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Abstract
Introduction: This study aimed to use a novel MRI contrast, 
the standardized T1-weighted/T2-weighted (sT1w/T2w) ra-
tio, to assess damage of the white matter and gray matter in 
multiple system atrophy (MSA). Furthermore, this study in-
vestigated whether the sT1w/T2w ratio was associated with 
cognitive impairment in MSA. Methods: The white matter 
and gray matter sT1w/T2w ratio of 37 MSA patients and 19 
healthy controls were measured. Correlation analyses were 
used to evaluate the relationship between sT1w/T2w ratio 
values and clinical variables, and a multivariate analysis was 
used to identify independent factors associated with cogni-

tive impairment in MSA. Results: MSA patients showed a 
higher white matter sT1w/T2w ratio value than controls (p < 
0.001), and the white matter sT1w/T2w ratio value was sig-
nificantly correlated with the International Cooperative 
Ataxia Rating Scale score (r = 0.377, p = 0.021) and the Ad-
denbrooke’s cognitive examination III score (r = −0.438, p = 
0.007). Cognitively impaired MSA patients had a significant-
ly higher white matter sT1w/T2w ratio value than cognitive-
ly preserved MSA patients (p = 0.010), and the multiple logis-
tic regression analysis revealed that the median white mat-
ter sT1w/T2w ratio value was independently associated with 
cognitive impairment in MSA. Conclusion: The sT1w/T2w 
ratio is sensitive to degenerative changes in the white matter 
that is associated with cognitive ability in MSA patients.
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Introduction

Multiple system atrophy (MSA) is a sporadic neurode-
generative disorder characterized by cerebellar ataxia, 
parkinsonism, and autonomic failure at varying degrees 
during the course of its natural history. Based on the pre-
dominant motor symptomatology, MSA is classified into 
cerebellar ataxia-predominant MSA (MSA-C) and par-
kinsonism-predominant MSA (MSA-P). Dementia that 
fulfills the criteria set forth in the Diagnostic and Statisti-
cal Manual of Mental Disorders is considered as a non-
supporting feature of MSA diagnosis [1]; however, it has 
been found that MSA patients often present with a sig-
nificant decline in executive function, memory, language, 
and visuospatial functions [2]. Several advanced MRI 
techniques such as voxel-based morphometry (VBM), 
cortical thickness measurement, diffusion tensor imaging 
(DTI), and resting-state functional MRI (fMRI) have 
been used to explore the underlying anatomical signature 
of cognitive impairment in MSA patients [2–6]. Several 
VBM findings demonstrated that MSA patients with cog-
nitive impairment have a frontal lobe-dominant cortical 
atrophy, suggesting that cortical degeneration play a pri-
mary role in cognitive impairment in MSA [2]. Converse-
ly, earlier studies that used DTI and fMRI indicated that 
subcortical network dysfunction caused by white matter 
degeneration is an anatomical and pathophysiological 
background of cognitive impairment in MSA [3–6]. The 
exact pathogenic mechanism of neural correlates causing 
cognitive impairment in MSA patients remains unclear. 
Moreover, the barriers in using advanced MRI techniques 
in clinical practice and research are complexity of MRI 
techniques, the expertise required in image post-process-
ing, and the duration in obtaining images.

Recently, an MRI-based method for studying micro-
structural tissue integrity has been developed. The meth-
od is based on the ratio of T1-weighted (T1w) and T2-
weighted (T2w) image signal intensities [7], and can yield 
a new quantitative contrast (T1w/T2w ratio), with high 
spatial resolution and test-retest reliability [8]. The most 
significant advantages of the method are the use of com-
mon T1w and T2w images that are already obtained by 
nearly all clinical and research MRI protocols and a simple 
post-processing procedure. The T1w/T2w ratio has been 
shown to be associated with cortical myelination patterns 
[9], and may be used in differentiating myelinated from 
demyelinated tissue postmortem [10]. Cortical and sub-
cortical T1w/T2w ratio values have also been noted to be 
correlated with neurodegenerative changes in several neu-
rodegenerative disorders [11, 12]. Recently, it has also 

been shown that the standardized T1w/T2w (sT1w/T2w) 
ratio corrects for the receive field bias and is also more 
sensitive to tissue damage in multiple sclerosis [13, 14].

