a marker of upper motor neuron impairment
in amyotrophic lateral sclerosis: a fully automatic investigation of the
magnetic susceptibility in the precentral cortex. Eur. J. Radiol. 124:108815.
doi: 10.1016/j.ejrad.2020.108815

Cosottini, M., Pesaresi, I, Piazza, S., Diciotti, S., Cecchi, P., Fabbri, S,
et al. (2012). Structural and functional evaluation of cortical motor
areas in amyotrophic lateral sclerosis. Exp. Neurol. 234, 169-180.
doi: 10.1016/j.expneurol.2011.12.024

Costagli, M., Donatelli, G., Biagi, L., Caldarazzo Ienco, E., Siciliano, G., Tosetti,
M., et al. (2016). Magnetic susceptibility in the deep layers of the primary
motor cortex in amyotrophic lateral sclerosis. Neuroimage Clin. 12, 965-969.
doi: 10.1016/j.nicl.2016.04.011

Cykowski, M. D., Coon, E. A., Powell, S. Z., Jenkins, S. M., Benarroch, E. E., Low,
P. A, et al. (2015). Expanding the spectrum of neuronal pathology in multiple
system atrophy. Brain 138, 2293-2309. doi: 10.1093/brain/awv114

Czlonkowska, A., Litwin, T. Dusek, P., Ferenci, P., Lutsenko, S.,
Medici, V., et al. (2018). Wilson disease. Nat. Rev. Dis. Prim. 4:21.
doi: 10.1038/s41572-018-0018-3

da Rocha, A. J., Oliveira, A. S. B., Fonseca, R. B., Maia, A. C. M. J., Buainain, R.
P., and Lederman, H. M. (2004). Detection of corticospinal tract compromise
in amyotrophic lateral sclerosis with brain MR imaging: relevance of the T1-
weighted spin-echo magnetization transfer contrast sequence. AJNR. Am. J.
Neuroradiol. 25, 1509-1515.

D’Amico, E., Factor-Litvak, P., Santella, R. M., and Mitsumoto, H. (2013). Clinical
perspective on oxidative stress in sporadic amyotrophic lateral sclerosis. Free
Radic. Biol. Med. 65, 509-527. doi: 10.1016/j.freeradbiomed.2013.06.029

Deistung, A., Schweser, F., and Reichenbach, J. R. (2017). Overview of quantitative
susceptibility mapping. NMR Biomed. 30, €3569. doi: 10.1002/nbm.3569

sclerosis:

Frontiers in Neuroscience | www.frontiersin.org

27

February 2021 | Volume 15 | Article 618435


https://www.frontiersin.org/articles/10.3389/fnins.2021.618435/full#supplementary-material
https://doi.org/10.1093/brain/aww278
https://doi.org/10.1148/radiol.2018180112
https://doi.org/10.1371/journal.pone.0081093
https://doi.org/10.1111/jon.12127
https://doi.org/10.1016/j.freeradbiomed.2018.04.002
https://doi.org/10.1016/j.nicl.2020.102185
https://doi.org/10.1016/j.jns.2018.01.008
https://doi.org/10.1007/s11910-018-0819-5
https://doi.org/10.1093/brain/awx137
https://doi.org/10.1016/j.jns.2019.116443
https://doi.org/10.3174/ajnr.A4645
https://doi.org/10.1016/j.mri.2015.02.021
https://doi.org/10.1002/mds.27730
https://doi.org/10.1016/J.BBRC.2007.05.060
https://doi.org/10.1136/pgmj.2004.019356
https://doi.org/10.3389/fneur.2020.00241
https://doi.org/10.1002/ana.23937
https://doi.org/10.1007/s004010050001
https://doi.org/10.1016/j.redox.2017.10.014
https://doi.org/10.1002/jnr.24358
https://doi.org/10.1186/s12868-019-0505-9
https://doi.org/10.3389/fnagi.2019.00167
https://doi.org/10.1016/S1474-4422(14)70167-X
https://doi.org/10.1016/j.ejrad.2020.108815
https://doi.org/10.1016/j.expneurol.2011.12.024
https://doi.org/10.1016/j.nicl.2016.04.011
https://doi.org/10.1093/brain/awv114
https://doi.org/10.1038/s41572-018-0018-3
https://doi.org/10.1016/j.freeradbiomed.2013.06.029
https://doi.org/10.1002/nbm.3569
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

Dezortova, M., Lescinskij, A., Dusek, P., Herynek, V., Acosta-Cabronero, J., Bruha,
R., et al. (2019). Multiparametric quantitative brain MRI in neurological and
hepatic forms of Wilson’s disease. J. Magn. Reson. Imaging. 51, 1829-1835.
doi: 10.1002/jmri.26984

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R, Skouta, R, Zaitsev, E. M., Gleason,
C. E,, et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060-1072. doi: 10.1016/j.cell.2012.03.042

Doganay, S., Gumus, K., Koc, G., Bayram, A. K., Dogan, M. S, Arslan, D., et al.
(2018). Magnetic susceptibility changes in the basal ganglia and brain stem
of patients with Wilson’s disease: evaluation with quantitative susceptibility
mapping. Magn. Reson. Med. Sci. 17, 73-79. doi: 10.2463/mrms.mp.
2016-0145

Dominguez, D. J. F.,, Ng, A. C. L. L., Poudel, G., Stout, J. C., Churchyard, A.,
Chua, P, et al. (2016). Iron accumulation in the basal ganglia in Huntington’s
disease: cross-sectional data from the IMAGE-HD study. J. Neurol. Neurosurg.
Psychiatry 87, 545-549. doi: 10.1136/jnnp-2014-310183

Donatelli, G., Caldarazzo Ienco, E., Costagli, M., Migaleddu, G., Cecchi, P.,
Siciliano, G., et al. (2019). MRI cortical feature of bulbar impairment in
patients with amyotrophic lateral sclerosis. Neuroimage Clin. 24:101934.
doi: 10.1016/j.nicl.2019.101934

Du, G., Lewis, M. M., Sica, C., He, L., Connor, J. R., Kong, L., et al. (2018). Distinct
progression pattern of susceptibility MRI in the substantia nigra of Parkinson’s
patients. Mov. Disord. 33, 1423-1431. doi: 10.1002/mds.27318

Du, G, Liu, T., Lewis, M. M., Kong, L., Wang, Y., Connor, J., et al. (2016).
Quantitative susceptibility mapping of the midbrain in Parkinson’s disease.
Mov. Disord. 31, 317-324. doi: 10.1002/mds.26417

Du, L., Zhao, Z., Cui, A., Zhu, Y., Zhang, L., Liu, J., et al. (2018). Increased
iron deposition on brain quantitative susceptibility mapping correlates with
decreased cognitive function in Alzheimer’s Disease. ACS Chem. Neurosci. 9,
1849-1857. doi: 10.1021/acschemneuro.8b00194

