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Magnetic resonance imaging
modalities aid in the differential
diagnosis of atypical parkinsonian
syndromes

Sule Tinaz'?*

!Division of Movement Disorders, Department of Neurology, Yale School of Medicine, New Haven, CT,
United States, 2Department of Neurology, Clinical Neurosciences Imaging Center, Yale School of Medicine,
New Haven, CT, United States

Accurate and timely diagnosis of atypical parkinsonian syndromes (APS) remains a
challenge. Especially early in the disease course, the clinical manifestations of the
APS overlap with each other and with those of idiopathic Parkinson's disease (PD).
Recent advances in magnetic resonance imaging (MRI) technology have introduced
promising imaging modalities to aid in the diagnosis of APS. Some of these MRI
modalities are also included in the updated diagnostic criteria of APS. Importantly,
MRl is safe for repeated use and more affordable and accessible compared to nuclear
imaging. These advantages make MRI tools more appealing for diagnostic purposes.
As the MRI field continues to advance, the diagnostic use of these techniques in APS,
alone or in combination, are expected to become commonplace in clinical practice.
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Introduction

PD and APS are neurodegenerative proteinopathies with distinct patterns of progressive
neuronal loss yet overlapping motor and non-motor clinical features. Distinguishing the two
especially in the early stages of the disease course can be challenging. This mini review aims
to provide an overview of the recent advances in MRI techniques that can help differentiate
the APS from each other and from PD. The details of each study are summarized in the
Supplementary Table.

Multiple system atrophy

Like PD, MSA (cerebellar—C and parkinsonian—P) is a synucleinopathy characterized by
alpha-synuclein-containing cytoplasmic inclusions in the glial cells causing neurodegeneration
in striatonigral and olivopontocerebellar structures (1). The diagnostic criteria of MSA
have been recently updated to improve specificity and sensitivity (1). A new category of
clinically established MSA has been introduced aiming for maximum specificity with acceptable
sensitivity. In addition to clinical features, brain MRI markers suggestive of MSA are required
for the diagnosis of clinically established MSA (e.g., “hot cross bun sign”, atrophy of the putamen
and signal decrease in iron-sensitive sequences, atrophy of the pons, middle cerebellar peduncle,
or cerebellum; increased diffusivity of the putamen or middle cerebellar peduncle).
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Progressive supranuclear palsy and
corticobasal syndrome

Both PSP and CBS are tauopathies characterized by tau inclusions
in neurons and glia, astrocytic plaques, and neurofibrillary tangles.
The tau fragments and anatomical distribution of tauopathy are
different in these conditions and lead to characteristic clinical
manifestations but with considerable overlap (2). The clinical
features of the typical probable PSP phenotype [i.e., PSP-Richardson
syndrome (RS)] are oculomotor dysfunction and postural instability.
The PSP diagnostic criteria were updated in 2017 to improve
sensitivity for variant PSP syndromes that present differently than
PSP-RS [e.g., parkinsonism (P), gait freezing] (3). Imaging findings
including predominant midbrain atrophy or hypometabolism as
demonstrated by MRI or ['8F]DG-PET, respectively, are also
considered high-level supportive features (3).

Probable CBS is characterized by asymmetrical motor symptoms
of the limb and higher cortical sensorimotor deficits (4). Despite these
differences, both syndromes may show considerable clinical overlap.
In the updated PSP criteria, the PSP-CBS phenotype is categorized as
a “probable 4R-tauopathy” (3).

MRI modalities
Clinical MRI

Conventional TI1- and T2-weighted sequences can reveal
morphological patterns corresponding to structural brain changes
in APS. Descriptive terms have been used to characterize these
patterns: For example, “hummingbird” (relative dorsal midbrain
atrophy compared to pons), “morning glory” (concavity of the
lateral margin of the midbrain tegmentum due to atrophy), and
“mickey mouse” (rounded midbrain peduncles) for PSP (5); “hot
cross bun” (cross-like hyperintensity of the pons) and “putaminal
rim” (bilateral hyperintense rim lining the dorsolateral borders of the
putamen) for MSA. Hyperintensity in the middle cerebellar peduncle
on T2-weighted axial images can also be seen in MSA (6, 7). These
morphological changes usually have good specificity but relatively
poor sensitivity (6-8). Moreover, the specificity of some of these
markers have also been challenged. For example, the putaminal rim
sign was omitted from the new MSA criteria partly due to its limited
differential diagnostic potential in separating MSA from PSP (1, 9).
Similarly, the hot cross bun sign has been described in spinocerebellar
ataxias and non-degenerative disorders (10).

Abbreviations: APS, atypical parkinsonian syndromes; CBD/S, corticobasal
degeneration/syndrome; DTI, diffusion tensor imaging; FW, free water; MRI,
magnetic resonance imaging; MRPI, magnetic resonance parkinsonism index;
MSA, multiple system atrophy (C, cerebellar type, P, parkinsonian type); NM,
neuromelanin; NODDI, neurite orientation dispersion and density imaging;
PD, parkinson’s disease; PSP, progressive supranuclear palsy (P, parkinsonian
type, RS, Richardson's syndrome); QSM, quantitative susceptibility mapping;
SN, substantia nigra; SWI, susceptibility-weighted imaging; VBM, voxel-based

morphometry.
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Structural MRI

Structural brain scans using T1-weighted MRI are relatively
easy to collect and have been used frequently for diagnostic
purposes. These scans are typically analyzed with voxel-based
morphometry (VBM) or automated segmentation methods. There
have been significant developments in automated quantitative
methods since the publication of the original study that reported
smaller midbrain/pons ratios in PSP based on manual measurements
(11). The Magnetic Resonance Parkinsonism Index (MRPI) is the
fruit of these efforts (12). The MRPI has been considered one of the
most reliable imaging biomarkers for PSP (5). The MRPI formula is
the following (see Figure 1):

Pons area Middle cerebellar peduncle width

MRPI = X
Midbrain area ~ Superior cerebellar peduncle width

Manual and automated MRPI calculations demonstrate high
accuracy in discriminating PSP from controls, from PD or MSA (13-
15), and more specifically for MSA-P (12). In these studies, MRPI
cutoff scores of >12.38 accurately distinguish PSP-P from PD and
>13.88 PSP-RS from PD (14, 16).

