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ARTICLE INFO ABSTRACT

Keywords: We used quantitative susceptibility mapping (QSM) to assess the brain iron deposition in 28 patients with the
QSM cerebellar subtype of multiple system atrophy (MSA-C), nine patients with spinocerebellar ataxia type 6 (SCA6),
MSA-C and 23 healthy controls. Two reviewers independently measured the mean QSM values in brain structures in-
SCA6 cluding the putamen, globus pallidus, caudate nucleus, red nucleus, substantia nigra, and cerebellar dentate
Dentate nucleus . . - . . .

Substantia nigra nucleus. A receiver operating characterlstlc.s (ROC) analys.ls w.as performfed to assess tl‘fe dlagnostlc usefulness of
the QSM measurements. The QSM values in the substantia nigra were significantly higher in the MSA-C group
compared to the HC group (p = .007). The QSM values in the cerebellar dentate nucleus were significantly
higher in MSA-C than those in the SCA6 and HC groups (p < .001), and significantly lower in the SCA6 patients
compared to the HCs (p = .027). The QSM values in the cerebellar dentate nucleus were correlated with disease
duration in MSA-C, but inversely correlated with disease duration in SCA6. In the ROC analysis, the QSM values
in the cerebellar dentate nucleus showed excellent accuracy for differentiating MSA-C from SCA6 (area under
curve [AUC], 0.925), and good accuracy for differentiating MSA-C from healthy controls (AUC 0.834). QSM can
identify increased susceptibility of the substantia nigra and cerebellar dentate nucleus in MSA-C patients. These
results suggest that an increase in iron accumulation in the cerebellar dentate nucleus may be secondary to the
neurodegeneration associated with MSA-C.

1. Introduction

Multiple system atrophy (MSA) is a progressive neurodegenerative
disease histologically characterized by the widespread presence of a-
synuclein-positive glial cytoplasmic inclusions. Based on their pre-
dominant motor presentation, patients are categorized as having the
MSA-Parkinson variant (MSA-P) or the MSA-cerebellar variant (MSA-
C). Whether dysregulation of brain iron homeostasis acts as a primary
cause of neurodegeneration or is a secondary result of cellular death in
MSA remains to be elucidated. It has been suggested that dysregulation
of brain iron homeostasis is related to the pathophysiology of MSA via
oxidative stress and neuroinflammation [1], and iron deposition in the
putamen has been reported as a hallmark of the disease in

histopathological studies [2]. Several postmortem analyses revealed
that in addition to the putamen, increased iron content was present in
the substantia nigra, globus pallidus, and caudate nucleus [3,4]. Diffuse
ferritin deposition in the dentate nucleus was also reported in a post-
mortem evaluation of patients with MSA [5].

Quantitative susceptibility mapping (QSM) was recently introduced
for the quantification of brain iron distribution in vivo [6]. QSM is a
novel post-processing technique that allows quantitative maps of the
distribution of magnetic susceptibility to be calculated on the basis of
gradient echo data [7]. A study investigating differences in brain iron
accumulations using QSM in parkinsonian disorders (including 11 MSA
patients) showed that the magnetic susceptibility values of the putamen
were higher in MSA than in Parkinson's disease (PD) and healthy
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Fig. 1. Regions of interest on the QSM images and representative QSM images in MSA-C and SCA6.
ROIs drawn on the QSM map for a 65-year-old healthy male (a—c). Representative QSM images in a 66-year-old male MSA-C patient (d-f) and in a 63-year-old female
SCAG6 patient (g-i). DN: dentate nucleus, GP: globus pallidus, PUT: putamen, RN: red nucleus, SN: substantia nigra. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

