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Abstract

Objective We aimed to investigate the use of a myelin-sensitive MRI contrast, the standardized T1-weighted/T2-weighted

(sT1w/T2w) ratio, for detecting early changes in the middle cerebellar peduncle (MCP) in cerebellar subtype multiple system

atrophy (MSA-C) patients.

Methods We included 28 MSA-C patients, including a subset of 17 MSA-C patients within 2 years of disease onset (early MSA-

C), and 28 matched healthy controls. T1w and T2w scans were acquired using a 3-T MR system. The sT1w/T2w ratio in MCP

was analyzed using SPM12 by utilizing a region-of-interest approach in normalized space. The diagnostic performance of the

MCP sT1w/T2w ratio in discriminating MSA-C and the subgroup of early MSA-C from the matched controls was assessed.

Correlation analyses were performed to evaluate the relationship between the MCP sT1w/T2w ratio and other clinical parameters

including the International Cooperative Ataxia Scale (ICARS) score for quantifying cerebellar ataxia.

Results Compared to controls, the sT1w/T2w ratio in the MCP was markedly lower in all (p < 0.001) MSA-C patients and 17

early (p < 0.001) MSA-C patients. The MCP sT1w/T2w ratio had high sensitivity (96%) and specificity (100%) to distinguish

MSA-C from controls (area under the curve = 0.99), even for the early MSA-C group (area under the curve = 0.99; sensitivity =

94%, specificity = 100%). The MCP sT1w/T2w ratio correlated with the ICARS score in early MSA-C.

Conclusions The sT1w/T2w ratio can detect MSA-C-related changes in the MCP, even in the early stages of the disorder, and

could be a sensitive biomarker for MSA-C.

Key Points

» The sTIw/T2w ratio can detect MSA-C-related changes in the middle cerebellar peduncle, even in the early stages of the
disorder.

* The middle cerebellar peduncle sTIw/T2w ratio correlated with a cerebellar ataxia score in early MSA-C patients.
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Abbreviations

ICARS International Cooperative Ataxia Rating Scale
MCP Middle cerebellar peduncle

MSA-C Cerebellar subtype multiple system atrophy
ROC Receiver operating characteristic

SARA Scale for the Assessment and Rating of Ataxia
sT1w/T2w  Standardized T1-weighted/T2-weighted
UMSARS  Unified Multiple System Atrophy Rating Scale
Introduction

Multiple system atrophy (MSA) is a progressive neurodegen-
erative disorder characterized by a combination of autonomic
failure, cerebellar ataxia, parkinsonism, and pyramidal signs.
The estimated prevalence is 1.9—4.9%. MSA is an incurable
disease, resulting in death typically between 7 and 9 years
after initial clinical presentation [1]. Symptomatic therapies
are of limited use, with no effective neuroprotective therapy
available so far. Therefore, developing good diagnostic tools
in the early disease stage and objective biomarkers of disease
progression is essential for estimating disease prognosis and
evaluating novel disease-modifying therapies in clinical trials.
Depending on the predominant motor symptom, MSA is clas-
sified into two clinical phenotypes: MSA with predominant
cerebellar ataxia (MSA-C) and MSA with predominant par-
kinsonism (MSA-P). Glial cytoplasmic inclusions (GCIs)
found in oligodendroglial cells, composed of «-synuclein,
have been recognized as the neuropathological hallmarks of
MSA [2]; however, the origin of «-synuclein deposition in
GCIs remains to be understood and the exact mechanisms
leading to propagation and neurodegeneration remain elusive.
The second consensus criteria by Gilman and colleagues
have been widely accepted for the diagnosis of MSA [3], but
the sensitivity of the criteria is only moderate, particularly in
the early stages of the disorder [4]. Although the inclusion
criteria include only the pons and middle cerebellar peduncle
(MCP) atrophy as features of MSA-C on magnetic resonance
imaging (MRI) [3], other MRI findings such as the “hot cross
bun” sign and hyperintensities in MCP on T2-weighted or
fluid-attenuated inversion recovery images have been de-
scribed as additional features of MSA-C [5]. The “hot cross
bun” sign is a cruciform hyperintensity in the pons on T2-
weighted images and has been reported to be a typical feature
of MSA-C [6]. MCP hyperintensities have been repeatedly
reported to be useful in the diagnosis of MSA-C [6—12], and
to reflect MCP myelin loss [6]. However, these MRI findings
are not based on quantitative measures and may not be suffi-
cient as objective and sensitive imaging biomarkers.
Recently, the ratio of the signal intensity of the T1-
weighted and T2-weighted (T1w/T2w ratio) images has been
proposed as a unique quantitative contrast, with high spatial
resolution and test-retest reliability [13, 14]. Compared to
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other MRI measures, this method provides convenience as
T1w and T2w images are standard MRI sequences that are
easily acquired during routine clinical MRI. Furthermore,
there is no advanced image processing required, except for
the registration of both images. The ratio has been reported
to be sensitive to myelin in the human cerebral cortex [15, 16].
A previous study found that the subcortical T1w/T2w ratio
was associated with neurodegenerative changes in
Parkinson’s disease [17]. Recently, a standardization of the
T1w/T2w ratio (sT1w/T2w ratio) was proposed, allowing
for a meaningful comparison between subjects and scanners
by creating scaled intensity values and also correcting for
inhomogeneities from the receive coil sensitivity [18]. The
sT1w/T2w ratio has also been shown to be increasingly sen-
sitive for detecting disease-related changes, for example, in
multiple sclerosis [19]. Therefore, applying the sT1w/T2w
ratio in MCP of MSA-C patients may help detect early
MSA-C-related degenerative changes (such as myelin loss),
and serve as quantitative imaging biomarker of disease
progression.

