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Abstract
Objective

To validate the role of the dopamine transporter (DAT) imaging as a biomarker in multiple
system atrophy (MSA), we analyzed the association between spatial patterns of ['*F]fluoro-
propyl-carbomethoxy-iodophenyl-tropane (['*F]FP-CIT) PET and the clinical characteristics
of MSA.

Methods

Sixty-five patients with MSA who underwent ['*F]EP-CIT PET between 2009 and 2018 were
retrospectively enrolled. To identify spatial patterns of ['®F]FP-CIT PET, principal component
(PC) analysis was used and correlated with the clinical presentation.

Results

Of the 65 patients, 42 presented with parkinsonian subtype of MSA, and 23 presented with
cerebellar subtype of MSA (mean age 63.7 + 9.3 years; disease duration, 1.8 + 1.8 years). Each
PC represents a specific pattern of degeneration: PC1 and PC2 were associated with the DAT
binding of the entire putamen and the posterior putamen, respectively. PC3 was associated with
increased [ '*F]FP-CIT uptake of the caudate and decreased uptake of the dorsal pons. PC2 was
significantly correlated with the presence of parkinsonism (p = 5.34 x 107°) and a positive
levodopa response (p = 0.044), with age as a cofactor. PC3 was correlated with the presence of
urinary incontinence (p = 0.036). Onset age was significantly correlated with both PC2 (R =
048, p = 5.0 x 10°) and PC3 (R = —0.39, p = 0.0013).

Conclusions
The spatial pattern of DAT binding can reflect distinct clinical features of MSA and provides
insight into the underlying pathophysiology of a broad spectrum of clinical features in MSA.
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Glossary

BR = binding ratio; DAT = dopamine transporter; DRPLA = dentatorubral-pallidoluysian atrophy; [18F]FP-CIT = [18F]
fluoro-propyl-carbomethoxy-iodophenyl-tropane; MSA = multiple system atrophy; MSA-C = cerebellar subtype of MSA; MSA-
P = parkinsonian subtype of MSA; PAG = periaqueductal gray; PC = principal component; SCA = spinocerebellar ataxia.

The clinicopathologic correlation of multiple system at-
rophy (MSA) can be characterized as a combination of
presynaptic (nigral) and postsynaptic (striatal) neuro-
degeneration for parkinsonism, pontocerebellar de-
generation for cerebellar ataxia, and the degeneration of
extrastriatal structures such as the brainstem nucleus,
which is related to sleep apnea and respiratory dysfunc-
tion." Thus, evaluation of neurodegeneration in the stria-
tum and extrastriatal structures is required to interrogate
the overall pathophysiology of MSA.

The dopamine transporter (DAT) PET radiotracer ['°F]
fluoro-propyl-carbomethoxy-iodophenyl-tropane ligand ([**F]
FP-CIT) not only binds to the DAT in the striatum but also
partly binds to the serotonin noradrenergic transporter, which
is rich in brainstem nuclei.” The spatial pattern of neuro-
degeneration in striatal and extrastriatal structures may reflect
various clinical features of MSA and provide a better un-
derstanding of the pathophysiology. Previous studies have
shown that the DAT binding in MSA was different from that in
other parkinsonian syndromes® and between MSA subtypes.*
However, the association between DAT imaging patterns and
the clinical features of MSA has not been clearly elucidated.

Currently, the pathophysiology of MSA is based on autopsy
findings, which are limited in their application to live patients.
Therefore, in vivo biomarkers associated with the clinical
symptoms of MSA are crucial because they could be used to
elucidate the clinicopathologic correlates of the underlying
neurodegeneration. We analyzed the spatial pattern of ['°F]
FP-CIT PET in patients with clinically diagnosed MSA with a
voxel-wise and data-driven method. Accordingly, we extracted
spatial patterns of neurodegeneration on PET and then ex-
amined their associations with the clinical features of MSA.