In this study, the sT1w/T2w ratio was used in the MSA 
population to assess the gray matter and white matter 
damage and to investigate their association with cognitive 
impairment in MSA. In addition, we examined DTI in 
MSA patients to validate the association between white 
matter damage and cognitive impairment as well as to 
explore the underpinning microstructural changes of the 
white matter in association with cognitive impairment in 
MSA patients.

Materials and Methods

Subjects
This retrospective study was approved by the Institutional Re-

view Board, and the need for informed consent was waived. Forty-
five consecutive MSA patients who were admitted to our institu-
tion between September 2017 and July 2019 were identified 
through our database. Patients with current or previous history of 
another neuropsychiatric disorder and abnormal MRI due to an-
other etiology were excluded from the study. Patients with disease 
onset after the age of 80 were also excluded because they have an 
atypical late-onset age for MSA and are likely to be associated with 
non-MSA causes of dementia. A total of 8 patients were then not 
included (two with age at onset above 80 years, 2 with depression, 
1 with hemorrhage in the putamen, 1 with brain infarction, 1 with 
polymicrogyria on brain MRI, and 1 with infantile paralysis). The 
final study cohort consisted of 37 MSA patients and 19 age- and 
sex-matched healthy controls (HC).

The patients with MSA were clinically diagnosed in accordance 
with the second consensus statement by Gilman et al. [1] (proba-
ble, 30; possible, 7). The MSA patients were further grouped into 
MSA-C and MSA-P based on the predominant clinical symptom-
atology at the time MRI was performed. Among the 37 MSA pa-
tients, 20 were classified into the MSA-C group and 17 into the 
MSA-P group. All of the 20 patients with MSA-C were also in-
cluded in our previously published study [15]. The medical records 
of the MSA patients were reviewed for age at disease onset, age at 
scan, disease duration, the Unified Multiple System Atrophy Rat-
ing Scale (UMSARS) part 2 scores, the International Cooperative 
Ataxia Rating Scale (ICARS) scores, the Movement Disorder Soci-
ety-Unified Parkinson’s Disease Rating Scale part 3 scores, the 
Zung Self-Rating Depression Scale (SDS) scores, and the Adden-
brooke’s cognitive examination III (ACE-III) scores [16]. In this 
study, 20 MSA patients with ACE-III scores >88 were classified as 
cognitively preserved MSA (MSA-CP), and 17 MSA patients with 
scores ≤88 were classified as cognitively impaired MSA (MSA-CI) 
[17]. Clinical and neuropsychological evaluations, including UM-
SARS part 2, ICARS, the Movement Disorder Society-Unified Par-
kinson’s Disease Rating Scale part 3, SDS, and ACE-III, were per-
formed in the same way in all MSA patients at the time of admis-
sion. All MRI images were obtained using the same MRI scanner 
using the same imaging parameters for all subjects, except that DTI 
was obtained only in the patients with MSA.
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MRI Acquisition
As a part of routine patient care, DTI, structural T1w, and T2w 

images were obtained using a single 3 T GE scanner (GE DISCOV-
ERY MR750; GE Healthcare, Milwaukee, WI, USA). The imaging 
parameters for T1w images were 3D-IR-SPGR, sagittal plane, TR 
= 8 ms, TE = 3 ms, TI = 420 ms, flip angle of 15°, FOV 256 mm, 
256 × 256 matrix, and voxel size of 1 × 1 × 1 mm3, and for T2w 
images were 2D-TSE, axial plane, TR = 5,000 ms, TE = 93 ms, field 
of view of 220 × 220 mm, 352 × 352 matrix, 0.43 × 0.43 × 5 mm 
resolution, and interslice gap of 1 mm. The diffusion tensor im-
ages were also acquired through single-shot echo-planar imaging 
with the following parameters: TR = 8,500 ms, TE = 61.1 ms, 128 
× 128 matrix, 1.875 × 1.875 × 2-mm resolution, b value = 1,000 s/
mm2, number of motion-probing gradient directions = 30, num-
ber of acquisitions = 2, and acceleration factor = 2.

