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Parkinson disease is characterized by dopaminergic cell loss in the substantia nigra of the midbrain. There are various imaging
markers for Parkinson disease. Recent advances in MRI have enabled elucidation of the underlying pathophysiologic changes in the
nigral structure. This has contributed to accurate and early diagnosis and has improved disease progression monitoring. This article
aims to review recent developments in nigral imaging for Parkinson disease and other parkinsonian syndromes, including nigro-
some imaging, neuromelanin imaging, quantitative iron mapping, and diffusion-tensor imaging. In particular, this article examines
nigrosome imaging using 7-T MRI and 3-T susceptibility-weighted imaging. Finally, this article discusses volumetry and its clinical
importance related to symptom manifestation. This review will improve understanding of recent advancements in nigral imaging of

Parkinson disease.

Published under a CC BY 4.0 license.

arkinson disease (PD) is the second most prevalent neu-
Prodegenerative disorder after Alzheimer disease (1). It is
characterized by motor symptoms caused by a-synuclein-
mediated dopaminergic cell loss and iron overload in the
substantia nigra (SN) of the midbrain (1). Nonmotor
(ie, cognitive or neuropsychiatric) symptoms can develop
through other neurotransmitter systems (eg, the choliner-
gic, serotoninergic, or noradrenergic system) (2). Symp-
toms of idiopathic PD can overlap with those of other
movement disorders. The latter include Parkinson-plus
syndromes, such as multiple system atrophy (MSA) or
progressive supranuclear palsy (PSP), and other movement
disorders mimicking PD, including drug-induced par-
kinsonism, essential tremor (ET), or vascular parkinson-
ism. This overlap of signs and symptoms and the scarcity
of markers contribute to clinical diagnostic errors (up to
25%) and delayed or inappropriate treatment (3-5).

The traditional role of brain MRI in PD and Parkin-
son-plus syndromes was to support clinical diagnosis by
enabling exclusion of other disease processes or to plan
deep brain stimulation (6). In the early days of brain MRI
for PD and Parkinson-plus syndromes, the main imaging
finding observed was hypointensity in the SN and puta-
men with volume loss, reflecting abundant iron deposits as
the result of neurodegeneration (7-10).

Recently, several advanced imaging markers have
emerged as important tools in the visualization of neuro-
anatomic and functional processes in PD (11). MRI has
progressed to reveal the neuropathologic hallmarks of PD
neurodegenerative changes that affect the nigral structure.
Specifically, it can be used to (2) detect characteristic PD

findings, (&) differentiate PD from other parkinsonian syn-
dromes, and (¢) monitor disease progression (12). There
are currently quantitative methods with which to estimate
biochemical changes in the brain, including iron deposits
and/or local neuromelanin (NM) reduction and micro-
structural integrity (11).

This article aims to review up-to-date structural neu-
roimaging of the SN and its related structures in patients
with PD. We examine and discuss findings on nigrosome
imaging using 3- and 7-T MRI, NM imaging, quantita-
tive iron mapping, and diffusion-tensor imaging. We also
investigate the imaging findings in other parkinsonian syn-
dromes including Parkinson-plus syndromes that should
be differentiated from PD. Additionally, we review the vol-
umetric findings to identify characteristic imaging mark-
ers associated with the clinical symptoms in PD and other
parkinsonian syndromes.

Literature Search

The search was mainly performed in MEDLINE and EM-
BASE databases. The following search terms were used:
(a) parkinsonism, parkinsonian, Parkinson disease; (b) Par-
kinson plus syndrome, atypical parkinsonism, multiple system
atrophy, progressive supranuclear palsy, essential tremor, vas-
cular parkinsonism, drug-induced parkinsonism, dementia,
Lewy bodies; (c) magnetic resonance imaging, nigral imag-
ing; (d) nigrosome, substantia nigra; (¢) dopamine transporter
imaging, single photon emission computed tomography; (f)
iron-sensitive, susceptibility, susceptibility weighted imaging,
quantitative susceptibility mapping, relaxometry; (g) neu-

romelanin, neuromelanin imaging, (h) diffusion tensor imaging,
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Abbreviations