The updated version MRPI 2.0 incorporates ventricular measures
in the MRPI (16):

3rd Ventricle width

MRPI20=MRPI x —M—
x Frontal horn width

The 3rd ventricle width is calculated by averaging three
measurements of the 3rd ventricle (i.e., anterior, middle, posterior)
on the axial plane at the anterior commissure—posterior commissure
(AC-PC) level. The width of the frontal horns is measured as the
maximal left-to-right width on the axial plane. MRPI 2.0 showed
excellent diagnostic performance differentiating PSP phenotypes
from PD and differentiated PSP-P from PD with higher accuracy
than MRPI even in early stages (16). The MRPI 2.0 cutoff scores of
>2.18 accurately distinguish PSP-P from PD and >2.50 PSP-RS from
PD (16). A new study has validated MRPI 2.0 in large independent
cohorts and found it successful in distinguishing PSP-P from PD (17).

A meta-analysis of whole-brain VBM studies confirmed that
midbrain metrics generally performed very well in distinguishing
PSP (predominantly the RS type) from PD and MSA with strong
effect sizes supporting the inclusion of these metrics in the differential
diagnosis of PSP (18).

While advanced automated measures have provided higher
diagnostic accuracy in PSP, their use requires technical expertise and
is not readily generalizable to clinical practice. A more practical MRI
measure has been introduced recently that uses the 3rd ventricle
width/internal skull diameter ratio on T1-weighted images (19). Both
measurements are manually performed on subcallosal axial images
at the AC-PC level. Maximum dilatation of the 3rd ventricle is
measured. The maximum internal skull diameter is also measured
on the same slice. This ratio has successfully distinguished PSP cases
from PD cases (a ratio of >5.88 supports PSP and <5.88 supports
PD). This method was considered more suitable than MRPI in the
clinical setting because it did not require image reconstruction.

Volumetric analyses of subcortical structures have also shown
promise in distinguishing APS cases other than PSP. Structural
images of patients with PD, MSA, and PSP with a disease duration
of <6 years were analyzed (20). The midbrain and putamen volumes
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FIGURE 1

(A—E) T1-weighted anatomical images demonstrating the landmarks for the calculation of the original magnetic resonance parkinsonism index (MRPI)
and MRPI 2.0 (see the formulae in the main text). (A) The midbrain and pons areas outlined with white dotted lines on a sagittal image. (B) Middle
cerebellar peduncle width marked with a white line on a sagittal image. (C) Superior cerebellar peduncle width marked with a white line on a coronal
image. (D) Third ventricle width (anterior, middle, and posterior) marked with white lines on an axial image at the anterior commissure—posterior
commissure level. (E) Maximum left-to-right frontal horn width marked with a white line on an axial image. (F) Quantitative susceptibility mapping: black
arrows point to the iron depositions (bright areas) in the globus pallidus bilaterally on an axial image. (G) Neuromelanin scan using magnetization transfer
gradient echo sequences: white arrows point to the bilateral neuromelanin-rich substantia nigra (hyperintense) on an axial image

and cerebellar gray matter volumes were found to provide the best
diagnostic accuracy for the patient groups, which was far better
than the diagnostic accuracy based on the clinical criteria. Another
large cohort study using multiple clinical and biological markers
examined the distinguishing features between PSP and CBS (21).
The PSP group was further stratified into different phenotypic types.
The study showed that midbrain atrophy was a core neuroimaging
feature in all PSP cases. The PSP-subcortical group showed less
atrophy in the midbrain, medulla, and central subcortical structures
with relatively preserved cortical volumes, whereas the PSP-cortical
group showed additional severe frontotemporal atrophy. Moreover,
cortical volumetric data distinguished PSP-subcortical from PSP-
cortical. The midbrain and pons volumes were relatively preserved
in the CBS group, but there was severe atrophy of the central
subcortical structures and cerebral cortex. Finally, the MRPI showed
good accuracy in distinguishing PSP from other neurodegenerative
pathologies but not from CBD, whereas the combination of cortical
and subcortical measures provided high accuracy in distinguishing
PSP and CBD from each other and from other pathologies (15).
Lastly, idiopathic normal pressure hydrocephalus (iNPH)
deserves mention as an APS mimic. A novel MRI-based and manually
measured hydrocephalic index showed high accuracy that was
comparable to automated ventricular volumetry in distinguishing
iNPH from PSP (22). The MRI-based Radscale (23) also provided
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good accuracy to distinguish iNPH from PSP, MSA-P, and vascular
dementia (24).