MRI Preprocessing
Before the sT1w/T2w ratio was measured, the T1w and T2w 

images were preprocessed as follows; the 3D T1w images were lin-
early co-registered to the 2D axial T2w images using SPM12 (ver-
sion 7219), a brain mask was created by skull stripping the co-
registered T1w image using the Brain Extraction Tool with FSL 
version 5.0.11 [18] and binarizing it with FSL tools, and gray mat-
ter and white matter masks were generated by thresholding the 
pseg output from the FMRIB Automatic Segmentation Tool [19].

T1w/T2w Ratio and sT1w/T2w Ratio Calculation
The sT1w/T2w ratios in the gray matter and white matter were 

measured [14]. Median intensity values in T1w and T2w images in 
both gray matter and white matter masks of each subject were cal-
culated. Moreover, a scaling factor was calculated by dividing the 
median gray matter intensity value in the T1w image by the me-
dian 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. [13]:

T1w sT2wT1ws ratio .
T2w T1w sT2w

-
=

+
  

Median sT1w/T2w ratio values in the gray matter and white 
matter were calculated.

Tract-Based Spatial Statistics
Voxelwise statistical analysis of the fractional anisotropy (FA) 

data was conducted using tract-based spatial statistics (TBSS) [20]. 
The brain image was skull stripped using the Brain Extraction 
Tool. The FA images were then created by fitting a tensor model 
to the raw diffusion data using FMRIB’s diffusion toolbox. Each 
FA image was registered to the standard MNI space using the non-
linear registration tool in FSL. Next, a mean FA image was created 
and projected into the main central tracts to prepare the mean FA 
skeleton, representing the centers of all white matter tracts. Each 
subject’s aligned FA images were then projected onto this skeleton 
before running the voxelwise cross-subject stats. TBSS analysis was 
repeated for mean diffusivity, axial diffusivity, and radial diffusiv-
ity (RD) maps.

Statistical Analysis
Statistical analyses were performed using the SPSS software 

version 25.0 (SPSS Japan, Tokyo). Demographic data of the MSA 

patients and HC were compared using the χ2 test for sex and the 
Student’s t test for age at the time of MRI scan, and sT1w/T2w ra-
tio values in the white matter and gray matter between MSA pa-
tients and HC were compared using the Student’s t test.

Spearman correlation analyses were used to evaluate the rela-
tionship between sT1w/T2w ratio values and sex, disease type, 
disease duration, UMSARS score, ICARS score, UPDRS score, 
and ACE-III score, whereas Pearson correlation analyses were 
used to evaluate the relationship between the sT1w/T2w ratio val-
ues and age at disease onset, age at the time of MRI scan, and SDS 
score.

The sex and age at MRI scan of patients with MSA-CP or MSA-
CI were compared with those of the controls by the χ2 test and 
Kruskal-Wallis test, respectively, with adjustment for multiple 
testing using the Bonferroni method. Other demographic and clin-
ical variables were compared between patients with MSA-CP and 
those with MSA-CI through Student’s t test and Mann-Whitney U 
test for the continuous variables and the χ2 test for the categorical 
variables. Moreover, the sT1w/T2w ratio values in the white matter 
and gray matter were compared among the controls and MSA-CP 
and MSA-CI patients by one-way analysis of variance. Tukey’s 
HSD test was used as a post hoc test for pairwise comparisons. Pa-
rameters that were found to be statistically significant in univariate 
analyses were included in a multivariate analysis by logistic regres-
sion to identify the independent factors associated with cognitive 
impairment in MSA. A forward stepwise logistic regression analy-
sis with the likelihood method (probability for stepwise, p < 0.05 
for entry and p < 0.10 for removal) was used. A p value of <0.05 
was considered statistically significant.