DLB = dementia with Lewy bodies, DTI = diffusion-tensor imaging,
ET = essential tremor, FA = fractional anisotropy, '*I-FP-CIT = io-
dine  123-2B-carbomethoxy-3B-(4-iodophenyl)-/N-(3-fluoropropyl)-
nortropane, MD = mean diffusivity, MSA = multiple system atrophy,
MSA-C = MSA with predominant cerebellar ataxia, MSA-P = MSA
with predominant parkinsonism, NM = neuromelanin, PD = Parkinson
disease, PDD = PD with dementia, PD-MCI = PD with mild cognitive
impairment, PSP = progressive supranuclear palsy, QSM = quantitative
susceptibility mapping, RBD = rapid eye movement sleep behavior dis-
order, SN = substantia nigra, SWI = susceptibility-weighted imaging,
MDS-UPDRS-III = Movement Disorder Society—Unified Parkinson
Disease Rating Scale part IIT

Summary

This review presents up-to-date imaging applications in the substantia
nigra and its related structures used in Parkinson disease and other
parkinsonian syndromes, assesses their usefulness, and discusses
multimodal approaches that might further improve the diagnosis and
treatment of this disease.

Essentials

= Various MRI techniques can effectively elaborate on the neuroana-
tomic and pathophysiologic changes in the nigral structure of pa-
tients with Parkinson disease and other parkinsonian syndromes.

= Nigral imaging can be useful in diagnosing and monitoring
Parkinson disease, which can be well visualized with 3- and 7-T
MRI.

= Nigral imaging with a combination of different MRI techniques
can provide profound information about Parkinson disease and
other parkinsonian syndromes.

tractography, fractional anisotropy, diffusivity, white matter; (i) vol-
umetry, 3D T1, cortex, gray matter, and volume. Combinations
of the keywords, synonyms, and abbreviations were used for the
search. Additionally, the reference lists of the retrieved articles
were also searched to identify other relevant articles.

Nigrosome Imaging

Nigrosomes are three-dimensional organizations of calbin-
din-poor zones within calbindin-rich neuropils of the nigral
complex in the SN (13). Nigrosomes can be divided into five
calbindin-scarce zones, with nigrosome 1 being the largest.
Nigrosome 1 is located in the ventral third and lateral two-
thirds of the calbindin-rich nigral matrix. However, it is more
dorsolateral at the caudal level (13). In PD, progressive dopa-
minergic cell loss in the SN occurs mainly in the nigrosomes,
where maximal depletion occurs in nigrosome 1, followed by
nigrosomes 2, 4, 3, and 5, respectively (14).
High-spatial-resolution MRI has enabled direct nigrosome vi-
sualization in the SN. By using 3- and 7-T MRI, gradient-recalled
echo imaging and susceptibility-weighted imaging (SWI) reveal
the detailed anatomic structure of the SN (15-28). The nigro-
some 1 structure was first shown on 7-T MRI scans using T2*-
weighted gradient-recalled echo imaging (16). At the level of the
inferior third of the red nucleus, nigrosome 1 appears as a pocket-
like hyperintense indentation at the medial aspect of the hypoin-
tense area attributed to iron deposition in the SN (20). At a more
caudal level, nigral hyperintensity from nigrosome 1 appears as a
linear or oval structure between the two SN hypointensity layers,
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which results in a trilaminar pattern (Fig 1). The use of 3-T SWI
has yielded similar nigrosome 1 findings (Fig 2, A-D) (22-28).
Across the literature, different terms, such as swallow tail sign, SN
dorsolateral hyperintensity, or simply nigrosome I, refer to nigro-
some 1 appearance.