In this study, we sought to clarify whether the sT1w/T2w
ratio can help detect MSA-C-related changes, even in early
stages of the disease. For this purpose, we compared the MCP
sT1w/T2w ratio between MSA-C patients and matched con-
trols, and also between a subgroup of early-stage MSA-C
patients and controls. Moreover, to clarify whether the
sT1w/T2w ratio can serve as an objective marker of the degree
of damage due to MSA-C-related degeneration, we investigat-
ed the correlation between the MCP sT1w/T2w ratio and clin-
ical parameters including cerebellar ataxia scores of MSA-C
patients.

Methods
Subjects

This retrospective study was approved by the Institutional
Review Board of the Chiba University Graduate School of
Medicine and the need for informed consent was waived.
Patients with MSA-C who were seen at the Chiba University
Hospital between September 2017 and January 2020 were
identified from our database. The inclusion criterion was pa-
tients who qualified the criteria for clinically possible or prob-
able MSA-C, as described in the second consensus statement
by Gilman and colleagues [3], with the terms “possible” and
“probable” reflecting the levels of diagnostic certainty. The
exclusion criteria were as follows: (1) current or previous his-
tory of another neuropsychiatric disorder; (2) abnormal MRI
due to another etiology. Based on these criteria, a total of 28
MSA-C patients (probable 23, possible 5) were included in the
present study. Early-stage MSA-C (early MSA-C) was de-
fined as disease duration < 2 years; based on this definition,
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MSA-C patients were divided into 2 subgroups: early MSA-C
(n=17) and nonearly MSA-C (n = 11). Twenty-eight age- and
sex-matched healthy subjects who volunteered in response to
local advertisement served as healthy controls. These healthy
subjects had no history of neurological or psychiatric illnesses
or head injury, and had a normal neurological examination.
The medical records of the MSA-C patients were reviewed
for age at onset, age at the time of MRI scan, disease duration
(time from onset of motor symptoms to MRI scan), the
International Cooperative Ataxia Rating Scale (ICARS)
scores, and the Unified Multiple System Atrophy Rating
Scale (UMSARS) part 2 scores. ICARS is a scale for assessing
cerebellar ataxia. UMSARS is a disease-specific scale for
assessing MSA, with part 2 measuring motor impairment. In
both the scales, high scores indicate high disease severity.

MRI acquisition

All MRI studies were performed using a 3-T MRI system (GE
DISCOVERY MR750, GE Healthcare). The MRI parameters
for T1w images were 3D-IR-SPGR,; sagittal plane; TR, 8 ms;
TE, 3 ms; TI, 420 ms; flip angle, 15°; FOV, 256 mm; matrix,
256 x 256; and voxel size, 1 x 1 X 1 mm. The MRI parameters
for T2w were 2D-TSE; TR, 5000 ms; TE, 93 ms; FOV, 220 x
220 mm; matrix, 352 % 352; voxel size, 0.43 x 0.43 x 5 mm,;
and interslice gap, 1 mm.