To determine the diffusion skeleton voxels that were signifi-
cantly different between the MSA-CP and MSA-CI groups, we es-
timated 2 contrasts by the FSL tool “General Linear Model.” The 
purpose of the 2 contrasts was to test whether the means of the 2 
groups differed. The significance of contrast1 indicated that mean 
MSA-CP > mean MSA-CI, and that of contrast 2 indicated that 
mean MSA-CP < mean MSA-CI. The type of disease was entered 
into the analysis as a covariate. The results were viewed and over-
laid onto the standard brain using FSLView at a familywise error-
corrected threshold of p < 0.05.

Results

The demographic and clinical data of MSA patients 
and HC are summarized in Table 1. An example of sT1w/
T2w ratio map for a MSA patient is depicted in Figure 1. 
The white matter sT1w/T2w ratio of MSA patients was 
significantly higher than that of HC (0.17 ± 0.02 vs. 0.14 
± 0.01, p < 0.001) (Fig. 1). However, the gray matter sT1w/
T2w ratio values between MSA patients and HC were not 
significantly different (−0.06 ± 0.02 vs. −0.05 ± 0.02. p = 
0.056) (Fig. 2).

Furthermore, the white matter sT1w/T2w ratio value 
was significantly correlated with the ICARS score (r = 
0.377, p = 0.021) and ACE-III score (r = −0.438, p = 0.007) 
(Fig. 3). There was no significant correlation between the 
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white matter sT1w/T2w ratio value and other clinical 
variables including age at MRI. The gray matter sT1w/
T2w ratio value was significantly correlated with age at 
disease onset (r = 0.488, p = 0.002), age at the time of MRI 

scan (r = 0.478, p = 0.003), and the ACE-III score (r = 
−0.349, p = 0.034). There was no significant correlation 
between the gray matter sT1w/T2w ratio value and other 
clinical variables.

sT1w/T2w ratio map

T2w images
T2w
T1ws ratio =

T1w images

T2w + sT2w
T1w – sT2w

Fig. 1. An example of sT1w/T2w ratio map from an MSA patient. sT2w, a scaled T2w image; sT1w/T2w, standardized T1-weighted/T2-
weighted; MSA, multiple system atrophy.

Group MSA HC p value

N 37 19
Sex (male/female)a 24/13 8/11 0.103
Age at MRI, years, mean ± SDb 63.5±9.7 65.7±9.6 0.586
Age at onset, years, mean ± SD 61.6±9.9 NA
Disease duration, years, median (range) 1.6 (0.4–5.5) NA
UMSARS part 2 score, median (range) 13.0 (6–28) NA
ICARS score, median (range) 23.0 (7–63) NA
MDS-UPDRS part 3 score, median (range) 23.0 (4–71) NA
SDS score, mean ± SD 41.3±6.7 NA
ACE-III score, median (range) 89.0 (62–98) NA

MRI, magnetic resonance imaging; SD, standard deviation; NA, not applicable; MSA, 
multiple system atrophy; UMSARS, Unified Multiple System Atrophy Rating Scale; 
ICARS, International Cooperative Ataxia Rating Scale; MDS-UPDRS, Movement Disor-
der Society-Unified Parkinson’s Disease Rating Scale; SDS, Zung Self-Rating Depression 
Scale; ACE-III, Addenbrooke’s cognitive examination III; HC, healthy controls. a χ2 test. 
bStudent’s t test.

Table 1. Demographic and clinical data of 
MSA patients and HC
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There were no significant differences among the HC 
and MSA-CP and MSA-CI patients in terms of sex and age 
at the time of MRI scan. Table 2 shows a comparison be-
tween MSA-CP patients and MSA-CI patients. The pro-
portion of MSA-C characterization and the ICARS score 
was significantly higher in MSA-CI patients than in MSA-
CP patients (p = 0.012 and 0.034). Moreover, the MSA-CI 
patients showed significantly lower ACE-III scores than 
the MSA-CP patients (p < 0.001). However, the MSA-CI 
patients showed significantly higher white matter sT1w/
T2w ratio values than the MSA-CP patients (0.18 ± 0.02 vs. 
0.17 ± 0.02, p = 0.010) (Fig. 4). Moreover, there was no sig-
nificant difference between the gray matter sT1w/T2w ra-