Dusek, P., Bahn, E., Litwin, T., Jablonka-Salach, K., Luciuk, A., Huelnhagen, T.,
et al. (2017). Brain iron accumulation in Wilson disease: a post mortem 7
Tesla MRI-histopathological study. Neuropathol. Appl. Neurobiol. 43, 514-532.
doi: 10.1111/nan.12341

Dusek, P., Mekle, R., Skowronska, M., Acosta-Cabronero, J., Huelnhagen, T.,
Robinson, S. D., et al. (2019). Brain iron and metabolic abnormalities
in Cl9orfl2 mutation carriers: a 7.0 tesla MRI study in mitochondrial
membrane protein-associated neurodegeneration. Mov. Disord. 35, 142-150.
doi: 10.1002/mds.27827

Dusek, P., Tovar Martinez, E. M., Madai, V. I, Jech, R., Sobesky, J., Paul, F., et al.
(2014). 7-Tesla magnetic resonance imaging for brain iron quantification in
homozygous and heterozygous PANK2 mutation carriers. Mov. Disord. Clin.
Pract. 1, 329-335. doi: 10.1002/mdc3.12080

Duyn, J. H.,, and Schenck, J. (2017). Contributions to magnetic susceptibility of
brain tissue. NMR Biomed. 30:e3546. doi: 10.1002/nbm.3546

Fortier, V., and Levesque, I. R. (2018). Phase processing for quantitative
susceptibility mapping of regions with large susceptibility and lack of signal.
Magn. Reson. Med. 79, 3103-3113. doi: 10.1002/mrm.26989

Fritzsch, D., Reiss-Zimmermann, M., Trampel, R., Turner, R., Hoffmann, K. T.,
and Schifer, A. (2014). Seven-tesla magnetic resonance imaging in Wilson
disease using quantitative susceptibility mapping for measurement of copper
accumulation. Invest. Radiol. 49, 299-306. doi: 10.1097/RLI.00000000000
00010

Ghassaban, K., He, N., Sethi, S. K., Huang, P, Chen, S, Yan, F, et al.
(2019). Regional high iron in the substantia nigra differentiates Parkinson’s
disease patients from healthy controls. Front. Aging Neurosci. 11:106.
doi: 10.3389/fnagi.2019.00106

Goetz, C. G., Poewe, W., Rascol, O., Sampaio, C., Stebbins, G. T., Counsell, C.,
et al. (2004). Movement Disorder Society Task Force report on the Hoehn and
Yahr staging scale: status and recommendations. Mov. Disord. 19, 1020-1028.
doi: 10.1002/mds.20213

Goodin, D. S., Rowley, H. A., and Olney, R. K. (1988). Magnetic resonance
imaging in amyotrophic lateral sclerosis. Ann. Neurol. 23, 418-420.
doi: 10.1002/ana.410230424

Grolez, G., Moreau, C., Danel-Brunaud, V., Delmaire, C., Lopes, R., Pradat, P.
F., et al. (2016). The value of magnetic resonance imaging as a biomarker
for amyotrophic lateral sclerosis: a systematic review. BMC Neurol. 16:155.
doi: 10.1186/s12883-016-0672-6

Guan, X., Huang, P., Zeng, Q., Liu, C., Wei, H., Xuan, M., et al. (2019a).
Quantitative susceptibility mapping as a biomarker for evaluating white
matter alterations in Parkinson’s disease. Brain Imaging Behav. 13, 220-231.
doi: 10.1007/s11682-018-9842-z

Guan, X., Xuan, M., Gu, Q., Huang, P., Liu, C., Wang, N,, et al. (2017a).
Regionally progressive accumulation of iron in Parkinson’s disease as
measured by quantitative susceptibility mapping. NMR Biomed. 30:e3489.
doi: 10.1002/nbm.3489

Guan, X., Xuan, M., Gu, Q.,, Xu, X,, Huang, P., Wang, N,, et al. (2017b).
Influence of regional iron on the motor impairments of Parkinson’s disease:
a quantitative susceptibility mapping study. J. Magn. Reson. Imaging 45,
1335-1342. doi: 10.1002/jmri.25434

Guan, X., Zhang, Y., Wei, H., Guo, T., Zeng, Q., Zhou, C,, et al. (2019b).
Iron-related nigral degeneration influences functional topology mediated
by striatal dysfunction in Parkinson’s disease. Neurobiol. Aging 75, 83-97.
doi: 10.1016/j.neurobiolaging.2018.11.013

Gutekunst, C. A., Li, S. H.,, Yi, H, Mulroy, J. S., Kuemmerle, S., Jones,
R, et al. (1999). Nuclear and neuropil aggregates in Huntington’s
disease: relationship to neuropathology. J. Neurosci. 19, 2522-2534.
doi: 10.1523/jneurosci.19-07-02522.1999

Haacke, E. M., Liu, S., Buch, S., Zheng, W., Wu, D., and Ye, Y. (2015). Quantitative
susceptibility mapping: current status and future directions. Magn. Reson.
Imaging. 33, 1-25. doi: 10.1016/j.mri.2014.09.004

Haining, R. L., and Achat-Mendes, C. (2017). Neuromelanin, one of the most
overlooked molecules in modern medicine, is not a spectator. Neural Regen.
Res. 12, 372-375. doi: 10.4103/1673-5374.202928

Hametner, S., Endmayr, V., Deistung, A., Palmrich, P., Prihoda, M.,
Haimburger, E., et al. (2018). The influence of brain iron and myelin

magnetic  susceptibility
biochemical and histological validation study. Neuroimage 179, 117-133.
doi: 10.1016/j.neuroimage.2018.06.007

Harding, 1. H., Raniga, P., Delatycki, M. B., Stagnitti, M. R,, Corben, L. A,,
Storey, E., et al. (2016). Tissue atrophy and elevated iron concentration in the
extrapyramidal motor system in Friedreich ataxia: the IMAGE-FRDA study. J.
Neurol. Neurosurg. Psychiatry 87, 1261-1263. doi: 10.1136/jnnp-2015-312665

He, N., Huang, P., Ling, H., Langley, J., Liu, C, Ding, B, et al. (2017).
Dentate nucleus iron deposition is a potential biomarker for tremor-dominant
Parkinson’s disease. NMR Biomed. 30:¢3554. doi: 10.1002/nbm.3554

He, N, Ling, H., Ding, B., Huang, J., Zhang, Y., Zhang, Z., et al. (2015).
Region-specific disturbed iron distribution in early idiopathic Parkinson’s
disease measured by quantitative susceptibility mapping. Hum. Brain Mapp.
36, 4407-4420. doi: 10.1002/hbm.22928

Hwang, E. ]., Kim, H. G., Kim, D., Rhee, H. Y, Ryu, C. W, Liu, T,, et al. (2016).
Texture analyses of quantitative susceptibility maps to differentiate Alzheimer’s
disease from cognitive normal and mild cognitive impairment. Med. Phys. 43,
4718-4728. doi: 10.1118/1.4958959