Methods

Patients

We retrospectively reviewed the medical records of patients
who were diagnosed with clinically probable/possible MSA
according to the second consensus criteria® and underwent
['"*F]FP-CIT brain PET between January 2009 and Decem-
ber 2018. For clinical information, we assessed age, sex, onset
of motor symptoms, and date of ["*F]FP-CIT PET. Clinical
signs of parkinsonism (bradykinesia, rigidity, and tremor),
cerebellar dysfunction (ataxia, dysarthria, and ocular dys-
function), and autonomic dysfunction (orthostatic hypoten-
sion, urinary dysfunction, and erectile dysfunction) were
reviewed. The patients were routinely followed up every 1 to 3
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months at the clinic, and the diagnosis was reappraised at
every visit. For exclusion of MSA-mimic disease, we per-
formed a gene test for spinocerebellar ataxia (SCA) (SCA1, 2,
3, 6, 7, and 17) and dentatorubral-pallidoluysian atrophy
(DRPLA).® Those with improved clinical symptoms (de-
termined by treating physicians) after treatment with levo-
dopa for >3 months were defined as the positive levodopa
response group.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study design was approved by the Institutional Review
Board of Seoul National University Hospital (H-1907-100-
1048), and the need for obtaining informed consent was
waived due to the retrospective nature of the study.

PET Image Acquisition

As a clinical routine protocol, patients underwent PET/CT
imaging after 185 MBq (5 mCi) of ['*F]FP-CIT was
injected intravenously to patients, and PET/CT was per-
formed 120 minutes after injection with dedicated PET/CT
scanners (Biograph true point with true V or Biograph
mCT40 or Biograph mCT64, Siemens Healthcare, Erlangen,
Germany). A low-dose CT scan (120 kVp, SO mA) was
performed first for attenuation correction and anatomic lo-
calization. PET images were reconstructed by an iterative
algorithm (ordered-subset expectation maximization) with
21 subsets and 6 iterations. Images were reconstructed with
same matrix size with 400 x 400. A 4-mm gaussian post-
reconstruction filter was applied.

Image Preprocessing and Calculation of
Binding Ratio

All PET images were spatially normalized into an in-house
["*F]FP-CIT PET template.7 Spatial normalization was per-
formed with statistical parametric mapping software (SPMS,
University College of London, UK). Additional gaussian
smoothing with full width at half-maximum of 10 mm was
implemented to suppress noise and to blur over minor ana-
tomic differences and registration errors. Voxel counts were
changed to the binding ratio (BR), defined as BR = Cypeciic/
Chonspecifioc Where C represents PET counts. Mean counts of
the occipital cortex were regarded as nonspecific binding,
Cronspecificc Automated Anatomical Labeling was used for
predefined volumes of interest to define the occipital cortex
and striatum. The matrix size of spatially normalized PET
images was 91 x 109 x 91, and the voxel size was 2.0 x 2.0 X
2.0 mm>. The BR of the putamen and caudate was obtained by
predefined Automated Anatomical Labeling volumes of
interest.
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Table Demographic and Clinical Features of Patients With MSA

Total MSA MSA-P MSA-C p Value
No. (%) 65 42 (65) 23 (35)
Age, mean (SD), y 63.7 (9.3) 64.0 (10.0) 63.0 (7.9) 0.74
Sex, M/F, n 30/35 19/23 11712 0.78
Motor onset age, mean (SD), y 61.9 (9.5) 62.0 (10.1) 61.7 (8.3) 0.81
Parkinsonism, n (%) 49/65 (75) 42/42 (100) 7123 (30) <0.0001
Cerebellar symptom, n (%) 26/65 (40) 3/42 (7) 23/23(100) <0.0001
Urinary incontinence, n (%) 43/65 (66) 25/42 (60) 18/23 (78) 0.14
Orthostatic hypotension,® n (%) 18/65 (28) 14/42 (33) 4/23 (17) 0.13
Positive levodopa response, n (%) 12/42 (29) 12/41 (29) 0/1 (0) 0.12
Duration from motor onset to ['®FIFP-CIT PET, mean (SD), y 2.1(1.8) 2.3(1.9) 1.8(1.8) 0.32
Mean follow-up duration, mo 34.0 (28.8) 39.1 (31.4) 23.9 (20.6) 0.043

Abbreviations: ['®FIFP-CIT = ["®FIfluoro-propyl-carbomethoxy-iodophenyl-tropane; MSA = multiple system atrophy; MSA-C = cerebellar dysfunction-
dominant MSA; MSA-P = parkinsonism-dominant MSA.
2 Orthostatic hypotension with systolic blood pressure drop >30 mm Hg or diastolic blood pressure drop >15 mm Hg within 3 minutes on standing.

Voxel-Wise Analysis With a from ['®F]FP-CIT PET data. PC analysis was adapted from

Data-Driven Approach

Principal component (PC) analysis was applied for data di-
mension reduction. All spatially normalized ['*F]FP-CIT
PET data were changed to a matrix M;;, where i is the number
of patients and j is the number of voxels of the brain. PCs were
computed from the singular value decomposition of the ma-
trix. The matrix was centered by subtracting the mean image
and then decomposed into n components: M = USV". PCs
are represented by SV, and the contribution of the kth PC to
the ith patient is represented by U(ik). We extracted S PCs

the open-source machine learning library (Scikit learn, version
0.22.1, scikit-learn.org/stable/) by using Python pro-
gramming language (version 3.7.6) and applied to the 65

patient datasets.

