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ABSTRACT

Objective Putaminal iron deposition is an important feature that helps differentiate multiple system atrophy with predomi-
nant parkinsonism (MSA-p) from Parkinson’s disease (PD). Most previous studies used visual inspection or quantitative meth-
ods with manual manipulation to perform this differentiation. We investigated the value of a new semiautomated diagnostic al-
gorithm using 3T-MR susceptibility-weighted imaging for MSA-p.

Methods This study included 26 MSA-p, 68 PD, and 41 normal control (NC) subjects. The algorithm was developed in 2 steps:
1) determine the image containing the remarkable putaminal margin and 2) calculate the phase-shift values, which reflect the iron
concentration. The next step was to identify the best differentiating conditions among several combinations. The highest phase-
shift value of each subject was used to assess the most effective diagnostic set.

Results The raw phase-shift values were present along the lateral margin of the putamen in each group. It demonstrates an an-
terior-to-posterior gradient that was identified most frequently in MSA-p. The average of anterior 5 phase shift values were used
for normalization. The highest area under the receiver operating characteristic curve (0.874, 80.8% sensitivity, and 86.7% speci-
ficity) of MSA-p versus PD was obtained under the combination of 3 or 4 vertical pixels and one dominant side when the normal-
ization methods were applied. In the subanalysis for the MSA-p patients with a longer disease duration, the performance of the
algorithm improved.

Conclusion This algorithm detected the putaminal lateral margin well, provided insight into the iron distribution of the pu-
taminal rim of MSA-p, and demonstrated good performance in differentiating MSA-p from PD.

Keywords Automation; Multiple system atrophy; Parkinson’s disease; Putamen; Susceptibility-weighted image.

Multiple system atrophy (MSA) is a rapidly progressive neu-  lar dysfunction, and dysautonomia."” The key findings of MSA
rodegenerative disease characterized by parkinsonism, cerebel-  neuropathology are widespread a-synuclein-positive glial cy-
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toplasmic inclusions and neurodegeneration in the striatoni-
gral or olivopontocerebellar system.>* These pathological fea-
tures became the essential condition for “definite MSA” in the
second consensus criteria for the diagnosis of MSA. However, it
is impossible to make a pathological diagnosis of living patients.

The diagnostic criteria of probable MSA and possible MSA
are based on clinical features of automatic dysfunction, parkin-
sonism, and cerebellar dysfunction. However, there are several
difficulties associated with providing an early differential diag-
nosis with these clinical criteria. Autonomic dysfunctions, a
core feature of MSA, were not observed at onset in 59% of pa-
tients, although they developed in most cases throughout the
disease period.® In addition, many cases of MSA with predom-
inant parkinsonism (MSA-p) show asymmetric onset (43%)
and L-dopa responsiveness (42.5%).” Thus, early MSA-p can
mimic Parkinsons disease (PD).** This clinical heterogeneity
contributes to the low level of diagnostic accuracy.'*"

Since Bhattacharya et al." suggested a diagnostic algorithm
for MSA, brain magnetic resonance imaging (MRI) has re-
ceived attention as a promising tool for differential diagnoses.
The representative findings of conventional MRI for MSA are
reported as follows: 1) atrophy, low signal intensity on T2, and
lateral hyperintensity rim sign on T2 for the putamen; 2) atro-
phy and a “hot-cross bun” sign for the brainstem; and 3) atro-
phy and high signal intensity of the middle cerebellar peduncle
on T2 for the cerebellum. As MRI and nuclear imaging data be-
came more available for MSA, diagnostic imaging findings were
newly introduced in the second set of consensus criteria for ad-
ditional features: 1) atrophy on MRI of the putamen, middle cer-
ebellar peduncle, pons, or cerebellum; and 2) hypometabolism
on fluorodeoxyglucose-positron emission tomography in the
putamen, brainstem, or cerebellum in possible MSA-p.> Recent
advances in the instruments themselves and processing tech-
niques have contributed to the increased diagnostic accuracy.**