Hwang, E. ], Ryu, D. W,, Lee, J. E, Park, S. H.,, Choi, H. S., and Kim,
J. S. (2019). Magnetic resonance imaging assessment of the substrate for
hyposmia in patients with Parkinson’s disease. Clin. Radiol. 74, 489.¢9-489.e15.
doi: 10.1016/j.crad.2019.02.003

Ide, S., Kakeda, S., Ueda, I., Watanabe, K., Murakami, Y., Moriya, J., et al. (2014).
Internal structures of the globus pallidus in patients with Parkinson’s disease:
evaluation with quantitative susceptibility mapping (QSM). Eur. Radiol. 25,
710-718. doi: 10.1007/s00330-014-3472-7

Tkawa, M., Okazawa, H., Tsujikawa, T., Matsunaga, A., Yamamura, O., Mori, T.,
et al. (2015). Increased oxidative stress is related to disease severity in the ALS
motor cortex. Neurology 84, 2033-2039. doi: 10.1212/WNL.0000000000001588

Tto, K., Ohtsuka, C., Yoshioka, K., Kameda, H., Yokosawa, S., Sato, R., et al. (2017).
Differential diagnosis of parkinsonism by a combined use of diffusion kurtosis
imaging and quantitative susceptibility mapping. Neuroradiology 59, 759-769.
doi: 10.1007/500234-017-1870-7

Jeong, S. Y., Rathore, K. L, Schulz, K., Ponka, P., Arosio, P., and David, S.
(2009). Dysregulation of iron homeostasis in the CNS contributes to disease
progression in a mouse model of amyotrophic lateral sclerosis. J. Neurosci. 29,
610-619. doi: 10.1523/JNEUROSCI.5443-08.2009

Jung, W, Bollmann, S., and Lee, J. (2020). Overview of quantitative susceptibility
mapping using deep learning: current status, challenges and opportunities.
NMR Biomed. €4292, 1-14. doi: 10.1002/nbm.4292

on and effective transverse relaxation-a

Frontiers in Neuroscience | www.frontiersin.org

28

February 2021 | Volume 15 | Article 618435


https://doi.org/10.1002/jmri.26984
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.2463/mrms.mp.2016-0145
https://doi.org/10.1136/jnnp-2014-310183
https://doi.org/10.1016/j.nicl.2019.101934
https://doi.org/10.1002/mds.27318
https://doi.org/10.1002/mds.26417
https://doi.org/10.1021/acschemneuro.8b00194
https://doi.org/10.1111/nan.12341
https://doi.org/10.1002/mds.27827
https://doi.org/10.1002/mdc3.12080
https://doi.org/10.1002/nbm.3546
https://doi.org/10.1002/mrm.26989
https://doi.org/10.1097/RLI.0000000000000010
https://doi.org/10.3389/fnagi.2019.00106
https://doi.org/10.1002/mds.20213
https://doi.org/10.1002/ana.410230424
https://doi.org/10.1186/s12883-016-0672-6
https://doi.org/10.1007/s11682-018-9842-z
https://doi.org/10.1002/nbm.3489
https://doi.org/10.1002/jmri.25434
https://doi.org/10.1016/j.neurobiolaging.2018.11.013
https://doi.org/10.1523/jneurosci.19-07-02522.1999
https://doi.org/10.1016/j.mri.2014.09.004
https://doi.org/10.4103/1673-5374.202928
https://doi.org/10.1016/j.neuroimage.2018.06.007
https://doi.org/10.1136/jnnp-2015-312665
https://doi.org/10.1002/nbm.3554
https://doi.org/10.1002/hbm.22928
https://doi.org/10.1118/1.4958959
https://doi.org/10.1016/j.crad.2019.02.003
https://doi.org/10.1007/s00330-014-3472-7
https://doi.org/10.1212/WNL.0000000000001588
https://doi.org/10.1007/s00234-017-1870-7
https://doi.org/10.1523/JNEUROSCI.5443-08.2009
https://doi.org/10.1002/nbm.4292
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

Kaden, E., Gyori, N. G., Rudrapatna, S. U., Barskaya, I. Y., Dragonu, L, Does, M.
D., et al. (2020). Microscopic susceptibility anisotropy imaging. Magn. Reson.
Med. 84, 2739-2753. doi: 10.1002/mrm.28303

Kagerer, S. M., van Bergen, J. M. G,, Li, X,, Quevenco, F. C,, Gietl, A. F., Studer,
S., et al. (2020). APOE4 moderates effects of cortical iron on synchronized
default mode network activity in cognitively healthy old-aged adults.
Alzheimer’s Dement. Diagn. Assess. Dis. Monit. 12:¢12002. doi: 10.1002/dad2.
12002

Kan, H., Uchida, Y., Arai, N., Ueki, Y., Aoki, T., Kasai, H., et al. (2020).
Simultaneous voxel-based magnetic susceptibility and morphometry analysis
using magnetization-prepared spoiled turbo multiple gradient echo. NMR
Biomed. 33:¢4272. doi: 10.1002/nbm.4272

Kelley, B. J., and Petersen, R. C. (2007). Alzheimers disease and mild
cognitive impairment. Neurol. Clin. 25, 577-609, v. doi: 10.1016/j.ncl.2007.
03.008

Kim, E. Y., Sung, Y. H,, Shin, H. G. G., Noh, Y., Nam, Y., and Lee, J. (2018).
Diagnosis of early-stage idiopathic parkinson’s disease using high-resolution
quantitative susceptibility mapping combined with histogram analysis in the
substantia nigra at 3 T. J. Clin. Neurol. 14, 90-97. doi: 10.3988/jcn.2018.14.1.90

Kim, H.-G. G., Park, S, Rhee, H. Y, Lee, K. M, Ryu, C-W. W,
Rhee, S. J., et al. (2017). Quantitative susceptibility mapping to evaluate
the early stage of Alzheimer’s disease. Neuroimage Clin. 16, 429-438.
doi: 10.1016/j.nicl.2017.08.019

Kwan, J.Y.,Jeong, S. Y., Van Gelderen, P., Deng, H.-X., Quezado, M. M., Danielian,
L. E., et al. (2012). Iron accumulation in deep cortical layers accounts for MRI
signal abnormalities in ALS: correlating 7 Tesla MRI and pathology. PLoS ONE
7:€35241. doi: 10.1371/journal.pone.0035241

Lambrecgq, V., Langbour, N., Guehl, D., Bioulac, B., Burbaud, P., and Rotge, J. Y.
(2013). Evolution of brain gray matter loss in Huntington’s disease: a meta-
analysis. Eur. ]. Neurol. 20, 315-321. doi: 10.1111/j.1468-1331.2012.03854.x

Lancione, M., Tosetti, M., Donatelli, G., Cosottini, M., and Costagli, M. (2017).
The impact of white matter fiber orientation in single-acquisition quantitative
susceptibility mapping. NMR Biomed. 30:€3798. doi: 10.1002/nbm.3798