MRI preprocessing

Before the calculation of the sT1w/T2w ratio, the T1w and
T2w images were preprocessed as follows. The 3D T1w im-
ages were linearly co-registered with the 2D axial T2w images
using SPM12 (version 7219) in Matlab 2014a. Brain masks
were created by skull-stripping the co-registered T1w images
using the Brain Extraction Tool with FSL (version 5.0.11)
[20] and binarizing it with FSLmaths. Gray matter and white
matter brain masks were generated using FMRIB Automatic
Segmentation Tool (FSL FAST) on the co-registered T1w
image [21].

T1w/T2w ratio and standardized T1w/T2w ratio
calculation

Median intensity values on T1w and T2w images in both gray
matter and white matter brain masks from each subject were
calculated using FSLstats. In order to calculate the sT1w/T2w
ratio, a scaling factor was calculated by dividing the median
gray matter intensity value in the T1w images by the median
gray matter intensity value in the T2w image. A scaled T2w
image (sT2) was then created by multiplying the T2w image by
the scaling factor. Finally, the sT1w/T2w ratio was calculated
using the following equation developed by Misaki et al [18].

Tiw . Tiw—sT2
S——ratio =

2w Tlw +sT2

The sT1w/T2w ratio map in each subject was normalized
into Montreal Neurological Institute 152 space [22] by the
software package SPM12 in Matlab 2014a. Each image was
spatially smoothed with an 8-mm full-width at half-maximum
Gaussian kernel. Bilateral MCP regions of interest were set on
the normalized sT1w/T2w ratio maps using a validated prob-
abilistic 3D atlas of the cerebellar white matter structure by
SPM12 in Matlab 2014a (Fig. 1) [23]. Parcellation at a 90%
probability threshold was used. Atlas registration accuracy
was visually verified using the check registration tool of
SPM12 in Matlab 2014a. The median value of the sT1w/
T2w ratio on each side of MCP was extracted considering that
the sT1w/T2w ratio was not always normally distributed. The
mean of median sT1w/T2w ratio values in the left and right
MCP regions was used as each subject’s MCP sT1w/T2w
ratio value.

Visual interpretation of the MCP hyperintensities

Two board-certified neuroradiologists (H.Y. and H.M., with
14 and 12 years of experience, respectively) were blinded to
the clinical data; they independently evaluated the MCP
hyperintensities for each subject. When interpretations

Fig. 1 Regions of interest in the bilateral middle cerebellar peduncles.
Regions of interest are set in the bilateral middle cerebellar peduncles
(right, green; left, red)
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differed, the final result was determined by consensus of the
two neuroradiologists and a board-certified neurologist (A.S.,
with 12 years of experience). The MCP hyperintensities
were marked as absent or present. Images were defined
as present for the MCP hyperintensities when high inten-
sities relative to adjacent white matter in the brainstem
and cerebellum were observed at least on one side of the
MCP.

Statistical analysis

All statistical analyses, except for receiver operating charac-
teristic (ROC) curve analyses, were performed using the SPSS
software (version 25.0) (SPSS Inc. IBM). ROC curve analyses
were performed using JMP pro 14.2.0 (SAS Institute).
Demographic data of the MSA-C patients and controls were
compared using the y? test for sex and Mann-Whitney U test
for age at the time of MRI scan. Demographic data of the early
and nonearly MSA-C patients and controls were compared
using the x? test for sex, Kruskal-Wallis test for age at the
time of MRI scan, Student’s ¢ test for age at onset and the
ICARS score, and Mann—Whitney U test for disease duration
and the UMSARS part 2 score. MCP sT1w/T2w ratio values
were compared between controls and MSA-C patients using
Student’s # test. MCP sT1w/T2w ratio values were compared
among controls and early and nonearly MSA-C patients using
univariate one-way analysis of variance (Welch statistics for
p values). Games—Howell test was used as a post hoc test for
pairwise comparisons. The ability of MCP sT1w/T2w ratio
values to discriminate MSA-C and early MSA-C patients
from controls was assessed using ROC curve analyses. The
optimal cutoff point was determined using the Youden meth-
od [24]. The relationship between MCP sT1w/T2w ratio
values and normally distributed variables including age at
the time of MRI scan and age at motor symptom onset was
evaluated using Pearson correlation analysis. However,
Spearman correlation analysis was used to evaluate the rela-
tionship between MCP sT1w/T2w ratio values and

nonnormally distributed variables including sex, disease du-
ration, and UMSARS and ICARS scores. p < 0.05 was con-
sidered statistically significant. The interrater agreement for
visual interpretation of MCP hyperintensities was tested using
Cohen’s K statistics.