Nigrosome Imaging in PD

On both 3- and 7-T MRI scans, patients with PD show nigral
hyperintensity loss (15-28). This loss of nigral hyperintensity re-
flects signal hypointensity due to iron deposition associated with
dopaminergic neuronal loss. When using 7-T MRI, the diag-
nosis of PD based on nigral hyperintensity loss compared with
the healthy population has shown high diagnostic performance,
with sensitivity and specificity of up to 100% (21). The diagnos-
tic performance for PD using nigral hyperintensity loss at 3-T
SWI compared with healthy control subjects varies but is gener-
ally satisfactory (22-28). Moreover, the asymmetric nigrosome
involvement correlates with asymmetry in clinical motor symp-
toms (24,28). This variability in diagnostic performance may be
due to diversity in the imaging protocols and study populations
(Table). However, a meta-analysis of 3-T SWI studies on the
diagnosis of PD reported sensitivity of 94.6% and specificity of
94.4%, which provide sufficient evidence for the high diagnostic
performance of 3-T SWI (29). When comparing 3- and 7-T
MRI of the SN, the sensitivity, specificity, and diagnostic ac-
curacy for PD diagnosis were higher with 7-T MRI (93%,
100%, 96%, respectively) than with 3-T MRI (79%, 94%,
86%, respectively) (19).

Rapid eye movement sleep behavior disorder (RBD) is a
common sleep-related symptom in patients with PD. Espe-
cially idiopathic RBD is known as the premotor disease prior
to the development of synucleinopathy, such as PD or demen-
tia with Lewy bodies (DLB) (30,31). A high rate of loss of
nigral hyperintensity was observed in patients with idiopathic
RBD (30,31). Bae et al (31) showed that patients with idio-
pathic RBD with loss of nigral hyperintensity had lower do-
pamine transporter uptake at SPECT than those with intact
nigral signal, progressing into overt PD or DLB, suggesting
that nigrosome imaging could be a marker for synucleinopathy
conversion risk in premotor disease. Further studies with larger
and more diverse prodromal cohorts with longitudinal follow-
up will provide greater insights.

Nigrosome and Dopamine Transporter Imaging

Nigrostriatal function has traditionally been evaluated with
dopamine transporter imaging, such as iodine 123-23-carbo-
methoxy-33-(4-iodophenyl)-/V-(3-fluoropropyl)-nortropane
(*¥I-FP-CIT) SPECT (32,33). Previous studies reported a good
positive correlation between nigrosome imaging and '#I-FP-
CIT SPECT on both 3- and 7-T MRI (Fig 3, A and B) (20,26).
However, the two methods do not absolutely agree. Preceding
nigrostriatal degeneration has been observed on '#I-FP-CIT
SPECT images while nigral hyperintensity is maintained on 3-
and 7-T MRI scans (Fig 4, A and B) (20,26). This could lead to
false-negative imaging diagnoses when based on MRI alone, and
future studies are needed to establish the relationship between
dopamine transporter imaging and MRI.
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Figure 1: Normal nigra on 7-T T2*-weighted gradient-recalled echo images. Serial axial T2 *-weighted gradient-recalled echo images in a 65-year-old woman ob-

tained with 7-T MRI show bilateral hyperintensity {red outlines). Relevant anatomic structures are indicated on images. At the level of the red nucleus, bilateral hyperintensity

is seen as pocketlike indentations. At a more caudal level, they appear as linear hyperintensity between two layers of substantia nigra hypointensity. This hyperintensity has

been called by various terms, such as swallow fail sign, nigral hyperintensity, or dorsal hyperintensity.