Langkammer, C., Pirpamer, L., Seiler, S., Deistung, A., Schweser, F., Franthal, S.,
et al. (2016). Quantitative susceptibility mapping in Parkinson’s disease. PLoS
ONE 11:e0162460. doi: 10.1371/journal.pone.0162460

Langkammer, C., Schweser, F., Krebs, N., Deistung, A., Goessler, W., Scheurer, E.,
etal. (2012). Quantitative susceptibility mapping (QSM) as a means to measure
brain iron? A post mortem validation study. Neuroimage 62, 1593-1599.
doi: 10.1016/j.neuroimage.2012.05.049

Lee, H., Baek, S. Y., Chun, S. Y., Lee, J. H., and Cho, H. J. (2018). Specific
visualization of neuromelanin-iron complex and ferric iron in the human
post-mortem substantia nigra using MR relaxometry at 7T. Neuroimage 172,
874-885. doi: 10.1016/j.neuroimage.2017.11.035

Lee, J. Y., Lee, Y. J, Park, D. W, Nam, Y. Kim, S. H., Park, ],
et al. (2017). Quantitative susceptibility mapping of the motor cortex: a
comparison of susceptibility among patients with amyotrophic lateral sclerosis,
cerebrovascular disease, and healthy controls. Neuroradiology 59, 1213-1222.
doi: 10.1007/500234-017-1933-9

Lewis, M. M., Du, G., Baccon, J., Snyder, A. M., Murie, B., Cooper, F., et al. (2018).
Susceptibility MRI captures nigral pathology in patients with parkinsonian
syndromes. Mov. Disord. 33, 1432-1439. doi: 10.1002/mds.27381

Li, D. T. H. H,, Hui, E. S., Chan, Q., Yao, N., Chua, S. E. E., McAlonan, G. M.,
et al. (2018). Quantitative susceptibility mapping as an indicator of subcortical
and limbic iron abnormality in Parkinson’s disease with dementia. Neuroimage
Clin. 20, 365-373. doi: 10.1016/j.nicl.2018.07.028

Li, G., Zhai, G., Zhao, X., An, H., Spincemaille, P., Gillen, K. M., et al. (2019).
3D texture analyses within the substantia nigra of Parkinson’s disease patients
on quantitative susceptibility maps and R2 % maps. Neuroimage 188, 465-472.
doi: 10.1016/j.neuroimage.2018.12.041

Litwin, T., Gromadzka, G., Szpak, G. M., Jablonka-Salach, K., Bulska, E., and
Czlonkowska, A. (2013). Brain metal accumulation in Wilson’s disease. J.
Neurol. Sci. 329, 55-58. doi: 10.1016/j.jns.2013.03.021

Liu, C. (2010). Susceptibility tensor imaging. Magn. Reson. Med. 63, 1471-1477.
doi: 10.1002/mrm.22482

Liu, C,, Li, W., Tong, K. A., Yeom, K. W., and Kuzminski, S. (2015). Susceptibility-
weighted imaging and quantitative susceptibility mapping in the brain. J. Magn.
Reson. Imaging. 42, 23-41. doi: 10.1002/jmri.24768

Liu, T., Khalidov, I., de Rochefort, L., Spincemaille, P., Liu, J., Tsiouris, A. J., et al.
(2011). A novel background field removal method for MRI using projection
onto dipole fields (PDF). NMR Biomed. 24, 1129-1136. doi: 10.1002/nbm.1670

Lotfipour, A. K., Wharton, S., Schwarz, S. T., Gontu, V., Schifer, A., Peters,
A. M, et al. (2012). High resolution magnetic susceptibility mapping of the
substantia nigra in Parkinson’s disease. J. Magn. Reson. Imaging 35, 48-55.
doi: 10.1002/jmri.22752

Lovejoy, D. B, and Guillemin, G. J. (2014). The potential for transition metal-
mediated neurodegeneration in amyotrophic lateral sclerosis. Front. Aging
Neurosci. 6:173. doi: 10.3389/fnagi.2014.00173

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J. L., and Markesbery, W.
R. (1998). Copper, iron and zinc in Alzheimer’s disease senile plaques. J. Neurol.
Sci. 158, 47-52. doi: 10.1016/5S0022-510X(98)00092-6

Masaldan, S., Bush, A. L, Devos, D., Rolland, A. S., and Moreau, C. (2019). Striking
while the iron is hot: Iron metabolism and ferroptosis in neurodegeneration.
Free Radic. Biol. Med. 133, 221-233. doi: 10.1016/j.freeradbiomed.2018.
09.033

Mazzucchi, S., Frosini, D., Costagli, M., Del Prete, E., Donatelli, G., Cecchi, P.,
et al. (2019). Quantitative susceptibility mapping in atypical Parkinsonisms.
Neuroimage Clin. 24:101999. doi: 10.1016/j.nicl.2019.101999

Meineke, J., Wenzel, F., De Marco, M., Venneri, A., Blackburn, D. J., Teh, K., et al.
(2018). Motion artifacts in standard clinical setting obscure disease-specific
differences in quantitative susceptibility mapping. Phys. Med. Biol. 63:14NT01.
doi: 10.1088/1361-6560/aacc52

Mills, E., Dong, X. P., Wang, F., and Xu, H. (2010). Mechanisms of brain iron
transport: insight into neurodegeneration and CNS disorders. Future Med.
Chem. 2:51. doi: 10.4155/fmc.09.140

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., Altman, D., Antes,
G, (2009). Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. PLoS Med. 6:21000097.
doi: 10.1371/journal.pmed.1000097

Moon, Y., Han, S. H. H, and Moon, W. J. J. (2016). Patterns of brain
iron accumulation in vascular dementia and Alzheimers dementia using
quantitative susceptibility mapping imaging. J. Alzheimers Dis. 51, 737-745.
doi: 10.3233/JAD-151037

Morgan, S., and Orrell, R. W. (2016). Pathogenesis of amyotrophic lateral sclerosis.
Br. Med. Bull. 119, 87-97. doi: 10.1093/bmb/Idw026

Morris, G., Berk, M., Carvalho, A. F., Maes, M., Walker, A. J., and Puri, B. K.
(2018). Why should neuroscientists worry about iron? The emerging role of
ferroptosis in the pathophysiology of neuroprogressive diseases. Behav. Brain
Res. 341, 154-175. doi: 10.1016/j.bbr.2017.12.036

Morris, J. C., Storandt, M., Miller, J. P., McKeel, D. W., Price, J. L., Rubin, E.
H., et al. (2001). Mild cognitive impairment represents early-stage Alzheimer
disease. Arch. Neurol. 58, 397-405. doi: 10.1001/archneur.58.3.397

Movement Disorder Society Task Force on Rating Scales for Parkinson’s Disease
(2003). The Unified Parkinson’s Disease Rating Scale (UPDRS): status and
recommendations. Mov. Disord. 18, 738-750. doi: 10.1002/mds.10473