Neuromelanin MRI

Neuromelanin (NM) is a cytosolic neuronal pigment found
in specific brain regions including the substantia nigra (SN). It
accumulates slowly in dopaminergic neurons with age. Loss of NM,
due to loss of dopaminergic neurons, is a pathological hallmark of
PD. Because of its ferromagnetic properties, NM can be detected
with MRI and used as a proxy measure of the SN volume in vivo
(25). SN volumes measured using NM-MRI have been shown to
discriminate patients with PD from controls with high accuracy
(26-28) and to correlate negatively with motor severity in patients
with PD (27, 29). Furthermore, nigral subregions involved in motor,
affective and cognitive functioning in patients with PD have been
identified using NM-MRI (30). Finally, in independent PD cohorts,
the annual rates of decline in SN volumes have been estimated
using NM-MRI suggesting a role for NM as a biomarker for
disease progression in the brain (29). The NM content in the SN
is estimated based on the voxel-wise signal-to-noise ratio (SNR)
or contrast-to-noise ratio (CNR) using the crus cerebri as the
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reference (29)*:

Signal SN
SNR = 22772 o 100
Signal Ref
Signal SN
CNR= 28" °2 . STDRef
Signal Ref

These ratios can be calculated using template-based or manually
segmented SN volumes on NM images. Using both methods, the SN
volume and corrected SN volume (divided by the total intracranial
volume) were found to be significantly reduced in patients with
PD, PSP, and MSA compared with controls, most prominently
in the PSP group (32). The quantitative analyses showed reduced
SNR and CNR in the PSP group compared with controls, but no
significant difference between controls and the PD and MSA groups.
The SNR in the anteromedial associative region of the SN was
significantly reduced in all patient groups compared with controls,
and significantly more reduced in the PSP than the PD and MSA
groups. PD group showed more SNR reduction in the posterolateral
sensorimotor region of the SN compared with controls.

Another study used deep learning models (i.e., convolutional
neural networks) to overcome the potential challenges in delineating
the SN boundaries (33). A boxed region around the brainstem on the
axial NM images including the SN and surrounding white matter was
used as the input to the network. The network passed these input
images through a chain of convolutional layers and transformed them
into an output vector with image class probabilities. Compared with
other standard classification methods, convolutional neural networks
showed higher cross-validation accuracy and higher test accuracy in
differentiating PD from APS (including MSA and PSP).

Iron MRI

Disruption of iron homeostasis in the brain has been linked to
neurodegenerative processes. Excess iron can induce oxidative stress
by producing reactive oxygen species, which can cause damage to the
DNA and mitochondria and lead to cell death. Catecholaminergic
neurons may be particularly sensitive to this damage due to oxidation
of dopamine to toxic quinones via reduction of ferric iron (Fe3T)
to ferrous iron (Fe?*) (34). Increased iron deposition in the basal
ganglia in PD and APS has been demonstrated in postmortem studies
(34-36) and in iron imaging studies in vivo.

Common iron-sensitive MRI methodologies using gradient
echo sequences include R2* (transverse relaxation rate, ie.,
1/T2*), susceptibility-weighted imaging (SWI), and quantitative
(QSM)  (37).

significantly increased iron deposition in the SN in PD patients

susceptibility mapping Iron imaging showed
(38). Correlations between clinical severity scores and iron imaging
data were found to be most robust for QSM. Nigral iron accumulation
was also found to increase in treated PD patients throughout the
course of the disease and plateau at late stages (39).

Quantitative region-of-interest analyses of iron-sensitive MRI
scans consistently indicated increased susceptibility in the putamen
as the strongest marker distinguishing MSA-P from PD and PSP,
and increased susceptibility in the red nucleus and globus pallidus

1 Of note, NM contrast ratio has also been calculated as (Signalsy —
Signalees)/Signal,esx100 (31).
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as the strongest marker discriminating PSP from PD and MSA (40—
42). A recent study testing the impact of different echo times (TE)
on the diagnostic accuracy of QSM showed that shorter TE values
provided (1) a more detailed map of the spatial heterogeneity of iron
distribution in the subcortical regions and (2) a higher diagnostic
accuracy in distinguishing MSA-P and MSA-C phenotypes from
controls and from each other (43). The susceptibility in the dentate
nucleus with a shorter TE discriminated MSA-P from MSA-C with
high accuracy.

Iron-sensitive MRI is also used for nigrosome imaging. The SN
pars compacta consists of clusters of NM-rich dopaminergic neurons
called nigrosomes. The largest one, nigrosome-1, is located at the
caudal most part of the SN pars compacta and can be visualized
as the so-called “swallowtail sign” on T2*-weighted or SWI scans
(two hypointense tails with a hyperintense middle). The loss of
swallowtail appearance can occur with increased iron deposition in
nigrosome-1 and has been used as a promising imaging marker of the
neurodegenerative processes in PD and to differentiate PD from APS
by itself (44) or in combination with other imaging modalities (45).
Modified SWI protocols have demonstrated that nigrosome-1 can
manifest in various shapes (e.g., mostly as a loop and occasionally as
characteristic swallowtail) (46). Notably, comparison of in vivo T2*-
weighted images in a 7T-scanner of three healthy subjects with those
of three older donors without neurological disorders postmortem
combined with immunohistochemistry evaluation showed that the
swallowtail sign and nigrosome-1 only partially overlap and should
not be equated (47).

Diffusion MRI

Diffusion-weighted MRI based on the
displacement speed and direction of the water molecules in the

techniques are

brain. In the absence of boundaries, diffusion has a Gaussian
spherical (i.e., isotropic) pattern. The tissue boundaries (e.g., white
matter tracts) restrict this diffusion and cause anisotropy. Diffusion
tensor imaging (DTT) is commonly used and provides measurements
such as mean diffusivity (MD), fractional anisotropy (FA), and radial
diffusivity (RD) (48). A meta-analysis focusing on the putaminal
diffusivity measures demonstrated that these measures successfully
discriminated MSA-P from PD (49). However, the confidence
intervals indicated substantial variability highlighting the need for
harmonized MRI protocols. DTT features primarily in the brainstem,
deep gray matter, and frontal cortex successfully differentiated PSP-
RS from PD (50). The frontal white matter and superior cerebellar
peduncle have been hypothesized to be sensitive to the pathological
changes in PSP. The normalized FA scores obtained from these
regions distinguished PSP cases from those with Lewy body disorders
including PD and PD-dementia (51).