tio value of MSA-CI and MSA-CP patients (−0.05 ± 0.02 
vs. −0.06 ± 0.02, p = 0.169) (Fig. 4). A multivariate logistic 
regression that included the disease type, ICARS score, and 
white matter sT1w/T2w ratio value as explanatory vari-
ables were performed to determine the independent fac-
tors associated with MSA-CI. A stepwise forward method 
generated a model that included the disease type and white 
matter sT1w/T2w ratio value as variables. The white mat-
ter sT1w/T2w ratio value was found to be the only variable 
significantly associated with MSA-CI (p = 0.036), whereas 
the disease type was not significantly associated with MSA-
CI (p = 0.052). The model was significant (χ2 = 11.982, 2 
df, p = 0.003), and the Hosmer-Lemeshow χ2 goodness of 
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Fig. 2. Group comparison of the sT1w/T2w 
ratio in the white matter and gray matter 
between MSA patients and HC. The white 
matter sT1w/T2w ratio was significantly 
higher in MSA patients than in HC. There 
was no significant difference in the gray 
matter sT1w/T2w ratio between MSA pa-
tients and HC. The boxes on the boxplots 
indicate 25th percentile, median, and 75th 
percentile values. sT1w/T2w, standardized 
T1-weighted/T2-weighted; MSA, multiple 
system atrophy; HC, healthy controls

Fig. 3. Correlations between the sT1w/T2w ratio in the cerebral white matter and ICARS and ACE-III in MSA 
patients. The sT1w/T2w ratio in the cerebral white matter (wm sT1w/T2w ratio) was correlated with ICARS 
scores and inversely correlated with ACE-III scores in MSA patients. sT1w/T2w, standardized T1-weighted/T2-
weighted; MSA, multiple system atrophy; ICARS, International Cooperative Ataxia Rating Scale; ACE-III, Ad-
denbrooke’s cognitive examination III.
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fit statistic was nonsignificant (p = 0.128). Nagelkerke and 
Cox-Snell R2 values were 0.370 and 0.277, respectively. The 
model accurately identified 67.6% of MSA-CI patients.

The FA values were significantly decreased, and the RD 
values were increased in the cerebral white matter tracts 
in patients with MSA-CI, when compared with those in 
patients with MSA-CP (Fig. 5). There were no significant 
differences in the mean diffusivity and axial diffusivity 
values between the MSA-CI and MSA-CP patients.

Discussion

This study revealed that MSA patients had a signifi-
cantly higher median white matter sT1w/T2w ratio value 
than controls. Moreover, the white matter sT1w/T2w ra-
tio was significantly correlated with cerebellar ataxia 
scores and general cognitive scores. Among patients with 
MSA, MSA-CI patients had a significantly higher white 
matter sT1w/T2w ratio value than MSA-CP patients, and 

p = 0.010
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Characteristic MSA-CI MSA-CP p value

N 17 20
Type of disease (MSA-C/MSA-P)a 13/4 7/13 0.012
Sex (male/female)a, * 12/5 12/8 0.501
Age at MRI, years, median (range)b, * 68.0 (49–77) 56.0 (46–80) 0.297
Age at onset, years, median (range)b 65.0 (47–76) 54.5 (44–79) 0.311
Disease duration, years, median (range)b 1.3 (0.8–5.5) 1.8 (0.4–3.7) 0.460
UMSARS part 2 score, median (range)b 13.0 (7–28) 14.5 (6–28) 0.390
ICARS score, median (range)b 28.0 (7–63) 19.0 (8–35) 0.034
MDS-UPDRS part 3 score, median (range)b 21.0 (8–65) 28.0 (4–71) 0.141
SDS score, mean ± SDc 41.3±8.0 41.4±5.6 0.980
ACE-III score, median (range)b 82.0 (62–88) 92.0 (89–98) <0.001