Nigrosome Imaging in Other Parkinsonian Syndromes

In contrast to patients with PD, those with drug-induced
parkinsonism, dystonic tremor, ET, psychogenic movement
disorder, or vascular parkinsonism have intact nigral hyper-
intensity (Figs 5-7) (27,34). Nigral hyperintensity on 3-T
SWI scans shows high sensitivity, specificity, and diagnostic
accuracy in the differentiation of drug-induced parkinson-
ism from idiopathic PD (35); therefore, nigrosome imaging
could help distinguish PD from these conditions.
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Patients with Parkinson-plus syndromes have nigrosome
structure alterations on MRI scans. Similar to patients with PD,
patients with PSP and MSA may show nigral hyperintensity
loss (Figs 8-11). Kim et al (20) performed 7-T T2*-weighted
gradient-recalled echo imaging in patients with PSP and MSA
with predominant parkinsonism (MSA-P) and found that nigral
hyperintensity was lost in all patients with PSP or MSA-P. This
can be explained by the neurodegeneration process in PSP and
MSA-D, which involves degeneration of the nigral dopaminergic
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Figure 2: Nomal nigra in a healthy control subject on 3-T susceptibility-weighted imaging (SWI) scans. A-D, Serial axial SWI
scans in a 57-year-old woman obtained with 3-T MRI using an imaging plane vertical to the midbrain. Normal hyperintensity is
observed between the two layers of the substantia nigra hypointensity (arrows).

neurons and striatonigral axons accompanying iron deposition
in the SN (20). A study using 3-T SWI with a larger sample
size of patients with Parkinson-plus syndromes revealed nigral
hyperintensity loss in all patients with PSP, but hyperintensity
was lost in only 60% of patients with MSA-P (26). Given the
results of the 7-T MRI study (20), this result from the 3-T MRI
study might be a false-negative finding, but future studies are
warranted to verity this result. With regard to MSA with pre-
dominant cerebellar ataxia (MSA-C), only some patients (50%
in the 3-T MRI study, 80% in the 7-T MRI study) showed loss
of nigral hyperintensity, while the rest showed intact nigral hy-
perintensity. In patients with MSA-C, normal nigrostriatal do-
paminergic innervation is sometimes present, which was verified
by normal SPECT findings (20,26). In reflection of this finding,
the status of nigral hyperintensity can be either preserved or lost
in patients with MSA-C.

In addition, nigral hyperintensity can be lost in patients with
DLB (36,37). However, Shams et al (36) reported many false-
negative cases in patients with DLB, which can limit the role
of nigral hyperintensity as a sole diagnostic test for DLB (36).
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Consequently, this indicates only limited and marginal diag-
nostic performance for nigral hyperintensity in discriminating
Parkinson-plus syndromes from PD.

Technical Improvements in Nigrosome Imaging

There have been attempts to improve the utility of nigro-
some imaging with 3-T SWI. As T2*-weighted gradient-re-
called echo imaging and SW1 cannot effectively depict small
amounts of iron, the detection of the hypointense signal
change in the nigrosome 1 in such cases can be challenging.
To overcome this problem, several study groups incorpo-
rated the data of the quantified local susceptibility and the
phase information from the quantitative susceptibility map-
ping (QSM) sequence (see Quantitative Iron Mapping sec-
tion) into 3-T SWI and successfully enhanced the contrast of
iron-containing regions (38,39). These processed images are
referred to as trueSWI (38) or susceptibility map-weighted
imaging (39) according to the study groups and the detailed
parameters used for image acquisition and postprocessing.
Both susceptibility map-weighted imaging and trueSWI can
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MRI Studies of Nigral Hyperintensity Status in Parkinson Disease