Results

Demographic and clinical data of patients with MSA-C and
controls are summarized in Table 1. There were no significant
differences between MSA-C patients and controls in gender
and age at the time of the MRI scan. Demographic and clinical
data of early and nonearly MSA-C patients and controls are
summarized in Table 2. Disease duration was significantly
longer in nonearly MSA-C patients than in early MSA-C pa-
tients (p < 0.001).

MCP sT1w/T2w ratio value for overall MSA-C

The MCP sT1w/T2w ratio values for all MSA-C patients were
significantly lower than those for controls (— 0.05 + 0.09 vs.
0.18 £ 0.04; p < 0.001) (Fig. 2). The area under the curve
(AUC), which was used to differentiate overall MSA-C pa-
tients from controls, was 0.994 [95% confidence interval (CI),
0.9486-0.9992], with a sensitivity of 0.964 and specificity of
1.0 (Fig. 3).

There was no significant correlation between the MCP
sT1w/T2w ratio value and clinical variables, including gen-
der, age at the time of the MRI scan, disease duration, and
UMSARS and ICARS scores in overall MSA-C patients
(Fig. 4).

MCP sT1w/T2w ratio value for early MSA-C
The MCP sT1w/T2w ratio values for early (—0.05+0.10) and

nonearly (—0.05 = 0.05) MSA-C patients were markedly low-
er than that for controls (0.18 + 0.04; p < 0.001) (Fig. 2). There

Table 1 Demographic and

clinical data of patients with Group MSA-C Control p value
MSA-C and healthy controls
Total no. 28 28
Sex (male/female)® 19/9 16/12 0.408
Age at MR, years (median (range))b 63.0 (46-75) 65.4 (42-75) 0.225
Age at onset, years (mean + SD) 599 £8.5 NA NA
Disease duration, years (median (range)) 1.6 (0.7-5.3) NA NA
UMSARS part 2 score (median (range)) 11.0 (6-26) NA NA
ICARS score (median (range)) 28.0 (14-63) NA NA

MRI, magnetic resonance imaging; SD, standard deviation; NA, not applicable; UMSARS, Unified Multiple
System Atrophy Rating Scale; /CARS, International Cooperative Ataxia Rating Scale

3 test
°Mann-Whitney U test
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Table 2 Demographic and

clinical data of patients with early Group Early MSA-C  Nonearly MSA-C Control p value

MSA-C, nonearly MSA-C, and

healthy controls Total no. 17 11 28
Sex (male/female)® 10/7 9/2 16/12 0.334
Age at MRI, years (median (range))b 63.0 (46-72) 59.0 (48-75) 65.4 (42-75) 0.448
Age at onset, years (mean + SD)° 61.2+79 57.8+£9.2 NA 0.314
Disease duration, years (median (range))“l 1.3 (0.7-2.0) 2.6 (2.1-5.3) NA < 0.001
UMSARS part 2 score (median (range))al 11.0 (7-19) 10.0 (6-26) NA 0.817
ICARS score (mean = SD)* 29.4+8.0 31.0+16.9 NA 0.775

Early MSA-C is defined by disease duration within 2 years

MRI, magnetic resonance imaging; SD, standard deviation; NA, not applicable; UMSARS, Unified Multiple
System Atrophy Rating Scale; /CARS, International Cooperative Ataxia Rating Scale

332 test

® Kruskal-Wallis test

¢ Student’s 7 test

9 Mann-Whitney U test

was no significant difference between early and nonearly
MSA-C patients in the MCP sT1w/T2w ratio value. The
AUC for differentiating early MSA-C patients from controls
was 0.990 (95% CI, 0.9170-0.9988), with a sensitivity of
0.941 and a specificity of 1.0 (Fig. 3).

In early MSA-C patients, the MCP sT1w/T2w ratio value
was inversely correlated with the ICARS score (r = — 0.530;
p =0.029) (Fig. 4) even after controlling for age at the time of
the MRI scan (» = — 0.507; p = 0.045). There were no signif-
icant correlations between the MCP sT1w/T2w ratio values
and other clinical variables.

* P<0.001
! % P<0.001 !