A limitation of the conventional DTT is that the measurements
are not specific to the individual microstructural features of the brain
tissue. There are more advanced diffusion MRI techniques such as
free water (FW) imaging and neurite orientation dispersion and
density imaging (NODDI) that offer better specificity. The FW two-
compartment model examines the extracellular FW compartment
and the tissue compartment (52). This model allows separation of
the diffusion properties of the brain tissue from the “contamination”
of the surrounding extracellular FW by correcting the DTT measures
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for the FW volume. NODDI provides microstructural specificity at
the neurite level (i.e., dendrites and axons) by distinguishing three
environments of the brain tissue, i.e., the intracellular, extracellular,
and cerebrospinal fluid (CSF) compartments (53). NODDI requires
multi-shell diffusion imaging with multiple b-values (i.e., diffusion
weighting values), whereas FW imaging can be performed with
single-shell diffusion imaging.

Significantly increased FW in the posterior SN in de novo PD
compared with controls have been demonstrated, which continued
to increase for 4 years as the disease stage progressed (54). FW in the
posterior SN was found to be more increased in PSP compared with
MSA and PD cases (55). A multicenter study using machine learning
classification methods on FW and FW-corrected FA values in 60
different template regions showed high accuracy in distinguishing PD
from MSA and PSP, as well as MSA from PSP (56). Of note, in the
same study, the classification model based on the MDS-Unified PD
Rating Scale (UPDRS) part III motor exam scores alone performed
poorly. Moreover, adding the MDS-UPDRS part III scores to the FW-
based classification model did not make a significant difference in the
differentiation power. The authors suggested that FW imaging was
a valid, practical, and generalizable approach to increase diagnostic
accuracy of PD and APS.

NODDI technique provides three metrics (53): (1) Isotropic
volume fraction (Vis,), which is the volume fraction of the CSF
and is expected to increase in neurodegenerative processes. (2)
Orientation dispersion index (ODI): Quantifies the degree of neurite
dispersion. Increased ODI in white matter may indicate axonal
disorganization, whereas decreased ODI in gray matter may indicate
dendritic thinning. (3) Intracellular volume fraction (Vic): Measures
neurite density, which is lower in gray matter and higher in white
matter. The Vi, is used to correct the ODI and Vj. compartments.
NODDI, FW, and FW-corrected FA measures obtained from the
basal ganglia, midbrain/thalamus, and cerebellar regions showed
comparable discriminating power between PD and APS groups
(including MSA and PSP) with FW showing larger effect sizes
in the basal ganglia and cerebellum (57). Therefore, the authors
suggested that single-shell FW imaging might be more feasible in
clinical settings because of its shorter duration. In addition, Vis,
was increased in the posterior SN in PD cases and increased in
both the anterior and posterior SN in the APS cases compared
with controls suggesting that it might be a robust marker of
nigrostriatal degeneration.

A novel diffusion MRI technique called fixel-based analysis
combines voxel-based analysis with tract-based analysis to address
the problem of crossing fibers within a voxel. Using FW, NODDI,
and fixel-based analysis 1-year change in diffusion measures and their
association with clinical disease progression were examined in PD,
MSA-P, and PSP (58). Only the fixel-based analysis and FW imaging
revealed longitudinal declines in a larger number of descending
sensorimotor tracts in MSA-P and PSP compared to PD. FW and
FW-corrected FA in gray matter regions also showed longitudinal
changes in MSA-P and PSP groups.

Multimodal MRI approaches

Several studies combined multiple MRI modalities to improve
diagnostic accuracy. For example, combining volumetric analyses
with diffusion measures obtained from the putamen and cerebellum
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provided excellent diagnostic accuracy in discriminating patients
with MSA from those with PD in the early to moderate disease
stages (59, 60). Including volumetric data also improved the
accuracy of diffusion measures to discriminate PD, PSP, and MSA
cases (61).

Using multiparametric MRI, various combinations of two
different markers including gray matter density, diffusion, and
relaxometry measures mainly involving the cerebellum and
brainstem were found to be sufficient to obtain >95% discrimination
between MSA and PD, as well as between MSA subtypes (62).
Similarly, a combination of NM, volumetric, and diffusion measures
of the brainstem, basal ganglia, and basal forebrain separated
PSP from PD (63). Finally, a combination of proton-magnetic
resonance spectroscopy measures of the globus pallidus and
voxel-based morphometry measures of the cerebellum and basal
ganglia provided good accuracy to distinguish MSA-P from
PD (64).

Conclusion

MRI modalities improve the diagnostic accuracy of PD vs.
APS. Many of them have been validated in large cohorts and
As the field
continues to evolve, accessibility, cost, standardization of imaging

some are readily available for clinical use (65).

protocols and analysis methods, determining cutoff scores for
differential diagnosis, and optimizing the selection of modalities
are some of the important challenges that need to be faced for
the widespread clinical use of these techniques at the individual
patient level.

Author contributions

ST reviewed the literature, wrote the manuscript, and prepared
the table and figure.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.
1082060/ full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fneur.2023.1082060
https://www.frontiersin.org/articles/10.3389/fneur.2023.1082060/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1082060/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Tinaz

References

1. Wenning GK, Stankovic I, Vignatelli L, Fanciulli A, Calandra-Buonaura G, Seppi K,
et al. The movement disorder society criteria for the diagnosis of multiple system atrophy.
Mov Disord. (2022) 37:1131-48. doi: 10.1002/mds.29005

2. Kouri N, Whitwell JL, Josephs KA, Rademakers R, Dickson DW. Corticobasal
degeneration: a pathologically distinct 4R tauopathy. Nat Rev Neurol. (2011) 7:263-
72. doi: 10.1038/nrneurol.2011.43

3. Hoglinger GU, Respondek G, Stamelou M, Kurz C, Josephs KA, Lang AE, et al.
Movement Disorder Society-endorsed PSP Study Group. Clinical diagnosis of progressive
supranuclear palsy: the movement disorder society criteria. Mov Disord. (2017) 32:853—
64. doi: 10.1002/mds.26987