controls [8]. Another study using QSM in parkinsonian disorders (in-
cluding six patients with MSA-P and seven patients with MSA-C) also
showed that the magnetic susceptibility values of the putamen were
higher in MSA-P than in PD [9]. However, sufficient in vivo evaluations
of iron accumulation using QSM have not been performed in brain re-
gions other than the basal ganglia in MSA—especially in MSA-C.
Spinocerebellar ataxia type 6 (SCA6) is one of the most common
subtypes of autosomal dominant cerebellar ataxia [10]. Although mild
pyramidal and extrapyramidal signs, sensory disturbances, and dys-
phagia occur in some SCA6 patients, SCA6 has been described largely as
a pure cerebellar ataxia and is characterized neuropathologically by a
predominant involvement of the cerebellar Purkinje cells [10,11]. In
contrast to MSA, the absence of hypointensities of the iron signal on
susceptibility-weighted images (SWI) in the cerebellar dentate nucleus
has been observed in SCA6 patients [12]. However, quantitative eva-
luation of iron accumulation using QSM has not been performed in

SCA6 patients. Additionally, to our knowledge, no study comparing
iron accumulation between MSA-C and SCA6 using QSM has been
conducted.

In the present study, we aimed to compare the iron deposition in the
brains of patients with MSA-C, patients with SCA6, and healthy controls
using QSM. We also investigated whether QSM can distinguish between
MSA-C and SCA6. We hypothesized that the distribution and degree of
iron deposition in subcortical structures are related to the underlying
pathophysiology of the two disorders and would vary among the three
groups. Correlation analyses were performed to evaluate the relation-
ship between iron accumulation and selected clinical parameters, in-
cluding disease duration and clinical severity, and explore whether
quantifying the iron deposition using QSM may be a candidate imaging
marker of disease progression.
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2. Subjects and methods
2.1. Subjects

This retrospective study was approved by the institutional review
board at Japan's National Center of Neurology and Psychiatry Hospital,
and the need for informed consent was waved. In total, 36 consecutive
MSA-C patients and 10 consecutive SCA6 patients who underwent brain
MRI including the 3D multi-echo spoiled gradient echo (GRE) sequence
(which is necessary for obtaining QSM) at our institution between
August 2017 and January 2019 were identified in our database. Five
patients with MSA-C were excluded because of poor-quality scans due
to artifacts and three patients were excluded because of central nervous
system involvement from another etiology (one with bipolar disorder,
one with a brain infarction, and the other with a subdural hematoma).
A patient with SCA6 was excluded because of poor-quality scans due to
artifacts. The final groups were 28 MSA-C patients and nine SCA6 pa-
tients. Twenty-three age- and sex- matched healthy controls were also
assessed by QSM.

The patients' MSA was diagnosed clinically according to the second
consensus statement by Gilman et al. (probable 17, possible 11) [13].
Regarding the MSA subtypes, patients with cerebellar manifestation as
initial motor symptoms and clinical syndrome dominated by cerebellar
ataxia at the time of the MRI scan were classified as having MSA-C. The
diagnoses of the nine SCA6 patients was genetically confirmed. The
medical records of the MSA-C and SCA6 patients were reviewed, and
information of their ages, disease duration, presence or absence of
parkinsonism, autonomic symptoms, and Scale for the Assessment and
Rating of Ataxia (SARA) scores at the time of taking the MRI were
collected.

2.2. MRI studies

All MRI studies were performed on a 3-T MRI system (Philips
Medical Systems, Best, The Netherlands). QSM was obtained with a 3D
multi-echo spoiled GRE sequence. The imaging parameters included the
following: the parameters were TE 6.5/12.9/19.3/25.7/32.1/3.5/
44.9ms; FOV 24 cm; matrix 240 x 256; flip angle 20° voxel size
1.0 X 1.0 x 2.0 mm?; scan time 5min and 11s. The QSM images were
reconstructed from the complex data obtained during the GRE sequence
using the morphology-enabled dipole inversion (MEDI) sequence [7].