Values in bold indicate p < 0.05. MRI, magnetic resonance imaging; SD, standard de-
viation; MSA, multiple system atrophy; UMSARS, Unified Multiple System Atrophy Rat-
ing Scale; ICARS, International Cooperative Ataxia Rating Scale; MDS-UPDRS, Move-
ment Disorder Society-Unified Parkinson’s Disease Rating Scale; SDS, Zung Self-Rating 
Depression Scale; ACE-III, Addenbrooke’s cognitive examination III; MSA-P, parkinson-
ism-predominant MSA; MSA-C, cerebellar ataxia-predominant MSA; MSA-CP, multiple 
system atrophy-cognitively preserved; MSA-CI, multiple system atrophy-cognitively im-
paired. a χ2 test. b Mann-Whitney U test. c Student’s t test. * Adjusted for multiple com-
parisons: p < 0.05/3 = 0.0167.

Fig. 4. Group comparison of the sT1w/T2w 
ratio in the white matter and gray matter 
between MSA-CP and MSA-CI. The white 
matter sT1w/T2w ratio was significantly 
higher in MSA-CI than in MSA-CP. There 
was no significant difference in the gray 
matter sT1w/T2w ratio between MSA-CP 
and MSA-CI. The boxes on the boxplots in-
dicate 25th percentile, median, and 75th 
percentile values. sT1w/T2w, standardized 
T1-weighted/T2-weighted; MSA-CP, mul-
tiple system atrophy-cognitively preserved; 
MSA-CI, multiple system atrophy-cogni-
tively impaired.

Table 2. Comparison of MSA patients 
with and without cognitive impairment
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multiple logistic regression analysis showed that only the 
white matter sT1w/T2w ratio value independently associ-
ated with cognitive impairment in MSA. Comparison of 
MSA-CI with MSA-CP by TBSS revealed decreased FA 
and increased RD values in the cerebral white matter 
tracts in patients with MSA-CI, suggesting an association 
between microstructural cerebral white matter involve-
ment and cognitive impairment in MSA patients.

Previous studies suggested that degenerative white 
matter changes are associated with cognitive impairment 
in MSA. Glial cytoplasmic inclusions within oligoden-
drocytes widely distributed in white matter are consid-
ered as the pathological hallmark for the diagnosis of 
MSA, and are believed to play a key role in the pathogen-
esis of MSA [21]. An autopsy report described that an 
MSA patient with dementia and progressive aphasia 
showed frontal lobe atrophy with mild loss of myelinated 

fibers and axons, mild gliosis, and abundant glial cyto-
plasmic inclusions in the white matter [22]. An MRI 
study using DTI showed a damaged frontal and occipital 
white matter in MSA-C patients, and suggested that the 
cerebral white matter changes were related to cognitive 
disturbances and visuospatial deficits [3]. Another MRI 
study using DTI revealed that anterior corpus callosal in-
volvement was related to cognitive deficits in MSA [4]. 
Kawabata et al. [5] reported that gray matter volume was 
not significantly correlated with global cognitive scores in 
VBM in MSA patients, and that global cognitive scores 
were correlated with cerebello-cerebral functional con-
nectivity in resting-state fMRI analysis. These results in-
dicate that cognitive impairment in MSA was due to sub-
cortical network dysfunction associated with white mat-
ter degeneration preceding cortical atrophy. In accordance 
with the reports of these previous studies, comparison of 
MSA-CI with MSA-CP by TBSS in the current study re-
vealed decreased FA values in the cerebral white matter 
tracts in patients with MSA-CI. This study also revealed 
that the median white matter sT1w/T2w ratio value was 
significantly associated with the ACE-III score. More-
over, the median white matter sT1w/T2w ratio value of 
MSA-CI patients was significantly higher than that of 
MSA-CP patients, and the multiple logistic regression 
analysis showed that the median white matter sT1w/T2w 
ratio value was the only independent predictor of cogni-
tive impairment in MSA. As mentioned, previous studies 
noted degenerative changes in the white matter associ-
ated with cognitive impairment in MSA patients using 
advanced MRI techniques such as DTI and fMRI [3–5]. 
However, the advanced MRI techniques are not com-
monly included as part of the routine clinical MRI proto-
col, and the expertise is required in image post-process-
ing. The advantages of using the sT1w/T2w ratio method 
are that it requires only T1w and T2w scans, and the post-
processing procedure is easy.