4. Armstrong M]J, Litvan I, Lang AE, Bak TH, Bhatia KP, Borroni B, et al.
Criteria for the diagnosis of corticobasal degeneration. Neurology. (2013) 80:496—
503. doi: 10.1212/WNL.0b013e31827f0fd1

5. Whitwell JL, Hoglinger GU, Antonini A, Bordelon Y, Boxer AL, Colosimo C, et al.
Movement Disorder Society-endorsed PSP Study Group. Radiological biomarkers for
diagnosis in PSP: Where are we and where do we need to be? Mov Disord. (2017)
32:955-71. doi: 10.1002/mds.27038

6. Lee EA, Cho HI, Kim SS, Lee WY. Comparison of magnetic resonance imaging
in subtypes of multiple system atrophy. Parkinsonism Relat Disord. (2004) 10:363—
8. doi: 10.1016/j.parkreldis.2004.04.008

7. Massey LA, Micallef C, Paviour DC, O’Sullivan SS, Ling H, Williams DR, et al.
Conventional magnetic resonance imaging in confirmed progressive supranuclear palsy
and multiple system atrophy. Mov Disord. (2012) 27:1754-62. doi: 10.1002/mds.24968

8. Saced U, Lang AE, Masellis M. Neuroimaging advances in Parkinson’s
disease and  atypical parkinsonian  syndromes.  Front  Neurol.  (2020)
11:572976. doi: 10.3389/fneur.2020.572976

9. Mahlknecht P, Hotter A, Hussl A, Esterhammer R, Schocke M, Seppi K. Significance
of MRI in diagnosis and differential diagnosis of Parkinson’s disease. Neurodegener Dis.
(2010) 7:300-18. doi: 10.1159/000314495

10. Zhu S, Li H, Deng B, Zheng ], Huang Z, Chang Z, et al. Various diseases and
clinical heterogeneity are associated with “hot cross bun”. Front Aging Neurosci. (2020)
12:592212. doi: 10.3389/fnagi.2020.592212

11. Oba H, Yagishita A, Terada H, Barkovich AJ, Kutomi K, Yamauchi T, et al.
New and reliable MRI diagnosis for progressive supranuclear palsy. Neurology. (2005)
64:2050-5. doi: 10.1212/01.WNL.0000165960.04422.D0

12. Quattrone A, Nicoletti G, Messina D, Fera F, Condino F, Pugliese P, et al. MR
imaging index for differentiation of progressive supranuclear palsy from Parkinson
disease and the Parkinson variant of multiple system atrophy. Radiology. (2008) 246:214—
21. doi: 10.1148/radiol.2453061703

13. Nigro S, Arabia G, Antonini A, Weis L, Marcante A, Tessitore A, et al. Magnetic
Resonance Parkinsonism Index: diagnostic accuracy of a fully automated algorithm in
comparison with the manual measurement in a large Italian multicentre study in patients
with progressive supranuclear palsy. Eur Radiol. (2017) 27:2665-75. doi: 10.1007/s00330-
016-4622-x

14. Nigro S, Antonini A, Vaillancourt DE, Seppi K, Ceravolo R, Strafella AP, et al.
Automated MRI classification in progressive supranuclear palsy: a large international
cohort study. Mov Disord. (2020) 35:976-83. doi: 10.1002/mds.28007

15. 1llan-Gala I, Nigro S, VandeVrede L, Falgas N, Heuer HW, Painous C, et al.
Diagnostic accuracy of magnetic resonance imaging measures of brain atrophy across the
spectrum of progressive supranuclear palsy and corticobasal degeneration. JAMA Netw
Open. (2022) 5:¢229588. doi: 10.1001/jamanetworkopen.2022.9588

16. Quattrone A, Morelli M, Nigro S, Quattrone A, Vescio B, Arabia G, et al.
A new MR imaging index for differentiation of progressive supranuclear palsy-
parkinsonism from Parkinson’s disease. Parkinsonism Relat Disord. (2018) 54:3-
8. doi: 10.1016/j.parkreldis.2018.07.016

17. Quattrone A, Bianco MG, Antonini A, Vaillancourt DE, Seppi K, Ceravolo R, et al.
Development and validation of automated magnetic resonance parkinsonism index 20 to
distinguish progressive supranuclear palsy-parkinsonism from Parkinson’s Disease. Mov
Disord. (2022) 37:1272-81. doi: 10.1002/mds.28992

18. Albrecht F Bisenius S, Neumann J, Whitwell J, Schroeter ML. Atrophy in
midbrain & cerebral/cerebellar pedunculi is characteristic for progressive supranuclear
palsy - A double-validation whole-brain meta-analysis. Neuroimage Clin. (2019)
22:101722. doi: 10.1016/j.nicl.2019.101722

19. Quattrone A, Antonini A, Vaillancourt DE, Seppi K, Ceravolo R, Strafella AP,
et al. A new MRI measure to early differentiate progressive supranuclear palsy from de
novo parkinson’s disease in clinical practice: an international study. Mov Disord. (2021)
36:681-9. doi: 10.1002/mds.28364

20. Scherfler C, Gobel G, Miiller C, Nocker M, Wenning GK, Schocke M,
et al. Diagnostic potential of automated subcortical volume segmentation in atypical
parkinsonism. Neurology. (2016) 86:1242-9. doi: 10.1212/WNL.0000000000002518

21. Jabbari E, Holland N, Chelban V, Jones PS, Lamb R, Rawlinson C, et al. Diagnosis
across the spectrum of progressive supranuclear palsy and corticobasal syndrome. JAMA
Neurol. (2020) 77:377-87. doi: 10.1001/jamaneurol.2019.4347