Abundant accumulations of iron and putaminal atrophy in
MSA-p, although it is unclear which feature appears first, are
commonly found in posterolateral areas of the putamen.”>"’
Accordingly, susceptibility-weighted imaging (SWI) and its re-
lated techniques, which reflect the degree of iron accumula-
tion,'® have been developed to achieve early and accurate diag-
nosis."”?' These advanced magnetic resonance (MR) processing
techniques improved the sensitivity and specificity for diagnos-
ing MSA-p.”> However, there are still unsolved issues related to
obtaining a higher diagnostic yield. The critical issues are rater-
related factors. The selected image cut and region of interest may
be inconsistent between raters. Thus, many studies have sug-
gested analyzing interrater reliability. In addition, the issue of
intrarater reliability should be considered, especially in the case
of visual assessment. Quantification has been suggested as an
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alternative method of overcoming the issue of inconsistency re-
lated to a visual assessment. We also performed a study on the
differentiation between MSA-p and PD using the quantification
method of the phase-shift value, which reflects the iron con-
tents.”! However, although the quantified analysis differentiated
MSA-p from PD relatively well, it seems to still be arbitrary in
determining the region of interest.

Individualization is another important issue. Iron distribu-
tion patterns in the normal putamen change depending on age
and location.” Older age and a more posterolateral location in
the putamen are more likely to result in a higher iron concen-
tration. In other words, the iron distribution of the putamen in
aged individuals can appear like that in MSA-p patients. There-
fore, regardless of the consideration of the individual iron dis-
tribution pattern, the fixed cutoft value may not be suitable for
the image-based differentiation of MSA-p from the normal
population or PD patients. The aims of the current study were to
overcome the inconsistency and individualization issues and to
enhance the diagnostic accuracy for MSA-p with 3T-MR SWI
by adopting a semiautomated algorithm with normalization.

MATERIALS & METHODS

This study was conducted according to the Declaration of
Helsinki. The study was performed retrospectively, and the re-
cords of the patients were anonymized and deidentified prior to
the analysis. Written informed consent for the clinical records
was waived because of the guaranteed anonymity and deiden-
tification. The study protocol was approved by the Institutional
Review Board of Seoul National University Hospital (IRB#:
H-2008-083-1148).

Subjects

The included patients fulfilled the following criteria: 1) visit-
ed the Movement Disorder Center of the Seoul National Uni-
versity Hospital due to parkinsonism, 2) underwent 3T brain
MRI including SWI from 2010 to 2012, and 3) were clinically
diagnosed with either PD or MSA-p (possible, probable) at their
last visit (until Dec. 2013) during the follow-up period.*** Even
though some patients with MSA-p had cerebellar symptoms,
all of them showed parkinsonism as an initial and/or predomi-
nant symptom. Forty-one normal control (NC) subjects who
had no clinical features of neurodegenerative disorders and un-
derwent brain MRI with the same protocol as that used in the
PD and MSA-p groups were also included. Subjects who had
white matter changes over Fazekas' grade 1, space-occupying
or destructive lesions on brain images, or a history of neurosur-
gical procedures, including deep brain stimulation before brain
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imaging, were excluded from the study. Finally, 135 subjects (26
with MSA-p, 68 with PD, and 41 NCs) were included. Among
the 26 cases with MSA-p, 20 were diagnosed with probable
MSA-p and 6 with possible MSA-p based on the final diagno-
sis at the last visit. Other clinical features, such as age at onset,
sex, age at the brain MRI visit, and age at the last visit, were ob-
tained from the medical records.

MRI protocol

The subjects underwent 3T brain MRI for SWI with a 32-
channel head coil. Magnetom Verio (Siemens, Erlangen, Ger-
many) was used for 3T SWI. All images that were used for the
analysis were obtained along the transverse plane parallel to the
anterior/posterior commissure lines. The detailed parameters
were as follows: for 3T SWI, section thickness = 2 mm, repeti-
tion time/echo time = 28.0/20.0 ms, field of view = 178 X 220
mm, matrix = 364 X 448, and number of excitations = 1. Mag-
nitude and phase images were generated for the last SWT on the
MR imaging console workstation (syngo MR B17; Siemens, Er-
langen, Germany). The corrected phase images were used for
the analysis according to the algorithm.