The underlying biological substrate of T1w/T2w ratio 
in the white matter is not fully understood. The T1w/T2w 
ratio method was originally recommended to be sensitive 
in detecting myelin content [7, 9]. MSA patients showing 
a higher white matter sT1w/T2w ratio value than HC was 
contrary to our expected finding. Myelin loss has been 
reported most commonly in white matter tracts associ-
ated with striatonigral and olivopontocerebellar regions 
[23], and was shown to be correlated with white matter 
hypointensities on postmortem T2w images in MSA [24]. 
FA reduction along with RD increase, which was record-
ed in the white matter of MSA-CI patients by TBSS anal-
ysis in the present study, has been reported to reflect de-

FA

RD

MD

AD

Fig. 5. TBSS results indicating a significant difference in FA and 
RD values between MSA-CP and MSA-CI patients. The results are 
superimposed on the fiber skeleton (green) and overlaid on the 
FMRIB FA 1 mm template. Blue lines indicate decreased FA values 
in MSA-CI patients compared to that in MSA-CP patients (MSA-
CI < MSA-CP). Red lines indicate increased RD values in MSA-CI 
patients compared to that in MSA-CP patients (MSA-CI > MSA-
CP). TBSS, tract-based spatial statistics; MSA-CP, multiple system 
atrophy-cognitively preserved; MSA-CI, multiple system atrophy-
cognitively impaired; FA, fractional anisotropy; RD, radial diffu-
sivity; MD, mean diffusivity; AD, axial diffusivity.
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myelination [25]. If the sT1w/T2w ratio indicated my-
elin-related pathological changes, the white matter sT1w/
T2w ratio value should be decreased in accordance with 
the progression of degeneration in MSA. In interpreting 
the results of this study, it should be considered that the 
sT1w/T2w ratio may reflect not only the level of demye-
lination but also other microstructural factors including 
iron accumulation. Inconsistent correlations with histol-
ogy [26], myelin water imaging [8, 27], simultaneous tis-
sue relaxometry, and magnetization transfer saturation 
index [28] suggest that T1w/T2w ratio is sensitive to oth-
er microstructural factors such as axonal diameter, iron 
accumulation, calcium content, and inflammation, in ad-
dition to myelin content [8, 26–30]. In a report that de-
scribed a higher gray matter T1w/T2w ratio value in Alz-
heimer’s disease patients and the correlation between 
higher T1w/T2w ratio value and impaired cognitive func-
tion, microstructural factors including iron accumula-
tion were considered as biological substrates of a higher 
gray matter T1w/T2w ratio value in Alzheimer’s disease 
[11]. This contribution of additional microstructural fac-
tors is supported by recent findings in MSA pathology. 
Dysregulation of brain iron homeostasis has been shown 
to be related to the pathophysiology of MSA due to the 
incidence of oxidative stress and neuroinflammation 
[31]. An increase in total iron concentration coupled with 
a disproportionate increase in ferritin in activated mi-
croglia and a reduction in ferroportin were observed in 
the basis pontis (both gray and white matter) of the MSA 
tissue [32]. A transcriptome study using RNA sequencing 
revealed increased expressions of alpha and beta hemo-
globin genes in the white matter of the MSA tissue, and 
suggested that increased iron levels in the white matter 
were related to MSA pathology at the transcriptional lev-
el [33]. An MRI pathology correlation study to confirm 
the pathological underpinning of the white matter sT1w/
T2w ratio in MSA is warranted.

This study had the following limitations. One is that 
MSA patients were clinically diagnosed without postmor-
tem confirmation. The other is that the median white 

matter and gray matter sT1w/T2w ratios were assessed; 
hence, the approach used in this study does not enable us 
to localize changes in the white matter and gray matter to 
a particular clinical deficit.

Conclusion

In summary, this study demonstrated the sT1w/T2w 
ratio, a clinically feasible MRI measure, was sensitive to 
white matter damage, and was related to cognitive im-
pairment in MSA.
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