Murakami, Y., Kakeda, S., Watanabe, K., Ueda, I., Ogasawara, A., Moriya, J., et al.
(2015). Usefulness of quantitative susceptibility mapping for the diagnosis of
Parkinson disease. Am. J. Neuroradiol. 36, 1102-1108. doi: 10.3174/ajnr.A4260

Ndayisaba, A., Kaindlstorfer, C., and Wenning, G. K. (2019). Iron in
neurodegeneration-cause  or Front. 13:180.
doi: 10.3389/fnins.2019.00180

Niu, L., Ye, C., Sun, Y., Peng, T., Yang, S., Wang, W., et al. (2018). Mutant
huntingtin induces iron overload via up-regulating IRP1 in Huntingtons
disease. Cell Biosci. 8:41. doi: 10.1186/s13578-018-0239-x

Oskarsson, B., Gendron, T. F., and Staff, N. P. (2018). Amyotrophic
lateral sclerosis: an update for 2018. Mayo Clin. Proc. 93, 1617-1628.
doi: 10.1016/j.mayocp.2018.04.007

Pan, P. L., Liu, Y., Zhang, Y., Zhao, H., Ye, X, and Xu, Y. (2017). Brain gray
matter abnormalities in progressive supranuclear palsy revisited. Oncotarget 8,
80941-80955. doi: 10.18632/oncotarget.20895

Pantelis, C., and Brewer, W. J. (2006). “Olfactory impairment in neuropsychiatric
disorders,” in Olfaction and the Brain, eds C. Pantelis, D. Castle, and
W. J. Brewer (Cambridge: Cambridge University Press), 259-278.
doi: 10.1017/CBO9780511543623.016

Peckham, M. E., Dashtipour, K., Holshouser, B. A., Kani, C., Boscanin, A., Kani,
K., et al. (2016). Novel pattern of iron deposition in the fascicula nigrale in

et al

consequence? Neurosci.

Frontiers in Neuroscience | www.frontiersin.org

29

February 2021 | Volume 15 | Article 618435


https://doi.org/10.1002/mrm.28303
https://doi.org/10.1002/dad2.12002
https://doi.org/10.1002/nbm.4272
https://doi.org/10.1016/j.ncl.2007.03.008
https://doi.org/10.3988/jcn.2018.14.1.90
https://doi.org/10.1016/j.nicl.2017.08.019
https://doi.org/10.1371/journal.pone.0035241
https://doi.org/10.1111/j.1468-1331.2012.03854.x
https://doi.org/10.1002/nbm.3798
https://doi.org/10.1371/journal.pone.0162460
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2017.11.035
https://doi.org/10.1007/s00234-017-1933-9
https://doi.org/10.1002/mds.27381
https://doi.org/10.1016/j.nicl.2018.07.028
https://doi.org/10.1016/j.neuroimage.2018.12.041
https://doi.org/10.1016/j.jns.2013.03.021
https://doi.org/10.1002/mrm.22482
https://doi.org/10.1002/jmri.24768
https://doi.org/10.1002/nbm.1670
https://doi.org/10.1002/jmri.22752
https://doi.org/10.3389/fnagi.2014.00173
https://doi.org/10.1016/S0022-510X(98)00092-6
https://doi.org/10.1016/j.freeradbiomed.2018.09.033
https://doi.org/10.1016/j.nicl.2019.101999
https://doi.org/10.1088/1361-6560/aacc52
https://doi.org/10.4155/fmc.09.140
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.3233/JAD-151037
https://doi.org/10.1093/bmb/ldw026
https://doi.org/10.1016/j.bbr.2017.12.036
https://doi.org/10.1001/archneur.58.3.397
https://doi.org/10.1002/mds.10473
https://doi.org/10.3174/ajnr.A4260
https://doi.org/10.3389/fnins.2019.00180
https://doi.org/10.1186/s13578-018-0239-x
https://doi.org/10.1016/j.mayocp.2018.04.007
https://doi.org/10.18632/oncotarget.20895
https://doi.org/10.1017/CBO9780511543623.016
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

patients with Parkinson’s disease: a pilot study. Radiol. Res. Pract. 2016, 1-7.
doi: 10.1155/2016/9305018

Persson, K., Bohbot, V. D., Bogdanovic, N., Selbak, G., Breekhus, A., and Engedal,
K. (2018). Finding of increased caudate nucleus in patients with Alzheimer’s
disease. Acta Neurol. Scand. 137, 224-232. doi: 10.1111/ane.12800

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann,
J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Prim. 3:17013.
doi: 10.1038/nrdp.2017.13

Poulin, S. P., Dautoff, R., Morris, J. C., Barrett, L. F., and Dickerson, B.
C. (2011). Amygdala atrophy is prominent in early Alzheimer’s disease
and relates to symptom severity. Psychiatry Res. Neuroimaging 194, 7-13.
doi: 10.1016/j.pscychresns.2011.06.014

Rajagopalan, V., and Pioro, E. P. (2017). Differential involvement of corticospinal
tract (CST) fibers in UMN-predominant ALS patients with or without CST
hyperintensity: a diffusion tensor tractography study. Neuroimage Clin. 14,
574-579. doi: 10.1016/j.1nicl.2017.02.017

Ravanfar, P,, Loi, S., Van Rheenen, T. Bush, A., Desmond, P., Cropley,
V., et al. (2020). Systematic review protocol: Quantitative susceptibility
mapping of brain iron accumulation in neurodegenerative diseases. medRxiv
2020.02.18.20022608. doi: 10.1101/2020.02.18.20022608

Rogers, J. T., Bush, A. I, Cho, H. H.,, Smith, D. H., Thomson, A. M,
Friedrlich, A. L., et al. (2008). Iron and the translation of the amyloid
precursor protein (APP) and ferritin mRNAs: riboregulation against neural
oxidative damage in Alzheimer’s disease. Biochem. Soc. Trans. 36, 1282-1287.
doi: 10.1042/BST0361282

Rumble, J. R. (Ed.). (2020). “Section: 4|Magnetic susceptibility of the elements and
inorganic compounds,” in CRC Handbook of Chemistry and Physics, 101st Edn.
(Internet Version 2020) (Boca Raton, FL: CRC Press; Taylor & Francis) 1-3.