2.3. Image analysis

Two reviewers who were blinded to the subjects' clinical data
manually traced regions of interest (ROIs) using the Image J software
program (U.S. National Institutes of Health, Bethesda, MD). The ROIs in
the nuclei were drawn bilaterally on the basis of the anatomical
structures on the QSM images, with reference to the patients' conven-
tional MR images. The ROIs included the putamen, globus pallidus,
head of the caudate nucleus, red nucleus, substantia nigra, and cere-
bellar dentate nucleus (Fig. 1). Data for each structure were obtained
bilaterally from the two most representative consecutive slices. The
mean QSM values were calculated for each structure by averaging the
values on both sides of two consecutive slices, and the final values were
the mean of the measurement obtained by the two reviewers. The two
reviewers traced the ROIs once for all the subjects at the first session. To
assess intra-rater reliability, the ROIs were traced again by one of the
two reviewers at a second session after 8 months.

2.4. Statistical analysis

SPSS software ver. 25.0 (SPSS Japan, Tokyo) was used to perform
all statistical analyses. The demographic data of the MSA patients, SCA6
patients, and healthy controls were compared using the y* test for sex
and the Kruskal-Wallis test for age at MRI. Differences in disease
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duration between the MSA-C patients and SCA6 patients was analyzed
using the Mann-Whitney U test. For the evaluation of the differences in
the QSM values among the groups for each brain region, a one-way
analysis of covariance (ANCOVA) was used with age as covariate. The
post-hoc test was performed by using the pairwise comparison of those
values between groups with Bonferroni correction at p = .05. Spearman
correlation analyses were used to assess the relationship between the
disease durations of the MSA-C and SCA6 groups and the QSM values in
the regions where significant differences of the QSM values were found
compared to the healthy controls. Spearman correlation analyses were
used to evaluate the relationship between the SARA scores of the MSA-
C group and the QSM values in the regions where significant differences
of the QSM values were found compared with the values recorded in
heathy controls. P-values < .05 were considered significant.

For the assessment of the diagnostic usefulness of the QSM values, a
receiver operating characteristics (ROC) analysis was performed by
using the QSM values obtained from the ROIs where differences in QSM
values between the groups were identified. An area under the curve
(AUC) value of > 0.9 is considered excellent; an AUC value > 0.8 is
considered good. The intraclass correlation coefficient was calculated
for each ROI to assess the inter-rater variability with respect to the QSM
values recorded by the two reviewers. The intraclass correlation coef-
ficient was calculated for each ROI to assess the inter- and intra-rater
variability in relation to the QSM values.

3. Results

The patients' and controls' demographics are summarized in Table 1.
The disease duration was significantly longer in the SCA6 group com-
pared to the MSA-C group. Of the 28 MSA-C patients, 14 had parkin-
sonism in addition to cerebellar ataxia at the time of taking the MRI
whereas only 2 presented with isolated cerebellar ataxia without au-
tonomic symptoms at the time of taking the MRI. Details of the clinical
characteristics of the MSA-C and SCA6 patients at the time of taking the
MRI are listed in Supplementary Table 1.

High intraclass correlation coefficient values were obtained (de-
monstrating good agreement for inter-rater measurements) in the pu-
tamen, globus pallidus, head of the caudate nucleus, red nucleus, sub-
stantia nigra, and cerebellar dentate nucleus (0.952, 0.807, 0.965,
0.913, 0.821, and 0.919, respectively; all p < .001). The high in-
traclass correlation coefficient values were good indicators for the intra-
rater measurements in the putamen, globus pallidus, head of the cau-
date nucleus, red nucleus, substantia nigra, and cerebellar dentate nu-
cleus (0.979, 0.984, 0.975, 0.985, 0.936, and 0.987, respectively; all
p < .001).

The comparison of group differences of the QSM values among the
MSA-C, SCA6, and HCs revealed that the QSM values in the substantia
nigra were significantly higher in the MSA-C patients than in the HCs
(p = .007, Fig. 2). The QSM values in the cerebellar dentate nucleus
were significantly higher in the MSA-C patients than in both the SCA6
patients and HCs (p < .001, Fig. 2), and they were significantly higher
in the HCs than in the SCA6 patients (p = .027, Fig. 2). The QSM values
in all other brain regions measured did not differ significantly among
the MSA-C, SCA6, and HC groups.