30 —

% o=,
o .
o ° ° .gn;o”
2 10 ) ] e
£
Po ® | T
— 80 °
o oo .
5 -10 .
= & oo

.20 ] H

-.30

allMSA-C early MSA-C Controls

Fig. 2 Group comparison of the standardized T1-weighted/T2-weighted
(sT1w/T2w) ratio in the middle cerebellar peduncle in cerebellar subtype
multiple system atrophy (MSA-C) and early MSA-C patients and con-
trols. The middle cerebellar peduncle sT1w/T2w ratio (MCP sT1w/T2w
ratio) was significantly lower in MSA-C and early MSA-C than in con-
trols (*p < 0.001)

Visual evaluation of MCP hyperintensities

The x value for interrater variability between the two exam-
iners was 0.782 for visual evaluation of the MCP
hyperintensities. The MCP hyperintensities were found in 25
of 28 all MSA-C patients (89.3%), 14 of 17 early MSA-C
patients (82.4%), and none of 28 healthy controls (0%).

Discussion

Our results showed that the MSA-C patients exhibited a sig-
nificantly lower MCP sT1w/T2w ratio than the normal con-
trols. This finding was also confirmed in MSA-C patients in
the early disease stage (< 2 years of disease). The MCP sT1w/
T2w ratio had high sensitivity and specificity to discriminate
MSA-C patients and controls, a finding that also applied to
very early MSA-C patients. These findings suggest that the
MCP sT1w/T2w ratio can detect early MSA-C-related chang-
es. Moreover, the MCP sT1w/T2w ratio value was inversely
correlated with cerebellar ataxia scores in very early MSA-C
patients, suggesting that the MCP sT1w/T2w ratio value
might serve as an objective marker for damage of the
olivopontocerebellar system.

The sT1w/T2w ratio can detect early MSA-C-related
changes in the MCP. In our study, early MSA-C patients
had a significantly lower MCP sT1w/T2w ratio compared
to controls. Moreover, the MCP sT1w/T2w ratio value
showed a high discriminatory capacity between early
MSA-C and controls. The core feature of MSA pathology
is the widespread presence of GClIs, and the density of
GCls that contain «-synuclein significantly correlates with
disease progression [1]. The pontocerebellar fibers in MCP
have been shown to be one of the regions where GCI

@ Springer
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Fig. 3 Receiver operating a all MSA-C b ea rIy MSA-C
characteristics (ROC) curve anal- 1.0 1.0
ysis of the middle cerebellar pe-
duncle standardized T1-weighted/
T2-weighted (sT1w/T2w) ratio 0.8 0.8
showing the area under the curve
(AUC), sensitivity (Sen), and
specificity (Spec). a and b are the ? 0.6 g 0.6
ROC curves distinguishing cere- ‘g ‘5
bellar subtype multiple system 5 S
atrophy (MSA-C) (a) and early 0 04 AUC=0.994 0 04 AUC=0.990
MSA-C (b) patients from controls Sen.=0.964 Sen.=0.941
Spec.=1.000 Spec. =1.000
0.2 0.2
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity 1 - Specificity

pathology progresses in the earliest phase of the disease in
MSA-C patients, in addition to the olivocerebellar fibers in
the medulla, the inferior cerebellar peduncle of the medul-
la, and the cerebellar subcortical white matter [25]. A re-
cent study using diffusion tensor imaging also showed that
white matter changes predominantly affecting the
infratentorial white matter including MCP were observed
in early MSA-C patients (< 2.5 years of disease) [26]. The
regional severity of GCI pathology correlated with the se-
verity of myelin loss [25]. Recently, myelin content was
shown to be associated with both T1w and T2w intensity
values, but in opposite directions [13], and that the T1w/
T2w ratio has been shown to be associated with myelin in
the human cerebral cortex [15, 16]. Myelin loss can be the
main biological substrate for decreased sT1w/T2w ratio,
with decrease in lipids contributing to a decreased T1w
signal and increase in water content and the ratio of free
to myelin-bound water contributing to an increased T2w
signal [27-29]. Therefore, it is reasonable to suggest that
application of the sT1w/T2w ratio can help more sensitive-
ly detect myelin loss in MCP as a decreased sT1w/T2w

Fig. 4 Correlations between the all MSA-C
middle cerebellar peduncle
standardized T1-weighted/T2-
weighted (sT1w/T2w) ratio and
the International Cooperative
Ataxia Rating Scale (ICARS)
score in cerebellar subtype multi-
ple system atrophy (MSA-C) and
early MSA-C patients. The sT1w/
T2w ratio in the middle cerebellar
peduncle (MCP sT1w/T2w ratio)
was inversely correlated with
ICARS in patients with early
MSA-C

.20

.10 .

.00 e .
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ratio compared with the method of qualitative evaluation
of hyperintensities on T2w images only.