Saracoglu, S., Gumus, K., Doganay, S., Koc, G., Kacar Bayram, A., Arslan, D., et al.
(2018). Brain susceptibility changes in neurologically asymptomatic pediatric
patients with Wilson’s disease: evaluation with quantitative susceptibility
mapping. Acta Radiol. 59, 1380-1385. doi: 10.1177/0284185118759821

Schofield, M. A., and Zhu, Y. (2003). Fast phase unwrapping algorithm for
interferometric applications. Opt. Lett. 28:1194. doi: 10.1364/01.28.001194

Schweitzer, A. D., Liu, T., Gupta, A., Zheng, K., Seedial, S., Shtilbans, A., et al.
(2015). Quantitative susceptibility mapping of the motor cortex in amyotrophic
lateral sclerosis and primary lateral sclerosis. Am. J. Roentgenol. 204, 1086-1092.
doi: 10.2214/AJR.14.13459

Schweser, F., Deistung, A., Lehr, B. W., and Reichenbach, J. R. (2011). Quantitative
imaging of intrinsic magnetic tissue properties using MRI signal phase: an
approach to in vivo brain iron metabolism? Neuroimage 54, 2789-2807.
doi: 10.1016/j.neuroimage.2010.10.070

Schweser, F., Robinson, S. D., de Rochefort, L., Li, W., and Bredies, K. (2017).
An illustrated comparison of processing methods for phase MRI and QSM:
removal of background field contributions from sources outside the region of
interest. NMR Biomed. 30. doi: 10.1002/nbm.3604

Serrano-Pozo, A., Frosch, M. P., Masliah, E., and Hyman, B. T. (2011).
Neuropathological alterations in Alzheimer disease. Cold Spring Harb. Perspect.
Med. 1:a006189. doi: 10.1101/cshperspect.a006189

Sethi, S. K., Kisch, S. J., Ghassaban, K., Rajput, Ali, Rajput, Alex, Babyn, P. S,,
Liu, S., Szkup, P., et al. (2019). Iron quantification in Parkinson’s disease
using an age-based threshold on susceptibility maps: the advantage of local
versus entire structure iron content measurements. Magn. Reson. Imaging 55,
145-152. doi: 10.1016/j.mri.2018.10.001

Shahmaei, V., Faeghi, F., Mohammdbeigi, A., Hashemi, H., and Ashrafi, F. (2019).
Evaluation of iron deposition in brain basal ganglia of patients with Parkinson’s
disease using quantitative susceptibility mapping. Eur. J. Radiol. Open 6,
169-174. doi: 10.1016/j.jr0.2019.04.005

Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al.
(2015). Preferred reporting items for systematic review and meta-analysis
protocols (PRISMA-P) 2015: elaboration and explanation. BMJ 349, 1-25.
doi: 10.1136/bmj.g7647

Shao, N., Yang, J., Li, J., and Shang, H. F. (2014). Voxelwise meta-analysis
of gray matter anomalies in progressive supranuclear palsy and Parkinson’s
disease using anatomic likelihood estimation. Front. Hum. Neurosci. 8:63.
doi: 10.3389/fnhum.2014.00063

Sheelakumari, R., Madhusoodanan, M., Radhakrishnan, A., Ranjith, G., and
Thomas, B. (2016). A potential biomarker in amyotrophic lateral sclerosis:

can assessment of brain iron deposition with SWI and corticospinal
tract degeneration with DTI help? Am. J. Neuroradiol. 37, 252-258.
doi: 10.3174/ajnr.A4524

Shin, C., Lee, S., Lee, J. Y. Y., Rhim, J. H.,, and Park, S.-W. W. (2018). Non-
motor symptom burdens are not associated with iron accumulation in early
parkinson’s disease: a quantitative susceptibility mapping study. J. Korean Med.
Sci. 33:¢96. doi: 10.3346/jkms.2018.33.e96

Sjostrom, H., Granberg, T., Westman, E. and Svenningsson, P. (2017).
Quantitative susceptibility mapping differentiates between parkinsonian
disorders. Park. Relat. Disord. 44, 51-57. doi: 10.1016/j.parkreldis.2017.08.029

Sugiyama, A., Sato, N., Kimura, Y., Fujii, H., Maikusa, N., Shigemoto, Y., et al.
(2019). Quantifying iron deposition in the cerebellar subtype of multiple
system atrophy and spinocerebellar ataxia type 6 by quantitative susceptibility
mapping. J. Neurol. Sci. 407:116525. doi: 10.1016/j.jns.2019.116525

Sulzer, D., Cassidy, C., Horga, G., Kang, U. J., Fahn, S., Casella, L., et al.
(2018). Neuromelanin detection by magnetic resonance imaging (MRI) and
its promise as a biomarker for Parkinson’s disease. NPJ Park. Dis. 4:11.
doi: 10.1038/s41531-018-0047-3

Sun, H., Walsh, A. J, Lebel, R. M., Blevins, G., Catz, 1, Lu, J. Q.,
et al. (2015). Validation of quantitative susceptibility mapping with Perls’
iron staining for subcortical gray matter. Neuroimage 105, 486-492.
doi: 10.1016/j.neuroimage.2014.11.010

Sun, J., Lai, Z., Ma, J., Gao, L., Chen, M., Chen, J., et al. (2019). Quantitative
evaluation of iron content in idiopathic rapid eye movement sleep behavior
disorder. Mov. Disord. 35, 478-485. doi: 10.1002/mds.27929

Taege, Y., Hagemeier, J., Bergsland, N., Dwyer, M. G., Weinstock-Guttman,
B., Zivadinov, R, et al. (2019). Assessment of mesoscopic properties
of deep gray matter iron through a model-based simultaneous analysis
of magnetic susceptibility and R2*-a pilot study in patients with
multiple sclerosis and normal controls. Neuroimage 186, 308-320.
doi: 10.1016/j.neuroimage.2018.11.011

Takahashi, H., Snow, B., Bhatt, M. H., Peppard, R., Eisen, A., and Calne,
D. B. (1993). Evidence for a dopaminergic deficit in sporadic amyotrophic
lateral sclerosis on positron emission scanning. Lancet 342, 1016-1018.
doi: 10.1016/0140-6736(93)92878-W

Takahashi, H., Watanabe, Y., Tanaka, H., Mihara, M., Mochizuki, H., Liu,
T., et al. (2018a). Quantifying changes in nigrosomes using quantitative
susceptibility mapping and neuromelanin imaging for the diagnosis of early-
stage Parkinson’s disease. Br. J. Radiol. 91:20180037. doi: 10.1259/bjr.20180037

Takahashi, H., Watanabe, Y., Tanaka, H., Mihara, M., Mochizuki, H., Takahashi,
K., et al. (2018b). Comprehensive MRI quantification of the substantia
nigra pars compacta in Parkinson’s disease. Eur. J. Radiol. 109, 48-56.
doi: 10.1016/j.ejrad.2018.06.024

Telling, N. D., Everett, J., Collingwood, J. F., Dobson, J., van der Laan, G,
Gallagher, J. J., etal. (2017). Iron biochemistry is correlated with amyloid plaque
morphology in an established mouse model of Alzheimer’s disease. Cell Chem.
Biol. 24, 1205-1215.€3. doi: 10.1016/j.chembiol.2017.07.014

Tentolouris-Piperas, V., Ryan, N. S., Thomas, D. L., and Kinnunen, K. M.
(2017). Brain imaging evidence of early involvement of subcortical regions
in familial and sporadic Alzheimers disease. Brain Res. 1655, 23-32.
doi: 10.1016/j.brainres.2016.11.011