Statistics

Values are expressed as mean + SD. The Student ¢ test and
test were used to compare continuous variables and cate-
gorical variables, respectively, between MSA subtypes. A
general linear model was used to compare BRs and PCs across

Figure 1 Comparison of BRc,, and BR,; Between MSA-P and MSA-C
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Figure 2 PCs Derived From Whole-Brain DAT of Patients With MSA-P and MSA-C
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(A) Metabolic pattern of dopamine transporter (DAT) binding ratio of total patients with multiple system atrophy (MSA) represented from principal com-
ponents (PCs) 1 to 5. The z-normalized binding ratio was color-coded as green (increased binding ratio) and purple (decreased binding ratio). (B) Scatterplot of
PC1 and PC2 of parkinsonism-dominant MSA (MSA-P) (red) and cerebellar dysfunction-dominant MSA (MSA-C) (blue).

different groups with age as a cofactor. For adjustment of
multiple comparison, we used the Benjamini-Hochberg
method. The Pearson correlation test was performed to
evaluate correlations between the age at onset of motor
symptoms and PC values. Data were analyzed with the R
program (version 3.4.5, R Foundation for Statistical
Computing, Vienna, Austria) and MATLAB (MATLAB
R2020a, MathWorks, Natick, MA). Values of p < 0.0S were
deemed to be statistically significant.

Data Availability
The study data are available and will be shared on reasonable
request to the corresponding authors.

Results

Demographic Features and Conventional
Quantification of ['*F]FP-CIT PET

A total of 65 patients (35 women, age 63.7 £ 9.3 years, range
40-82 years; 42 with parkinsonian subtype of MSA [MSA-
P], 23 with cerebellar subtype of MSA [MSA-C]) were in-
cluded in the analysis. Patient characteristics are summarized
in the table. There were no significant differences in age, sex,
onset age, and time from onset to ['*F]JFP-CIT PET be-
tween patients with MSA-P and patients with MSA-C
(table). Mean + SD duration of follow up was 34.0 + 28.8
months with minimum of 3 months. Testing for SCA2, 3, 6,
7,and 17 and DRPLA was done in 31, 28, 16, 14, 26, and 14
patients, respectively, and was all negative. In particular, SCA
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and DRPLA gene test was done in 82.6% (19 of 23) of
patients with MSA-C subtype (tested in 16, 14, 13, 12, 17,
and 12 patients, respectively). Cerebellar symptoms were
positive in 7% of patients with MSA-P, while 30% of patients
with MSA-C showed parkinsonism. As a conventional ap-
proach, the BR of caudate nucleus (BR.,) and BR of
putamen (BR,,) were compared between patients with
MSA-P and MSA-C. There was no significant difference in
BR_., between patients with MSA-P and those with MSA-C
(244 +£ 0.3 vs 2.5 £ 0.4, p = 0.18, corrected p = 0.225, figure
1A), while the BR,,¢ was significantly lower in patients with
MSA-P than in patients with MSA-C (2.6 £ 0.4 vs 3.0 £ 0.6, p
= 0.0013, corrected p = 0.022, figure 1B).

Spatial Pattern Extraction From [*®F]FP-CIT PET
of Patients With MSA

We derived the first 5 PCs and their metabolic patterns
from the analysis of the spatial patterns of ['*F]FP-CIT
PET (figure 2A). PC1, PC2, and PC3 explained 70.2%,
9.2%, and 5.5% of the total variance, respectively, thereby
explaining >80% of the variance by the combination of
PC1 through PC3. Therefore, these 3 PCs were used in the
subsequent analysis. Each PC represented a specific pat-
tern of degeneration. PC1 represented a pattern of diffuse
['*F]FP-CIT binding of the putamen. A low PCI value
represents a decreased overall DAT binding in the whole
putamen. PC2 represented a posterior-dominant de-
creased ['*F]FP-CIT binding of the putamen; thus, a low
PC2 value represents the posterior putaminal-dominant
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Figure 3 Comparison of PCs Between Subtypes of Multiple System Atrophy, Parkinsonism
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degeneration of DAT binding. PC3 was associated with
increased ['*F]FP-CIT binding of the caudate and decreased
binding of dorsal pontine nuclei, periaqueductal gray (PAG), and
thalamus (figure 2A). A low PC3 value represents low DAT
binding in the caudate and high DAT binding in the dorsal
pontine nuclei.