Previous studies have shown that MCP hyperintensities,
which are thought to reflect myelin loss in MCP [6], have a
relatively high sensitivity of 68.3-87% depending on disease
duration [11, 12]. The frequency of the MCP hyperintensities
in MSA-C patients of our study is comparable with that of
previous reports. In the current study, MCP sT1w/T2w ratio
showed higher sensitivity than visual evaluation of the MCP
hyperintensities for diagnosis of MSA-C. An advantage of
applying the sT1w/T2w ratio is that the MCP sT1w/T2w ratio
might more sensitively help detect degenerative changes in
MCP of MSA-C patients in early disease stage compared with
visual evaluation of MCP hyperintensities.

Another advantage of the sT1w/T2w ratio over visual
evaluation of MCP hyperintensities is that the former can
be quantitatively evaluated. An objective biomarker of dis-
ease progression is of paramount importance for evaluating
the efficacy of disease-modifying therapies in clinical tri-
als, and the MCP sT1w/T2w ratio may be an objective
marker of damage to the olivopontocerebellar system in

early MSA-C
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MSA-C patients. In our study, the MCP sT1w/T2w ratio
value was inversely correlated with the ICARS scores in
early MSA-C patients. Previous studies have also shown
that the MCP hyperintensities correlate with cerebellar
symptoms [10, 11]. However, in those studies, cerebellar
symptoms were not assessed using validated scales such as
ICARS or the Scale for the Assessment and Rating of
Ataxia (SARA). A possible explanation for the lack of
correlation between the MCP sT1w/T2w ratio value and
ICARS in all MSA-C patients in the current study might
be that confounding factors other than cerebellar symp-
toms, such as parkinsonism, tremor/myoclonus,
camptocormia, Pisa syndrome, contractures, and disuse,
affected the ICARS score. For example, parkinsonism has
been shown to develop as a secondary motor symptom in
MSA-C patients with long disease duration [30, 31]. In
addition, ascribing motor slowness, unsteadiness, or dys-
arthria to cerebellar dysfunction or parkinsonism origin is
frequently difficult in clinical practice. Indeed, parkinson-
ism has been shown to contaminate ICARS score ratings in
MSA patients [32]. It has been reported that progressive
striatal degeneration may be the underlying pathologic
substrate of Pisa syndrome [33]. Tremor/myoclonus,
camptocormia, and contractures are more common in
MSA-P than in MSA-C patients [34, 35]. Pathological in-
volvement of the striatonigral system, which is a main sub-
strate of MSA-P, has been shown to be correlated with
disease duration in MSA [36]. Therefore, these factors
are expected to more frequently affect ICARS scores in
late MSA-C than early MSA-C patients with short disease
duration.

The lack of correlation between the UMSARS part 2 score
and the MCP sT1w/T2w ratio value might be due to
UMSARS part 2 being constructed to measure not only cere-
bellar ataxia but also parkinsonism [37]. Age was reported to
affect TIw/T2w ratio [38]; however, no significant correlation
between age and the MCP sT1w/T2w ratio was found in this
study. This may be because the MSA-C cohort included in
this study was relatively small and the effect of the disease on
the MCP sT1w/T2w ratio was larger than that of age.

One strength of this study was that more than half of MSA-
C patients were very early-stage MSA-C patients (< 2 years of
disease); thus, allowing us to investigate if the MCP sT1w/
T2w ratio is a sensitive marker for early disease stages of
MSA-C. There are several limitations in this study such as
the lack of comparison using other quantitative methods, in-
cluding diffusion-weighted imaging and volumetric analysis
of MCP. To clarify which methods are better for detecting
MSA-C-related early changes in the MCP, future studies are
needed to compare their diagnostic performance directly.
Second, MSA-C patients were clinically diagnosed without
postmortem confirmation and the possibility of misdiagnosis
in some of these patients could not be excluded. Finally, this

study was retrospective and did not include a large cohort of
MSA-C patients. To confirm the usefulness of MPC sT1w/
T2w ratio for diagnosing the early disease stage and as an
objective marker of damage to the olivopontocerebellar sys-
tem in MSA-C patients, further longitudinal studies including
large MSA-C cohorts are needed.

In summary, the sT1w/T2w ratio can detect MSA-C-
related changes in the MCP, even in early disease stages.
The MCP sT1w/T2w ratio may be used as a novel, objective
marker for damage of the olivopontocerebellar system in
MSA-C.
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