Thomas, G. E. C, Leyland, L. A., Schrag, A. E., Lees, A. J., Acosta-Cabronero,
J., and Weil, R. S. (2020). Brain iron deposition is linked with cognitive
severity in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 91, 418-425.
doi: 10.1136/jnnp-2019-322042

Tiepolt, S., Schifer, A., Rullmann, M., Roggenhofer, E., Gertz, H. J., Schroeter,
M. L., et al. (2018). Quantitative susceptibility mapping of amyloid-p
aggregates in Alzheimer’s disease with 7T MR. J. Alzheimer Dis. 64, 393-404.
doi: 10.3233/JAD-180118

Toosy, A. T., Werring, D. ., Orrell, R. W., Howard, R. S., King, M. D., Barker, G. .,
etal. (2003). Diffusion tensor imaging detects corticospinal tract involvement at
multiple levels in amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry
74, 1250-7. doi: 10.1136/jnnp.74.9.1250

Tuzz, E., Balla, D. Z., Loureiro, J. R. A., Neumann, M., Laske, C., Pohmann, R.,
et al. (2020). Ultra-high field MRI in Alzheimer’s disease: effective transverse
relaxation rate and quantitative susceptibility mapping of human brain in
vivo and ex vivo compared to histology. J. Alzheimers Dis. 73:1481-1499.
doi: 10.3233/JAD-190424

Frontiers in Neuroscience | www.frontiersin.org

30

February 2021 | Volume 15 | Article 618435


https://doi.org/10.1155/2016/9305018
https://doi.org/10.1111/ane.12800
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/j.pscychresns.2011.06.014
https://doi.org/10.1016/j.nicl.2017.02.017
https://doi.org/10.1101/2020.02.18.20022608
https://doi.org/10.1042/BST0361282
https://doi.org/10.1177/0284185118759821
https://doi.org/10.1364/ol.28.001194
https://doi.org/10.2214/AJR.14.13459
https://doi.org/10.1016/j.neuroimage.2010.10.070
https://doi.org/10.1002/nbm.3604
https://doi.org/10.1101/cshperspect.a006189
https://doi.org/10.1016/j.mri.2018.10.001
https://doi.org/10.1016/j.ejro.2019.04.005
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.3389/fnhum.2014.00063
https://doi.org/10.3174/ajnr.A4524
https://doi.org/10.3346/jkms.2018.33.e96
https://doi.org/10.1016/j.parkreldis.2017.08.029
https://doi.org/10.1016/j.jns.2019.116525
https://doi.org/10.1038/s41531-018-0047-3
https://doi.org/10.1016/j.neuroimage.2014.11.010
https://doi.org/10.1002/mds.27929
https://doi.org/10.1016/j.neuroimage.2018.11.011
https://doi.org/10.1016/0140-6736(93)92878-W
https://doi.org/10.1259/bjr.20180037
https://doi.org/10.1016/j.ejrad.2018.06.024
https://doi.org/10.1016/j.chembiol.2017.07.014
https://doi.org/10.1016/j.brainres.2016.11.011
https://doi.org/10.1136/jnnp-2019-322042
https://doi.org/10.3233/JAD-180118
https://doi.org/10.1136/jnnp.74.9.1250
https://doi.org/10.3233/JAD-190424
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Ravanfar et al.

QSM in Neurodegenerative Diseases

Uchida, Y., Kan, H., Sakurai, K., Arai, N., Kato, D., Kawashima, S., et al.
(2019). Voxel-based quantitative susceptibility mapping in Parkinson’s
disease with mild cognitive impairment. Mov. Disord. 34, 1164-1173.
doi: 10.1002/mds.27717

Van Bergen, J. M. G., Hua, J., Unschuld, P. G., Lim, I. A. L., Jones, C. K., Margolis,
R. L., et al. (2016a). Quantitative susceptibility mapping suggests altered brain
iron in premanifest Huntington disease. Am. J. Neuroradiol. 37, 789-796.
doi: 10.3174/ajnr.A4617

Van Bergen, J. M. G,, Li, X, Hua, J., Schreiner, S. J., Steininger, S. C., Quevenco,
F. C,, et al. (2016b). Colocalization of cerebral iron with amyloid beta in mild
cognitive impairment. Sci. Rep. 6:35514. doi: 10.1038/srep35514

Van Bergen, J. M. G, Li, X, Quevenco, F. C.,, Gietl, A. F, Treyer, V.,
Meyer, R, et al. (2018). Simultaneous quantitative susceptibility mapping and
flutemetamol-PET suggests local correlation of iron and p-amyloid as an
indicator of cognitive performance at high age. Neuroimage 174, 308-316.
doi: 10.1016/j.neuroimage.2018.03.021

Wang, C., Foxley, S., Ansorge, O., Bangerter-Christensen, S., Chiew, M.,
Leonte, A., et al. (2020). Methods for quantitative susceptibility and R2*
mapping in whole post-mortem brains at 7T applied to amyotrophic
lateral sclerosis. Neuroimage 222:117216. doi: 10.1016/j.neuroimage.2020.
117216

Wang, E. W., Du, G., Lewis, M. M,, Lee, E. Y., De Jesus, S., Kanekar, S., et al. (2019).
Multimodal MRI evaluation of parkinsonian limbic pathologies. Neurobiol.
Aging 76, 194-200. doi: 10.1016/j.neurobiolaging.2019.01.004

Wang, Y., and Liu, T. (2015). Quantitative susceptibility mapping (QSM):
decoding MRI data for a tissue magnetic biomarker. Magn. Reson. Med. 73,
82-101. doi: 10.1002/mrm.25358

Wang, Y., Spincemaille, P., Liu, Z., Dimov, A., Deh, K, Li, J., et al. (2017).
Clinical quantitative susceptibility mapping (QSM): biometal imaging and
its emerging roles in patient care. J. Magn. Reson. Imaging 46, 951-971.
doi: 10.1002/jmri.25693

Ward, A., Tardiff, S., Dye, C.,, and Arrighi, H. M. (2013). Rate of conversion
from prodromal Alzheimer’s disease to Alzheimer’s dementia: a systematic
review of the literature. Dement. Geriatr. Cogn. Dis. Extra 3, 320-332.
doi: 10.1159/000354370

Ward, P. G. D., Harding, I. H.,, Close, T. G., Corben, L. A., Delatycki, M. B.,
Storey, E., et al. (2019). Longitudinal evaluation of iron concentration and
atrophy in the dentate nuclei in friedreich ataxia. Mov. Disord. 34, 335-343.
doi: 10.1002/mds.27606

Weidman, E. K., Schweitzer, A. D., Niogi, S. N., Brady, E. J., Starikov, A., Askin,
G., et al. (2019). Diffusion tensor imaging and quantitative susceptibility
mapping as diagnostic tools for motor neuron disorders. Clin. Imaging 53,
6-11. doi: 10.1016/j.clinimag.2018.09.015