Algorithm to identify the proper target and
obtain data

The shapes of the putamen vary from person to person. Thus,
we developed an algorithm that consists of Part I and Part II
(Figure 1). Part I identifies the axial image that has the most re-
markable lateral rim of the putamen. Part II includes the algo-

rithm to detect the margin of both putamina from the selected
axial image in Part I, as well as to obtain the calculated phase-
shift value data of each point in the margin. The “height” in the
algorithm indicates the number of included pixels used to cal-
culate the average value of each point in each axial image. If ‘3’
is input into the “height” box, the algorithm recognizes an av-
erage value of 3 sequential pixels in the anterior-to-posterior
direction as a newly calculated value of the first point (Supple-
mentary Figure 1 in the online-only Data Supplement).

In Part I, any axial image containing both putamina is select-
ed arbitrarily to start the algorithm. Then, the algorithm auto-
matically moves up and down to search for the appropriate ax-
ial image with the most remarkable lateral margin (using edge
detection and region-growing methods). If the identified im-
age is rotated, the proper data on the lateral rim may not be ob-
tained. Therefore, as the first step of Part II, the algorithm re-
rotated the identified image based on the axis of the falx cerebri.
Then, the investigator drew a crude box including the area of
interest and marked the first and last points of the lateral rim
for each putamen (4 points for each subject) on the selected
area. Finally, the algorithm visualized the selected lateral mar-
gins of both putamina and obtained the raw data of the calcu-
lated phase-shift values at each location. All the above-described
steps were performed repeatedly according to the “height”
number, which ranged from 1 to 4. One researcher who was
blinded to the diagnosis performed all the manual processes.
The data that support the conclusions of this study are available
from the corresponding author.
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Figure 1. Detailed process of the algorithm. Dark and white signals indicate high and low phase-shift values, respectively.
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Statistics

All processes were performed using MATLAB R2015a (Math-
Works, Natick, MA, USA) for algorithm development and ac-
tivation. SPSS software version 21.0 (IBM Co., Armonk, NY,
USA) was used for the statistical analysis. Independent # tests
and ANOVA were performed to assess the differences between
the groups as appropriate. The receiver operating characteristic
(ROC) curve was analyzed to obtain the most effective combi-
nation for the proper diagnosis of MSA-p. The statistical signifi-
cance level was set at p < 0.05.

RESULTS

Clinical characteristics

The clinical characteristics of each group are summarized in
Table 1. There were no significant differences with respect to
sex and age at onset or at the time of brain MRI. The duration
from onset to the time of work-up was significantly shorter in
the MSA-p group. The period between onset and the last visit
was also shorter for MSA-p patients. Six patients (23.1%) had
cerebellar symptoms, and 7 patients (26.9%) exhibited partial
levodopa responsiveness in the MSA-p group.

Application of the semiautomated quantitative
algorithm

The putaminal lateral margins of all subjects in the MSA-p
group were well detected, while those of 8 (11.8%) in the PD
group and 2 (4.9%) in the NC group were not discriminated by
our algorithm. The possible reasons for the lack of discrimina-
tion are as follows: unclear lateral margin for 2 PD patients and
vascular lesions with or without diffuse homogenous signal
change of the putamen for 6 PD patients and 2 NC subjects.

One hundred twenty-five (92.6%) of the 135 subjects showed
well-demarcated margins. We scattered the raw data of each sub-
ject in each group (Figure 2). The MSA-p group showed a wide
distribution of calculated phase-shift values, while the PD and
NC groups tended to consistently exhibit similar values. For the
groupwise comparison, we displayed the mean phase-shift val-
ues of each section cut into 5 pixels (Figure 3). The posterior parts,

Table 1. Clinical characteristics of each group

MSA-p
Number of subjects [male:female] 26 [11:15]
Age at brain MRI (yr) 64.4 £10.0
Age at onset (yr) 61.9+£10.6
Duration between onset and brain imaging (yr) 2514
Duration between onset and last visit (yr) 39%15
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especially the 3rd quarter, of the putaminal lateral margin in the
MSA-p group exhibited higher values than the anterior sides.
The most anterior parts had consistent patterns and similar
phase-shift values (p = 0.517) regardless of group. This consis-
tency of the anterior parts was expected to be useful in normal-
izing the individual raw data. Therefore, we adopted the average
of anterior 5 phase shift values (AV5) for normalization.