In the MSA-C patients, there was a significant correlation between
disease duration and the QSM values in the cerebellar dentate nucleus
(r = 0.421, p = .026) (Fig. 3), and there was no significant correlation
between disease duration and the QSM values in the substantia nigra
(r = 0.341, p = .076). In the SCA-6 patients, there was a significant
inverse correlation between disease duration and the QSM values in the
cerebellar dentate nucleus (r = —0.783, p = .012) (Fig. 3). In the 18
MSA-C patients who were evaluated based on the clinical severity of the
disease condition using SARA, there was no significant correlation be-
tween SARA scores and the QSM values in the cerebellar dentate nu-
cleus (r = 0.277, p = .266) and in the substantia nigra (r = 0.396,
p = .103). Because only four of the nine SCA6 patients were evaluated
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Table 1
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Demographic data of the patients with the cerebellar subtype of multiple system atrophy (MSA-C), the patients with spinocerebellar ataxia type 6 (SCA6), and healthy

controls (HC).

MSA-C (n = 28) SCA6 (n = 9) HC (n = 23) p-Value
Male/female 15/13 2/7 13/10 0.247
Age at MRI, mean + SD (median) 63.8 + 9.5 (64.5) 60.7 + 9.1 (63.0) 62.9 + 8.1 (66.0) 0.984
Disease duration, mean *+ SD (median) 3.9 + 25(3.4) 9.7 + 5.9(9.2) NA 0.002

NA, not applicable.

based on SARA scores at the time of taking the MRI, the correlation
between SARA scores and QSM values could not be determined in SCA6
patients.

Fig. 4 summarizes the results of our ROC curve analysis of QSM
values obtained from the substantia nigra and cerebellar dentate nu-
cleus. The QSM values in the cerebellar dentate nucleus showed ex-
cellent accuracy for differentiating MSA-C from SCA6 (AUC 0.925) and
showed good accuracy for differentiating MSA-C from the healthy
controls (AUC 0.834).

4. Discussion

This study is the first to compare brain iron accumulation by using
QSM among patients with MSA-C, those with SCA6, and healthy con-
trols. Our analyses revealed that the QSM values in the substantia nigra
were significantly higher in the MSA-C group compared to the HC
group. The QSM values in the cerebellar dentate nucleus were sig-
nificantly higher in the MSA-C patients than in the SCA6 and HC
groups, and they were significantly higher in the HCs compared to the
SCA6 group. The QSM values in the cerebellar dentate nucleus were
significantly correlated with the duration of disease but not sig-
nificantly correlated with SARA scores in MSA-C patients. However, the
QSM values in the cerebellar dentate nucleus were inversely correlated
with disease duration in SCA6 patients. In the ROC curve analysis, the
QSM values in the cerebellar dentate nucleus showed excellent or good
diagnostic performance to differentiate MSA-C from SCA6 or a healthy
state.

The increase in the QSM values in the cerebellar dentate nucleus in
MSA-C may be attributed predominantly to the increase in the iron
concentration in the tissues of the regions associated with MSA-C [14].
It has been suggested that the dysregulation of iron homeostasis is as-
sociated with MSA-related neurodegeneration via oxidative stress and

neuroinflammation and that impaired iron homeostasis can lead to
abnormal iron redistribution [1]. In line with the results of the present
study, a study comparing postmortem T2-weighted images of MSA-C
patients with histological findings showed that hypointensity in the
cerebellar dentate nucleus was associated with diffuse ferritin deposi-
tion [5]. Quantitative assessment of iron accumulation in the cerebellar
dentate nucleus using QSM has also been reported in dentatoru-
bral-pallidoluysian atrophy, one of the spinocerebellar degenerations,
as MSA-C [15]. Another possible mechanism for the increased QSM
values in the cerebellar dentate nucleus is atrophy in the cerebellar
dentate nucleus, which may result in a relative increase in the iron
concentration [16]. Although the volume of the cerebellar dentate
nucleus was not evaluated in the present study, Fukutani et al. quan-
titatively assessed the cerebellar dentate nucleus in MSA-C patients.
They reported atrophy of the dentate nucleus and an increased density
of nerve cells [17].