Welton, T., Maller, J. J., Lebel, R. M., Tan, E. T. Rowe, D. B., and
Grieve, S. M. (2019). Diffusion kurtosis and quantitative susceptibility
mapping MRI are sensitive to structural abnormalities in amyotrophic
lateral sclerosis. Neuroimage Clin. 24:101953. doi: 10.1016/j.nicl.2019.1
01953

Wender, M., Adamczervska, Z., Gruszczynska, U., and Dezor, A. (1974). The
cerebral copper-protein complexes in hepato-lenticular degeneration studied
by means of electron-spin-resonance technique. Acta Neurol. Scand. 50,
812-815. doi: 10.1111/j.1600-0404.1974.tb02821.x

Xiao, Q. Chen, S, and Le, W. (2014). Hyposmia: a possible
biomarker of Parkinson’s disease. Neurosci. Bull. 30, 134-140.
doi: 10.1007/s12264-013-1390-3

Xie, F., Weihua, L., Lirong, O. Wang, X, and Xing, W. (2019).
Quantitative  susceptibility mapping in spinocerebellar ataxia type
3/Machado-Joseph disease (SCA3/MJD). Acta Radiol. 61, 520-527.

doi: 10.1177/0284185119868906

Xuan, M., Guan, X., Gu, Q., Shen, Z., Yu, X,, Qiu, T,, et al. (2017). Different iron
deposition patterns in early- and middle-late-onset Parkinson’s disease. Park.
Relat. Disord. 44, 23-27. doi: 10.1016/j.parkreldis.2017.08.013

Yu, F., Barron, D. S., Tantiwongkosi, B., and Fox, P. (2015). Patterns of gray
matter atrophy in atypical parkinsonism syndromes: a VBM meta-analysis.
Brain Behav. 5, 1-10. doi: 10.1002/brb3.329

Yu, J., Qi, F., Wang, N, Gao, P., Dai, S., Lu, Y., et al. (2014). Increased iron
level in motor cortex of amyotrophic lateral sclerosis patients: an in vivo
MR study. Amyotroph. Lateral Scler. Frontotemporal Degener. 15, 357-61.
doi: 10.3109/21678421.2014.906618

Zecca, L., Youdim, M. B. H., Riederer, P., Connor, J. R, and Crichton, R. R.
(2004). Iron, brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci.
5, 863-873. doi: 10.1038/nrn1537

Zeng, J., Xing, W., Liao, W., and Wang, X. (2019). Magnetic resonance
imaging, susceptibility weighted imaging and quantitative susceptibility
mapping findings of pantothenate kinase-associated neurodegeneration. J. Clin.
Neurosci. 59, 20-28. doi: 10.1016/j.jocn.2018.10.090

Zhang, Y., Long, J. D, Mills, J. A., Warner, J. H,, Lu, W., and Paulsen, J. S.
(2011). Indexing disease progression at study entry with individuals at-risk
for Huntington disease. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 156,
751-763. doi: 10.1002/ajmg.b.31232

Zhao, X., An, H,, Liu, T., Shen, N., Bo, B., Zhang, Z., et al. (2017). Quantitative
susceptibility mapping of the substantia nigra in Parkinson’s disease. Appl.
Magn. Reson. 48, 533-544. doi: 10.1007/s00723-017-0877-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ravanfar, Loi, Syeda, Van Rheenen, Bush, Desmond, Cropley,
Lane, Opazo, Moffat, Velakoulis and Pantelis. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neuroscience | www.frontiersin.org

31

February 2021 | Volume 15 | Article 618435


https://doi.org/10.1002/mds.27717
https://doi.org/10.3174/ajnr.A4617
https://doi.org/10.1038/srep35514
https://doi.org/10.1016/j.neuroimage.2018.03.021
https://doi.org/10.1016/j.neuroimage.2020.117216
https://doi.org/10.1016/j.neurobiolaging.2019.01.004
https://doi.org/10.1002/mrm.25358
https://doi.org/10.1002/jmri.25693
https://doi.org/10.1159/000354370
https://doi.org/10.1002/mds.27606
https://doi.org/10.1016/j.clinimag.2018.09.015
https://doi.org/10.1016/j.nicl.2019.101953
https://doi.org/10.1111/j.1600-0404.1974.tb02821.x
https://doi.org/10.1007/s12264-013-1390-3
https://doi.org/10.1177/0284185119868906
https://doi.org/10.1016/j.parkreldis.2017.08.013
https://doi.org/10.1002/brb3.329
https://doi.org/10.3109/21678421.2014.906618
https://doi.org/10.1038/nrn1537
https://doi.org/10.1016/j.jocn.2018.10.090
https://doi.org/10.1002/ajmg.b.31232
https://doi.org/10.1007/s00723-017-0877-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Systematic Review: Quantitative Susceptibility Mapping (QSM) of Brain Iron Profile in Neurodegenerative Diseases
	Introduction
	Methods and Materials
	Search Protocol
	Study Selection
	Design
	Participants
	Investigations
	Comparators
	Outcomes

	Data Extraction, Synthesis, and Quality Assessment

	Results
	Search Summary
	Alzheimer's Disease and Mild Cognitive Impairment (MCI)
	Magnetic Susceptibility Changes in Alzheimer's Disease and Mild Cognitive Impairment in Comparison With Healthy Individuals
	Correlation of QSM Findings in AD and MCI With Clinical Features and Other Pathologic Biomarkers
	Diagnostic Accuracy of QSM in Differentiation of Patients With AD From Healthy Individuals

	Parkinsonian Diseases
	Magnetic Susceptibility Changes in Parkinsonian Diseases in Comparison With Healthy Individuals
	Correlation of QSM Findings in PD With Clinical Features and Other Pathologic Biomarkers
	Tremor Dominant vs. Akinetic-Rigid PD
	Cognitive Impairment in PD
	Olfaction in PD

	Diagnostic Accuracy of QSM in Parkinsonian Diseases

	Amyotrophic Lateral Sclerosis (ALS) and Primary Lateral Sclerosis (PLS)
	Magnetic Susceptibility Changes in ALS and PLS in Comparison With Healthy Individuals
	Correlation of QSM Findings in ALS With Clinical Features and Other Biomarkers
	Diagnostic Accuracy of QSM in Differentiating Patients With ALS From Healthy Individuals

	Wilson's Disease
	Huntington's Disease
	Magnetic Susceptibility Changes in HD in Comparison With Healthy Individuals
	Correlation of QSM Findings in HD With Clinical Features and Other Pathologic Biomarkers

	Methodological Diversity of QSM Processing in Reviewed Studies
	Scanner Field Strength
	Data Acquisition Parameters
	Phase Unwrapping Methods
	Background Field Removal Algorithms
	Dipole Inversion
	Normalization of Magnetic Susceptibility Values


	Discussion
	The Implications of QSM Findings in Neurodegenerative Diseases
	Alzheimer's Disease
	Parkinson's Disease
	ALS
	Wilson's Disease
	Huntington's Disease

	Our Current Understanding, QSM Limitations and Future Directions
	Methodological Aspects of QSM
	Future Directions


	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