Neurology.org/N

Spatial Patterns of ['®F]FP-CIT PET Associated
With Clinical Representations of MSA

The scatterplot of PC1 and PC2 of MSA showed distinct
distributions for MSA-P and MSA-C (figure 2B). Accordingly,
PET image patterns were represented as distinct clusters
according to the MSA subtype, parkinsonism, levodopa
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Figure 4 Comparison of PCs of Patients With MSA With and Without Positive Levodopa Response
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(A) Scatterplot of principal component (PC) 1 and PC2 of patients with parkinsonism-dominant multiple system atrophy (MSA) prescribed levodopa showing
positive levodopa response (dot) and negative response to levodopa (cross). (B) Significant correlation of PC2 with positive levodopa response.

response, and PCs (figure 3A). We found a significant difference
between patients with MSA-P and MSA-C in PC1 and PC2 with
age as a cofactor (-0.8 £ 2.9 vs 1.5 £ 4.1, p = 0.013, corrected
p=0022,and -04 £ 12vs 0.8 + 1.1, p = 5.51 x 107%, corrected
p = 27 x 107, respectively, figure 3, B and C). The de-
creased PC1 and PC2 suggested the predominant involve-
ment of presynaptic nigrostriatal degeneration in patients with
MSA-P. In all patients with MSA, the PC2 was significantly lower
in patients with parkinsonism than in those without parkinson-
ism (-0.3 £ 12 vs 0.8 £ 1.1, p = 5.34 x 107, figure 3E); in
contrast, the PC1 showed no significant difference between
patients with and without parkinsonism (0.3 £ 1.2 vs 1.3 £ 4.0,
p = 0.11, figure 3D). Among patients with MSA with parkin-
sonism, positive levodopa response was associated with PC2

(1.1 £ 0.6 vs =0.1 + 1.2, p = 0.044, figure 4, A and B) but not
with PCI (—1.6 + 2.5 vs 0.2 + 32, p = 021).

The presence of urinary incontinence was associated with
higher PC3 with age as a cofactor (0.2 + 0.9 vs —0.3 £ 0.9 with
urinary incontinence vs without urinary incontinence, re-
spectively, p = 0.036, figure SA) but not with PC1 (0.3 £ 3.2 vs
-0.6+4.1,p=0.35) or PC2 (0.1 £ 1.3vs 0.2 £ 1.3,p = 0.41).
Orthostatic hypotension was not correlated with PC1, PC2,
or PC3 (figure SB).

We also found a significant correlation of lower PC2 with the
younger age at onset of motor symptoms in all patients with
MSA (R = 046, p = 0.00011, figure 6A), and a trend was also

Figure 5 Correlation of Dopamine Transporter Binding With Autonomic Symptoms
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found in both the MSA-P and MSA-C subgroups (R = 0.57, p =
79x10 % and R= 0.50, p = 0.015, respectively, figure 6, B and C).
Older onset age was correlated with lower PC3 in all patients with
MSA (R = -0.38, p = 0.0017, figure 6D), but the correlation was
found only in MSA-P (R = —0.54, p = 0.0002, figure 6E), not in
MSA-C (R = 0.037, p = 0.87, figure 6F). PC2 and PC3 were not
significantly correlated with disease duration (time from onset of
symptoms to [ '*F]FP-CIT image) (R = —0.081, p = 0.52 for PC2
and R = -0.026, p = 0.83 for PC3). We found no significant
correlation of onset age or disease duration with PC1 (R = —0.12,
p = 0.34 for onset age and R = 0.087, p = 049 for disease
duration).

Discussion

In this study, we examined the whole-brain DAT binding
pattern in patients with MSA, which is correlated with clinical
variables, including parkinsonism, levodopa response, and
autonomic dysfunctions. Furthermore, we found that the
DAT binding pattern was related to onset age.

Overall, the DAT binding pattern revealed relatively preserved
DAT binding in the striatum in patients with MSA-C, in line with

previous studies.*” A positive levodopa response was signifi-
cantly correlated with a low PC2 value (posterior-dominant
decline) but not with the PC1 value (diffuse decline). Further-
more, PC2, but not PC1, was significantly correlated with par-
kinsonism in MSA. This result suggests that posterior-dominant
loss, rather than diffuse loss, of DAT in the putamen accounts for
parkinsonism and its positive levodopa response in MSA. A
previous pathologic analysis of 100 patients with MSA showed
that those with a good response to levodopa had a preserved
anterior part of the putamen, which corresponds to our find-
ing.'® Patients with MSA usually show a poor response to
levodopa therapy,® but up to 30% of the patients still show a
clinically significant response."’ Our results suggest that the
posterior-dominant dopamine degeneration pattern is a poten-
tial predictive factor for the positive levodopa response and that
levodopa should be tried, especially in those patients.