Iron deposition in the cerebellar dentate nucleus in MSA-C patients
may not be the primary cause of cerebellar dysfunction but a secondary
byproduct of neurodegeneration. In the present study, the QSM values
in the cerebellar dentate nucleus were significantly correlated with
disease duration but were not correlated with the SARA scores in MSA-
C patients. MSA-C is characterized by the primary degeneration of
olivopontine nuclei and cerebellar Purkinje cells; however, the cere-
bellar dentate nucleus is not primarily affected [18,19]. In a study that
examined the pathology of the cerebellar dentate nucleus in MSA-C, the
number of dentate neurons and their efferent fibers were well-pre-
served, whereas afferent nerve fibers originating from the Purkinje
cells, the inferior olive nucleus, and the basis pontis were severely lost
[17]. A study evaluating the temporal pattern of iron deposition in the
putamen of MSA patients by calculating the conditional probabilities of
multimodal MRI changes also suggested that iron deposition in the
putamen of MSA patients is likely a secondary byproduct of

Fig. 2. Group comparisons of the QSM values in each
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Fig. 3. Correlations between disease duration and the QSM values in the cerebellar dentate nucleus.
The QSM values in the cerebellar dentate nucleus were correlated with disease duration in MSA-C and inversely correlated with disease duration in SCA6.
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Fig. 4. ROC curve analysis of the QSM values in the substantia nigra (SN) and cerebellar dentate nucleus (DN) for diagnosis of MSA-C.
a: ROC curves showing comparisons in the SN and DN between MSA-C and SCA6. b: MSA-C and healthy controls (HC). AUC: area under the curve.

neurodegeneration [20]. To elucidate whether iron deposition in the
cerebellar dentate nucleus could be an imaging marker of disease
progression in MSA-C patients, a longitudinal study investigating the
relationship between the amount of iron deposition in the cerebellar
dentate nucleus and disease progression is required.

The QSM values in the cerebellar dentate nucleus were significantly
lower in the group of SCA6 patients compared with the healthy controls
and were inversely correlated with disease duration. These findings
suggest a decrease in the iron content in the cerebellar dentate nucleus
of SCA6 patients and that disease progression may lead to a decrease in
iron deposition in the cerebellar dentate nucleus of SCA6 patients.
These findings are of interest because iron deposition in the brain has
been implicated in the pathogenesis of some neurodegenerative dis-
orders and has been reported to increase with the progression of neu-
rodegenerative disease or aging [1,21-24]. Unfortunately, we did not
compare the findings of QSM images with the patients' histopatholo-
gical findings; as such, the pathological background of decreased QSM
values in the cerebellar dentate nucleus of SCA6 patients could not be
confirmed. A possible explanation for the decreased iron content in the

cerebellar dentate nucleus is the relative increase of astrocytes in the
cerebellar dentate nucleus of SCA6 patients. Astrogliosis with and
without neuronal loss has been reported as the pathological changes
observed in the cerebellar dentate nucleus of SCA6 patients [11,25-27].
Among brain cells, the highest levels of iron content are detected in
oligodendrocytes, followed by microglia and neurons, whereas the
lowest iron level is found in astrocytes [28]. In line with the results of
the present study, a study that evaluated the atrophy of the cerebellar
dentate nucleus in SCA6 reported the absence of hypointensities of the
iron signal on SWI in the cerebellar dentate nucleus in two SCA6 pa-
tients with the highest SARA scores [12]. An absence of hypointensities
of the iron signal on SWI was also reported in ataxia with oculomotor
apraxia type 2 [29].