Frontiersin Neurology

10.3389/fneur.2023.1082060

22. Quattrone A, Sarica A, La Torre D, Morelli M, Vescio B, Nigro S, et al. Magnetic
resonance imaging biomarkers distinguish normal pressure hydrocephalus from
progressive supranuclear palsy. Mov Disord. (2020) 35:1406-15. doi: 10.1002/mds.28087

23. Kockum K, Lilja-Lund O, Larsson EM, Rosell M, Séderstrom L, Virhammar J,
et al. The idiopathic normal-pressure hydrocephalus Radscale: a radiological scale for
structured evaluation. Eur ] Neurol. (2018) 25:569-76. doi: 10.1111/ene.13555

24. Fillmar D, Andersson O, Kilander L, Léwenmark M, Nyholm D, Virhammar J.
Imaging features associated with idiopathic normal pressure hydrocephalus have high
specificity even when comparing with vascular dementia and atypical parkinsonism.
Fluids Barriers CNS. (2021) 18:35. doi: 10.1186/s12987-021-00270-3

25. Sulzer D, Cassidy C, Horga G, Kang UJ, Fahn S, Casella L, et al. Neuromelanin
detection by magnetic resonance imaging (MRI) and its promise as a biomarker for
Parkinson’s disease. NPJ Parkinsons Dis. (2018) 4:11. doi: 10.1038/s41531-018-0047-3

26. Castellanos G, Fernandez-Seara MA, Lorenzo-Betancor O, Ortega-Cubero S,
Puigvert M, Uranga J, et al. Automated neuromelanin imaging as a diagnostic biomarker
for Parkinson’s disease. Mov Disord. (2015) 30:945-52. doi: 10.1002/mds.26201

27. Kawaguchi H, Shimada H, Kodaka F, Suzuki M, Shinotoh H, Hirano S,
et al. Principal component analysis of multimodal neuromelanin MRI and dopamine
transporter PET data provides a specific metric for the nigral dopaminergic neuronal
density. PLoS ONE. (2016) 11:e0151191. doi: 10.1371/journal.pone.0151191

28. Pyatigorskaya N, Magnin B, Mongin M, Yahia-Cherif L, Valabregue R,
Arnaldi D, et al. Comparative study of MRI biomarkers in the substantia Nigra
to discriminate idiopathic Parkinson Disease. Am ] Neuroradiol. (2018) 39:1460-
7. doi: 10.3174/ajnr.A5702

29. Gaurav R, Yahia-Cherif L, Pyatigorskaya N, Mangone G, Biondetti E, Valabrégue
R, et al. Longitudinal changes in neuromelanin MRI signal in Parkinson’s Disease: a
progression marker. Mov Disord. (2021) 36:1592-602. doi: 10.1002/mds.28531

30. Biondetti E, Santin MD, Valabrégue R, Mangone G, Gaurav R, Pyatigorskaya N,
et al. The spatiotemporal changes in dopamine, neuromelanin and iron characterizing
Parkinson’s disease. Brain. (2021) 144:3114-25. doi: 10.1093/brain/awab191

31. Wengler K, He X, Abi-Dargham A, Horga G. Reproducibility
assessment of neuromelanin-sensitive magnetic resonance imaging
protocols for region-of-interest and voxelwise analyses. Neuroimage. (2020)

208:116457. doi: 10.1016/j.neuroimage.2019.116457

32. Chougar L, Arsovic E, Gaurav R, Biondetti E, Faucher A, Valabrégue R, et al.
Regional selectivity of neuromelanin changes in the Substantia Nigra in atypical
parkinsonism. Mov Disord. (2022) 37:1245-55. doi: 10.1002/mds.28988

33. Shinde S, Prasad S, Saboo Y, Kaushick R, Saini J, Pal PK, et al. Predictive markers for
Parkinson’s disease using deep neural nets on neuromelanin sensitive MRI. Neuroimage
Clin. (2019) 22:101748. doi: 10.1016/§.nicl.2019.101748

34. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron in brain ageing
and neurodegenerative disorders. Lancet Neurol. (2014) 13:1045-60. doi: 10.1016/S1474-
4422(14)70117-6

35. Dexter DT, Carayon A, Javoy-Agid F, Agid Y, Wells FR, Daniel SE, et al. Alterations
in the levels of iron, ferritin and other trace metals in Parkinson’s disease and other
neurodegenerative diseases affecting the basal ganglia. Brain. (1991) 114 (Pt 4):1953-
75. doi: 10.1093/brain/114.4.1953

36. Kaindlstorfer C, Jellinger KA, Eschlbock S, Stefanova N, Weiss G, Wenning GK. The
relevance of iron in the pathogenesis of multiple system atrophy: a viewpoint. ] Alzheimers
Dis. (2018) 61:1253-73. doi: 10.3233/JAD-170601

37. Wang Y, Spincemaille P, Liu Z, Dimov A, Deh K, Li J, et al. Clinical quantitative
susceptibility mapping (QSM): Biometal imaging and its emerging roles in patient care. J
Magn Reson Imaging. (2017) 46:951-71. doi: 10.1002/jmri.25693

38. Pyatigorskaya N, Sanz-Morére CB, Gaurav R, Biondetti E, Valabregue R, Santin M,
et al. Iron imaging as a diagnostic tool for Parkinson’s Disease: a systematic review and
meta-analysis. Front Neurol. (2020) 11:366. doi: 10.3389/fneur.2020.00366

39. Du G, Wang E, Sica C, Chen H, De Jesus S, Lewis MM, et al. Dynamics of nigral
iron accumulation in Parkinson’s disease: from diagnosis to late stage. Mov Disord. (2022)
37:1654-62. doi: 10.1002/mds.29062

40. Lee JH, Lee MS. Brain iron accumulation in atypical Parkinsonian
Syndromes: in vivo MRI evidences for distinctive patterns. Front Neurol. (2019)
10:74. doi: 10.3389/fneur.2019.00074