Development of the optimal algorithm for
differentiating MSA-p

To enhance the diagnostic accuracy of MSA-p, we experi-
mented with the given phase-shift values under various condi-
tions: 1) by the analyzed side(s) (both sides, one dominant
side); 2) by the “height” number (1, 2, 3, 4); and 3) by the nor-
malization methods (raw value, raw value/AV5). In each situa-
tion, the highest phase-shift value was defined as the represen-
tative raw value. The specific representative raw value for each
subject was used for the diagnosis of MSA-p versus PD or NC.
The values for the areas under the curve (AUCs) from the ROC
curve analysis were calculated for all diagnostic settings (Table 2,
Figure 4). All the results were statistically significant (p < 0.001).

The AUCs tended to be higher with a larger vertical pixel
number after normalization with AV5 and for one dominant side
(Table 2, Figure 4). The highest AUC for differentiating MSA-p
from PD was 0.874 when the ROC analysis was performed
with the representative value obtained from the condition of 3’
or ‘4 vertical pixels, ‘raw value/AV5} and ‘for one dominant side
(80.8% sensitivity and 86.7% specificity). In this setting, the
means + standard deviations (SDs) of the representative raw
values in the MSA-p and PD groups were 2,488.6 + 356.2 and
2,211.5 £ 52.4 (p < 0.001), respectively. The raw values/AV5
were 1.179 £ 0.163 and 1.046 + 0.022 (p < 0.001), respectively.

In the comparison of the MSA-p and NC groups, 0.883 was the
highest value in the condition with ‘3’ vertical pixels, ‘raw value/
AV5; and ‘for one dominant side’ (80.8% sensitivity and 89.7%
specificity). The means + SDs of the representative raw values in
the MSA-p and NC groups were 2,488.6 + 356.2 and 2,205.6 +
47.3 (p < 0.001), respectively. The raw values/AV5 were 1.179 +
0.163 and 1.045 + 0.021 (p < 0.001), respectively. All representa-
tive values were located on the posterior parts of the putamina.

PD NC p-value

68 [35:33] 41 [16:25] 0.414
64.0+8.2 61.0 £ 10.3 0.189
58.2+10.2 NA 0.124
59149 NA <0.001
8.2%x5.1 NA <0.001

Values are presented as mean * standard deviation unless otherwise indicated. MSA-p, multiple system atrophy with predominant parkinsonism; PD,
Parkinson’s disease; NC, normal control; MRI, magnetic resonance imaging; NA, not applicable.
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Figure 2. Scatterplot for the phase-shift values of the multiple system atrophy with predominant parkinsonism (MSA-p), Parkinson’s disease
(PD), and normal control (NC) groups. The figures below show representative examples of each group. Dark and white signals indicate high
and low phase-shift values, respectively.
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Figure 3. Anterior-to-posterior distribution of the phase-shift values. This figure displays the phase-shift values of each section according to
the subgroups. Each section was cut into 5 pixels from the anterior to the posterior parts. All the data in this figure were obtained under the
condition of ‘3’ height. *p < 0.05; **p < 0.01; ***p < 0.001. MSA-p, multiple system atrophy with predominant parkinsonism; PD, Parkinson’s
disease; NC, normal control; SD, standard deviation.
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Subgroup analysis of the MSA-p subjects with alonger  ferentiating MSA-p from PD was 0.893 when we used the con-
disease duration dition of ‘3’ vertical pixels and ‘raw value/AV5’ (Table 3). In the

The number of MSA-p subjects with a disease duration of  case of the MSA-p subjects with a disease duration of three or
two or more years was 20. We compared them with the PD sub- ~ more years (n = 13), the highest AUC was 0.906 under the same
jects according to the dominant side. The highest AUC for dif-  conditions.