Increased iron accumulation in the cerebellar dentate nucleus may
play a supportive role for differentiating MSA-C patients that present
with isolated cerebellar ataxia from SCA6 and healthy patients. In the
ROC curve analysis of our study, the QSM values in the cerebellar
dentate nucleus showed an excellent diagnostic performance in differ-
entiating MSA-C from SCA6 or a healthy state. SCA6 can usually be
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differentiated from MSA-C by a positive family history and the absence
of extra-cerebellar symptoms, including parkinsonism and autonomic
failure. However, autosomal dominant cerebellar ataxia has been di-
agnosed in patients with progressive ataxia without an apparent family
history [30-32]. Moreover, patients with MSA-C often exhibit isolated
cerebellar ataxia in the early course of the disease [33]. Therefore, in
isolated cerebellar ataxia cases without an apparent family history, it
may be difficult to distinguish between MSA-C and hereditary pure
cerebellar ataxia, including SCA6. Although quantifying the iron ac-
cumulation in the cerebellar dentate nucleus using QSM may be useful
in differentiating MSA-C from SCA®6 in such situations, the subjects in
our study included only two MSA-C patients who presented with iso-
lated cerebellar ataxia without parkinsonism and/or autonomic symp-
toms. The present study did not determine whether there was a dif-
ference in the diagnostic performance between the qualitative
assessment of the characteristic features on conventional MRI in MSA-C
patients, such as the “hot cross bun” sign and changes in the middle
cerebellar peduncle, and the quantity of iron accumulation in the cer-
ebellar dentate nucleus using QSM for differentiating MSA-C from
SCA6. Therefore, additional studies that compare QSM values in the
cerebellar dentate nucleus between MSA-C patients who present with
isolated cerebellar ataxia and SCA6 are needed. In addition, a com-
parison of the diagnostic performance between the QSM values and the
qualitative evaluation of the findings on conventional MRI is also es-
sential to better assess the clinical value of quantifying iron accumu-
lation in the cerebellar dentate nucleus using QSM for differentiating
MSA-C from SCAS6.

Increased iron content in the substantia nigra has been reported in
histopathological studies of MSA [3,4]. In line with these studies, we
observed herein that the QSM values in the substantia nigra were sig-
nificantly higher in the MSA-C group compared to the healthy controls.
Although the major pathological changes in MSA-C occur in the oli-
vopontocerebellar system rather than the striatum and substantia nigra,
striatonigral degeneration was also observed in MSA-C by using histo-
logical and neuroimaging approaches [34,35]. Increased iron content in
the putamen has also been reported in histopathological studies of MSA
[3,4], but in the present study the QSM values in the putamen did not
differ among the MSA-C, SCA6, and healthy control groups. Consistent
with this result, another study using QSM showed that the putaminal
QSM values in MSA-C did not different from those in PD, progressive
supra nuclear palsy, and controls [9]. A longitudinal study assessing
iron deposition by using R2* values also showed that the putaminal R2*
values were not different between MSA-C and PD groups, whereas the
putaminal R2* values were increased in MSA-P compared to those in PD
at the baseline [36]. In another study that measured the putaminal R2*
values in MSA, the putaminal R2* values were not different between
the MSA-C patients and the control group, although the putaminal R2*
values were increased in the MSA-P patients compared with those in the
control group [20]. Because putaminal iron deposition in MSA tends to
localize to the posterior region of the putamen with severe atrophy
[37], the difference between putaminal iron deposition between MSA
and other conditions may be difficult to detect when the ROI is esti-
mated on the entire putamen.

Our study has several limitations. First, we manually delineated the
ROIs rather than using an automatic or semi-automatic method, and
this may have caused a potential subjective bias. However, there was
consistency between the intra- and inter-rater measurements in each
ROL Second, the patients with MSA-C were clinically diagnosed
without postmortem verification, and the possibility of a misdiagnosis
in some of them cannot be excluded. Third, the sample size of the SCA6
group was small (n = 9), and further studies with larger sample sizes
are needed to validate our present findings.

In conclusion, the results of our analyses demonstrated that QSM
can be used to identify increased susceptibility of the substantia nigra
and cerebellar dentate nucleus in MSA-C patients. The results also
suggest that an increase in the accumulation of iron in the cerebellar
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dentate nucleus may be a secondary byproduct of neurodegeneration in
MSA-C.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.116525.
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