We found that PC3 was associated with the presence of urinary
incontinence in MSA. A higher PC3 value corresponds to low
DAT binding in the dorsal pontine area and PAG matter. Reflex
circuitry connections between the lumbosacral spinal cord and
dorsal pontine nuclei, including the locus coeruleus, raphe nu-
cleus, and PAG, are responsible for controlling bladder func-
tion.'” In addition, neurons in the rostropontine area (pontine

Figure 6 Correlation of Dopamine Transporter Binding Pattern With Age at Onset of MSA
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micturition center) and the PAG play a central role in controlling
micturition."> Classically, the degeneration of the preganglionic
intermediolateral cell column in the spinal cord has been sug-
gested as a pathologic substrate for urinary dysfunction in MSA.
However, a series of pathologic studies have failed to find any
correlation between neuronal loss in the spinal cord and severity
of urinary dysfunction in MSA, which suggests that degeneration
in the supraspinal structure as a pathologic correlate of urinary
dysfunction in MSA."* From this perspective, a previous autopsy
study reported that degeneration of the dorsal pontine area and
PAG neurons was correlated with urinary dysfunction.'* Cur-
rently, there are not many series of studies showing a correlation
between dorsal pontine catecholaminergic degeneration and
urinary incontinence in vivo using functional neuroimaging.

The correlation of lower PC2 with younger onset age suggests
that patients with MSA with a relatively early onset show
more severe posterior putaminal-predominant degeneration
of nigrostriatal projections. Notably, PC2 was also signifi-
cantly correlated with a positive levodopa response. It has
repeatedly been reported that a positive levodopa response
and levodopa-induced dyskinesia are frequently observed in
patients with early-onset MSA.">"® In this regard, our findings
may provide a clue to the underlying pathomechanism of age-

related levodopa responsiveness in MSA.'S

We observed that the lower PC3 was correlated with older onset
age, which suggests that patients with late-onset MSA may show
more caudate degeneration with less involvement in dorsal pon-
tine nuclei. DAT binding in the dorsal pontine area represents the
degeneration of the dorsal pontine nucleus with noradrenaline/
serotonin transporters, including the dorsal raphe, locus coeruleus,
and PAG, which are responsible for autonomic dysfunction.12 Our
data show relatively severe degeneration of the dorsal pontine
nucleus in patients with relatively early-onset MSA. Thus, our
results support a higher prevalence of autonomic dysfunctions in
early-onset MSA compared with late-onset MSA."

There are several limitations in the current study. First, this was a
retrospective study with a limited number of patients who un-
derwent ['®F]FP-CIT PET. Because ['*F]JFP-CIT PET is not
routinely performed in patients with MSA, there is a possibility of
selection bias in that the study population may not reflect the
general MSA population. Second, the levodopa response was
subjectively defined by the treating physician rather than by the
objective monitoring of motor symptoms. Furthermore, whether
the positive levodopa response was sustained was not fully in-
vestigated. Therefore, we cannot rule out the possibility of pla-
cebo in the patients. Third, the patients were not confirmed with
autopsy, and we enrolled patients with both probable and pos-
sible MSA using clinical diagnostic criteria.” However, of note, the
patients were followed up for a mean duration of 34 months, and
the diagnosis was continuously reappraised at every visit. Future
studies with prospective and longitudinal follow-up of patients
with MSA with comprehensive evaluations of clinical and cog-
nitive functions as well as DAT imaging are required.
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We comprehensively analyzed the spatial patterns of dopa-
minergic neurodegeneration by using [**F]FP-CIT PET
among patients with MSA. The pattern of posterior-dominant
DAT reduction was associated with the positive levodopa
response and parkinsonism symptoms in MSA. Urinary in-
continence, which is a core autonomic dysfunction, was as-
sociated with decreased DAT binding of the dorsal pontine
area. The posterior-dominant decline in DAT binding was
associated with a relatively early onset. Our approach to
identifying the functional correlates of neuroimaging provides
insight into the underlying pathophysiology of a broad spec-
trum of MSA in terms of clinical phenotypes.
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