Table 2. Areas under the curve according to the diagnostic set

For both sides For one dominant side
1 2 3 4 1 2 3 4

MSA-p vs. PD

Raw value 0.792 0.812 0.811 0.831 0.829 0.838 0.843 0.843

Raw value/AV5 0.812 0.817 0.829 0.845 0.841 0.836 0.874* 0.874*
MSA-p vs. NC

Raw value 0.818 0.824 0.823 0.837 0.853 0.843 0.847 0.846

Raw value/AV5 0.844 0.813 0.836 0.835 0.873 0.830 0.883* 0.867

All cases reached statistical significance (p < 0.001). The numerals (1 to 4) at first line indicate height. *the most representative cases in each com-
parison set. MSA-p, multiple system atrophy with predominant parkinsonism; PD, Parkinson’s disease; NC, normal control; AV5, the average of ante-
rior 5 phase shift values.

Sensitivity (%) Sensitivity (%)
100 - 100 66 6 0 9 0 06 0 0 0 0 0 6 0 0 0 0 0
80 80 . :
. © [MSA-p vs. PD] raw value E| MSA-p
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0 20 40 60 80 100 0 20 40 60 80 100
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Figure 4. Receiver operating characteristic curves of multiple system atrophy with predominant parkinsonism (MSA-p) versus Parkinson’s
disease (PD) and MSA-p versus normal control (NC). ***p < 0.001. All the curves represented in this figure were obtained under the con-
dition of ‘for one dominant side’ and ‘3’ vertical pixels. AV5, the average of anterior 5 phase shift values.

Table 3. Subanalysis for the areas under the curve by the disease duration of MSA-p

22yr(n=20) 23yr(n=13)
2 3
MSA-p vs. PD
Raw value 0.848 0.865 0.855 0.852 0.851 0.879 0.863 0.855
Raw value/AV5 0.868 0.868 0.893* 0.888 0.881 0.868 0.906* 0.905

All cases reached statistical significance (p < 0.001). The numerals (1 to 4) at first line indicate height. *the most representative cases in each com-
parison set. MSA-p, multiple system atrophy with predominant parkinsonism; PD, Parkinson’s disease; AV5, the average of anterior 5 phase shift values.
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DISCUSSION

The early and accurate diagnosis of neurodegenerative dis-
orders is challenging and an important issue in terms of inter-
vening in disease progression. The problem is that early symp-
toms of MSA-p resemble those of other parkinsonian disorders,
and some manifestations arise in the late stage of the disease.'*!
Many imaging studies have been performed to overcome limi-
tations from a symptom-based diagnosis.'>**** Nevertheless,
image-based diagnostics still have limitations results from in-
consistent manipulation and interpretation. Thus, we intro-
duced a semiautomated algorithm to solve the problem of in-
consistency by human raters.

Additionally, in this newly developed algorithm, we focused
on the lateral part of the putamen because previous pathologi-
cal and imaging studies revealed that the most prominent path-
ological changes in MSA-p start at the posterolateral rim of the
putamen.'®*"* The introduced algorithm worked well for all
individuals in the MSA-p group. In other words, the putaminal
margins of MSA-p were clear enough to be easily detected by
the algorithm. Interestingly; it was not successful in some cases
in the PD and NC groups. Their margins were unlikely to be de-
marcated because of homogenous and similar signals compared
with those in the surrounding regions.

After applying the algorithm, we identified several important
features from the scatterplots of phase-shift values in the pu-
taminal lateral rims. First, the graphs of the PD and NC groups
resembled each other. Their variations in the phase-shift values
are relatively narrow from the anterior to posterior parts. This
lateral margin analysis would be ineffective in differentiating
PD from NC. Second, the MSA-p group showed wide intra- and
interindividual variations in the phase-shift values. In particu-
lar, the highest and most diverse phase-shift values were locat-
ed on the posterior parts, which is in good agreement with pre-
vious reports showing that iron deposition is more predominant
in the posterolateral portion of the putamen.'**"* Thus, further
imaging studies for the differentiation of MSA-p need to focus
more on the posterolateral part of the putamen rather than the
whole area. Third, the most interesting result from the scatter-
plot analysis is that the phase-shift values of the most anterior
portion are quite stable in the MSA-p, PD and NC groups. There-
fore, we expected that AV5 may reflect an individual iron back-
ground in the putamen regardless of the disorder.