41. Mazzucchi S, Frosini D, Costagli M, Del Prete E, Donatelli G, Cecchi P, et al.
Quantitative susceptibility mapping in atypical Parkinsonisms. Neuroimage Clin. (2019)
24:101999. doi: 10.1016/§.nicl.2019.101999

42. Sjostrom H, Surova Y, Nilsson M, Granberg T, Westman E, van Westen D,
et al. Mapping of apparent susceptibility yields promising diagnostic separation of
progressive supranuclear palsy from other causes of parkinsonism. Sci Rep. (2019)
9:6079. doi: 10.1038/s41598-019-42565-4

43. Lancione M, Cencini M, Costagli M, Donatelli G, Tosetti M, Giannini G, et al.
Diagnostic accuracy of quantitative susceptibility mapping in multiple system atrophy:
the impact of echo time and the potential of histogram analysis. Neuroimage Clin. (2022)
34:102989. doi: 10.1016/j.nicl.2022.102989

frontiersin.org


https://doi.org/10.3389/fneur.2023.1082060
https://doi.org/10.1002/mds.29005
https://doi.org/10.1038/nrneurol.2011.43
https://doi.org/10.1002/mds.26987
https://doi.org/10.1212/WNL.0b013e31827f0fd1
https://doi.org/10.1002/mds.27038
https://doi.org/10.1016/j.parkreldis.2004.04.008
https://doi.org/10.1002/mds.24968
https://doi.org/10.3389/fneur.2020.572976
https://doi.org/10.1159/000314495
https://doi.org/10.3389/fnagi.2020.592212
https://doi.org/10.1212/01.WNL.0000165960.04422.D0
https://doi.org/10.1148/radiol.2453061703
https://doi.org/10.1007/s00330-016-4622-x
https://doi.org/10.1007/s00330-016-4622-x
https://doi.org/10.1002/mds.28007
https://doi.org/10.1001/jamanetworkopen.2022.9588
https://doi.org/10.1016/j.parkreldis.2018.07.016
https://doi.org/10.1002/mds.28992
https://doi.org/10.1016/j.nicl.2019.101722
https://doi.org/10.1002/mds.28364
https://doi.org/10.1212/WNL.0000000000002518
https://doi.org/10.1001/jamaneurol.2019.4347
https://doi.org/10.1002/mds.28087
https://doi.org/10.1111/ene.13555
https://doi.org/10.1186/s12987-021-00270-3
https://doi.org/10.1038/s41531-018-0047-3
https://doi.org/10.1002/mds.26201
https://doi.org/10.1371/journal.pone.0151191
https://doi.org/10.3174/ajnr.A5702
https://doi.org/10.1002/mds.28531
https://doi.org/10.1093/brain/awab191
https://doi.org/10.1016/j.neuroimage.2019.116457
https://doi.org/10.1002/mds.28988
https://doi.org/10.1016/j.nicl.2019.101748
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1093/brain/114.4.1953
https://doi.org/10.3233/JAD-170601
https://doi.org/10.1002/jmri.25693
https://doi.org/10.3389/fneur.2020.00366
https://doi.org/10.1002/mds.29062
https://doi.org/10.3389/fneur.2019.00074
https://doi.org/10.1016/j.nicl.2019.101999
https://doi.org/10.1038/s41598-019-42565-4
https://doi.org/10.1016/j.nicl.2022.102989
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Tinaz

44. Kathuria H, Mehta S, Ahuja CK, Chakravarty K, Ray S, Mittal BR, et al. Utility
of imaging of nigrosome-1 on 3T MRI and its comparison with 18F-DOPA PET in the
diagnosis of idiopathic Parkinson disease and atypical parkinsonism. Mov Disord Clin
Pract. (2020) 8:224-30. doi: 10.1002/mdc3.13091

45. Calloni SE Conte G, Sbaraini S, Cilia R, Contarino VE, Avignone S, et al.
Multiparametric MR imaging of Parkinsonisms at 3 tesla: its role in the differentiation of
idiopathic Parkinson’s disease versus atypical Parkinsonian disorders. Eur ] Radiol. (2018)
109:95-100. doi: 10.1016/j.ejrad.2018.10.032

46. Cheng Z, He N, Huang P, Li Y, Tang R, Sethi SK, et al. Imaging the Nigrosome
1 in the substantia nigra using susceptibility weighted imaging and quantitative
susceptibility mapping: an application to Parkinson’s disease. Neuroimage Clin. (2020)
25:102103. doi: 10.1016/j.nicl.2019.102103

47. Brammerloh M, Kirilina E, Alkemade A, Bazin PL, Jantzen C, Jager C, et al. Swallow
tail sign: revisited. Radiology. (2022) 305:674-7. doi: 10.1148/radiol.212696

48. Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor imaging of the brain.
Neurotherapeutics. (2007) 4:316-29. doi: 10.1016/j.nurt.2007.05.011

49. Bajaj S, Krismer F Palma JA, Wenning GK, Kaufmann H, Poewe W, et al.
Diffusion-weighted MRI distinguishes Parkinson disease from the parkinsonian variant
of multiple system atrophy: a systematic review and meta-analysis. PLoS ONE. (2017)
12:€0189897. doi: 10.1371/journal.pone.0189897

50. Talai AS, Sedlacik J, Boelmans K, Forkert ND. Widespread diffusion changes
differentiate Parkinson’s disease and progressive supranuclear palsy. Neuroimage Clin.
(2018) 20:1037-43. doi: 10.1016/j.nicl.2018.09.028

51. Spotorno N, Hall S, Irwin DJ, Rumetshofer T, Acosta-Cabronero ], Deik
AF, et al. Diffusion tensor MRI to distinguish progressive supranuclear palsy
from a-synucleinopathies. Radiology. (2019) 293:646-53. doi: 10.1148/radiol.201919
0406

52. Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. Free water elimination and
mapping from diffusion MRI. Magn Reson Med. (2009) 62:717-30. doi: 10.1002/mrm.2
2055

53. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC, NODDIL
practical in vivo neurite orientation dispersion and density imaging of the

human brain. Neuroimage. (2012) 61:1000-16. doi: 10.1016/j.neuroimage.2012.0
3.072

54. Burciu RG, Ofori E, Archer DB, Wu SS, Pasternak O, McFarland NR, et al.
Progression marker of Parkinson’s disease: a 4-year multi-site imaging study. Brain.
(2017) 140:2183-92. doi: 10.1093/brain/awx146

Frontiersin Neurology

07

10.3389/fneur.2023.1082060

55. Ofori E, Krismer E, Burciu RG, Pasternak O, McCracken JL, Lewis MM, et al. Free
water improves detection of changes in the substantia nigra in parkinsonism: a multisite
study. Mov Disord. (2017) 32:1457-64. doi: 10.1002/mds.27100

56. Archer DB, Bricker JT, Chu WT, Burciu RG, Mccracken JL, Lai S, et al.
Development and validation of the automated imaging differentiation in parkinsonism
(AID-P): a multi-site machine learning study. Lancet Digit Health. (2019) 1:e222-
31. doi: 10.1016/52589-7500(19)30105-0

57. Mitchell T, Archer DB, Chu WT, Coombes SA, Lai S, Wilkes BJ, et al. Neurite
orientation dispersion and density imaging (NODDI) and free-water imaging in
Parkinsonism. Hum Brain Mapp. (2019) 40:5094-107. doi: 10.1002/hbm.24760

58. Mitchell T, Wilkes BJ, Archer DB, Chu WT, Coombes SA, Lai S, et al.
Advanced diffusion imaging to track progression in Parkinson’s disease, multiple
system atrophy, and progressive supranuclear palsy. Neuroimage Clin. (2022)
34:103022. doi: 10.1016/j.1nicl.2022.103022

59. Krismer F, Beliveau V, Seppi K, Mueller C, Goebel G, Gizewski ER, et al.
Automated analysis of diffusion-weighted magnetic resonance imaging for the differential
diagnosis of multiple system atrophy from Parkinson’s disease. Mov Disord. (2021)
36:241-5. doi: 10.1002/mds.28281

60. Beliveau V, Krismer E Skalla E, Schocke MM, Gizewski ER, Wenning GK, et al.
Characterization and diagnostic potential of diffusion tractography in multiple system
atrophy. Parkinsonism Relat Disord. (2021) 85:30-6. doi: 10.1016/j.parkreldis.2021.02.027

61. Chougar L, Faouzi ], Pyatigorskaya N, Yahia-Cherif L, Gaurav R, Biondetti E, et al.
Automated categorization of parkinsonian syndromes using magnetic resonance imaging
in a clinical setting. Mov Disord. (2021) 36:460-70. doi: 10.1002/mds.28348

62. Péran P, Barbagallo G, Nemmi F, Sierra M, Galitzky M, Traon AP, et al. supervised
and unsupervised classification of Parkinson’s disease and multiple system atrophy. Mov
Disord. (2018) 33:600-8. doi: 10.1002/mds.27307

63. Pyatigorskaya N, Yahia-Cherif L, Gaurav R, Ewenczyk C, Gallea C, Valabregue
R, et al. Multimodal magnetic resonance imaging quantification of brain changes in
progressive supranuclear palsy. Mov Disord. (2020) 35:161-70. doi: 10.1002/mds.27877

64. Tsuda M, Asano S, Kato Y, Murai K, Miyazaki M. Differential diagnosis of multiple
system atrophy with predominant parkinsonism and Parkinson’s disease using neural
networks. J Neurol Sci. (2019) 401:19-26. doi: 10.1016/j.jns.2019.04.014

65. Peralta C, Strafella AP, van Eimeren T, Ceravolo R, Seppi K, Kaasinen V,
et al. International Parkinson movement disorders society-neuroimaging study group.
Pragmatic approach on neuroimaging techniques for the differential diagnosis of
parkinsonisms. Mov Disord Clin Pract. (2021) 9:6-19. doi: 10.1002/mdc3.13354

frontiersin.org


https://doi.org/10.3389/fneur.2023.1082060
https://doi.org/10.1002/mdc3.13091
https://doi.org/10.1016/j.ejrad.2018.10.032
https://doi.org/10.1016/j.nicl.2019.102103
https://doi.org/10.1148/radiol.212696
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1371/journal.pone.0189897
https://doi.org/10.1016/j.nicl.2018.09.028
https://doi.org/10.1148/radiol.2019190406
https://doi.org/10.1148/radiol.2019190406
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1093/brain/awx146
https://doi.org/10.1002/mds.27100
https://doi.org/10.1016/S2589-7500(19)30105-0
https://doi.org/10.1002/hbm.24760
https://doi.org/10.1016/j.nicl.2022.103022
https://doi.org/10.1002/mds.28281
https://doi.org/10.1016/j.parkreldis.2021.02.027
https://doi.org/10.1002/mds.28348
https://doi.org/10.1002/mds.27307
https://doi.org/10.1002/mds.27877
https://doi.org/10.1016/j.jns.2019.04.014
https://doi.org/10.1002/mdc3.13354
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Magnetic resonance imaging modalities aid in the differential diagnosis of atypical parkinsonian syndromes
	Introduction
	Multiple system atrophy
	Progressive supranuclear palsy and corticobasal syndrome

	MRI modalities
	 Clinical MRI
	 Structural MRI
	 Neuromelanin MRI
	 Iron MRI
	 Diffusion MRI

	Multimodal MRI approaches
	Conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