AV5 worked well to improve diagnostic accuracy. In the ROC
curve analysis, when the normalization method using AV5 was
applied, the values of AUCs increased markedly rather than
when only ‘raw values’ were used. There were other factors that
were helpful in increasing the AUC values. Several studies re-
ported that many MSA-p patients had asymmetry of parkin-
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sonism with compatible asymmetric putaminal involvement
on brain MRL*'"** Therefore, it is presumable that the repre-
sentative values from one dominant side rather than from both
sides could make the differences more distinct. Using a large
number of vertical pixels also seemed to enhance accuracy. How-
ever, further analysis is required to confirm whether 3 or 4 pix-
els are the most appropriate or larger numbers have additional
benefits.

The diagnostic accuracy in the current study improved com-
pared with that in the previous quantitative study using the
phase-shift values.” The highest values of AUC, sensitivity, and
specificity in this study were 0.874, 80.8%, and 86.7%, respec-
tively, while those in the previous study were 0.803, 77.8%, and
76.0.>' There are several explanations for the improvement. We
utilized all lateral margins and determined the most character-
istic values to maximize the differences. We normalized each
raw data point with the initial five phase-shift values of each in-
dividual subject. In addition, 16 situations were examined for
each comparison, and the most effective setting was selected. If
the discrimination failure cases by our algorithm were regard-
ed as ‘no MSA-p; the diagnostic yield could increase even more.
In the further analysis for the MSA-p patients with a longer dis-
ease duration, the AUC values increased up to 0.893 (for the cas-
es of disease duration > two years) and 0.906 (for the cases of
disease duration > three years).

There are several limitations of this study. First, this study is
not based on definite MSA. There could be MSA-p-mimicking
conditions, such as PD with early prominent autonomic dys-
function and levodopa responsiveness. Because it is difficult to
perform a study with only definite MSA in practice, this is an
unavoidable issue in clinical studies. We followed the patients
more from the time of the work-up, and the proportion of prob-
able MSA-p at the final visit was high (20 of 26, 76.9%). Second,
data were collected retrospectively from medical records. The
data on clinical severity were not included. Additionally, there
could be selection bias. Third, there was a discrepancy between
the MSA-p and PD groups in the follow-up period and the du-
ration between the onset and the brain MRI visit. It is widely
known that MSA-p progresses more rapidly than PD.>” We in-
cluded more follow-up clinical data even after the acquisition of
brain MRI to render the diagnoses more reliable. Additionally,
the ages at the workup were not different between the groups.
This means that the confounding effects associated with the age
factor, which is well correlated with iron accumulation in the
putamen, may be negligible.” Fourth, there was no direct com-
parison with visual assessment, and we collected the SWI data
generated by one particular type of MRI machine. Additional
investigations are required to prove the superiority of the new
algorithm and to apply it to other iron-specific imaging modali-



ties. Finally, the current algorithm works semiautomatically. The
current algorithm still requires users help in several steps to pre-
vent detection errors, as shown in Figure 1. It could not be ex-
cluded that these manual processes may affect the outcomes of
the algorithm. Automating the algorithm to function without
the user’s intervention and improving all processes from image
selection to final diagnosis are currently in progress.

In conclusion, the semiautomated algorithm using the SWI
data is helpful in overcoming rater-related problems and en-
hancing the diagnostic accuracy of MSA-p from PD. Addition-
ally, we suggested a new personalized approach to reflect the in-
dividual iron background and the most effective combinations
of several conditions to increase the diagnostic yield. If these ad-
ditional features could be reflected in the advanced algorithm,
the diagnostic yield would be better."”*" Further studies are nec-
essary beyond the current limitations with the rapid progres-
sion of artificial intelligence.
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The online-only Data Supplement is available with this article at https://
doi.org/10.14802/jmd.21178.
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Supplementary Figure 1. Schematic explanation of the ‘height.” The ‘height’ means the number of included pixels used to calculate the av-
erage value of each point in each axial image. If ‘3’ is input into the ‘height’ box, the algorithm recognizes an average value of 3 sequential
pixels in the anterior-to-posterior direction as a newly calculated value of the first point.