67 patients
with PD

Field Section Diagnostic Performance
Strength Imaging Thickness of Loss of Nigral
Author Year (T) Sequence Plane (mm) Sample Size Hyperintensity for PD
Cho et al (15) 2011 7 T2*- AC-PC 2 9 control subjects, All patients with PD showed
weighted 10 patients serrated lateral borders of
GRE with PD the substantia nigra
Kwon et al (16) 2012 7 T2*- Oblique 0.35 10 control subjects,  All patients with PD
weighted coronal 10 patients showed loss of nigral
GRE with PD hyperintensities
Blazejewska etal (17) 2013 7 T2*- Not 1 8 control subjects, All patients with PD
weighted specified 10 patients showed loss of nigral
image with PD hyperintensities
Schwarz et al (22) 2014 3 SWI Vertical o 0.7 90 control subjects,  Sensitivity and specificity,
midbrain 19 patients with 100% and 95%,
PD respectively
Cosottini et al (19) 2015 7,3 Multiecho ~ Vertical to 1.2 at 13 control subjects, 7 T: sensitivity and specificity
GRE midbrain both 3 14 patients 0f93% and 100%,
and 7T with PD respectively; 3 T sensitivity
and specificity of 79% and
94%, respectively
Gao et al (25) 2015 3 SWI Vertical to 2 51 control subjects,  Sensitivity and specificity,
midbrain 54 patients 100% and 92.16%,
with PD respectively, for reader 1
and 98.15% and 98.04%,
respectively, for reader 2
Noh et al (24) 2015 3 Multiecho  Oblique 1.5 13 control subjects,  Sensitivity and specificity,
GRE coronal 24 patients 100% and 84.6%,
with PD respectively
Reiter et al (23) 2015 3 SWI Vertical to 2.4 42 control subjects,  Sensitivity and specificity,
midbrain 104 patients 87.5% and 92.9%,
with PD respectively (bilateral loss)
Kim et al (20) 2016 7 T2 Oblique 0.35 26 control subjects,  All patients with PD
weighted coronal 30 patients showed loss of nigral
GRE with PD hyperintensities
Bae et al (26) 2016 3 SWI AC-PC 2 62 control subjects,  Sensitivity and specificity,
126 patients 88.8% and 83.6%,
with PD respectively
Oustwani et al (27) 2017 1.5,3 SWI Not 1.6-2.25 14 control subjects,  Sensitivity and specificity,
specified at 1.57T, 25 patients 76% and 34%,
1.5-2.0 with PD respectively
at3T
Stezin et al (28) 2018 3 GRE AC-PC 0.5 mm 63 control subjects,  Sensitivity and specificity,

98.5% and 93.6%,

respectively

susceptibility-weighted imaging.

Note.—AC = anterior commissure, GRE = gradient-recalled echo imaging, PC = posterior commissure, PD = Parkinson disease, SW1 =

enhance nigrosome 1 visibility compared with conventional

SWI in healthy control subjects (Fig 12) (38,39).

Imaging of Nigrosomes 2-5

Nigrosomes 25 also can be identified on high-spatial-resolution
MRI scans (Fig 13) (18). Signal alterations in nigrosomes 2-5,
which are affected later than nigrosome 1, have been investigated
with 9.4-, 7-, and 3-T MRI (18,40,41). In particular, a study us-
ing 3-T susceptibility map-weighted imaging showed that nigro-

some 4 involvement was more prevalent in late-stage PD than
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in early PD (41). This confirms that nigral hyperintensity loss
in PD progresses from nigrosome 1 to nigrosome 4; however,
nigrosomes 2, 3, and 5 were not identified in this study. Further
studies that use high-spatial-resolution MRI are necessary to re-
veal all nigrosome structures.

NM Imaging

NM is a protein polymer—similar to the skin pigment mela-
nin—and a by-product of catecholamine synthesis, which is
governed by the cytosolic dopamine content. It is predomi-

radiology.rsna.org = Radiology: Volume 300: Number 2—August 2021
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Figure 3: Abnormal nigra in Parkinson disease (PD) on 3-T susceptibility-weighted imaging scans. A, A 78-year-old man
with PD presented with loss of normal nigral hyperintensity at both sides of the substantia nigra. B, lodine 123-2B-carbome-

thoxy-3B-(4-iodophenyl)-N-(3-luoropropyl)-nortropane SPECT scan shows correlated nigrostriatal degeneration at both

striatal sides.
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Figure 4:

Discordant case of the nigral sign in a 63-year-old woman with Parkinson disease on 3-T susceptibility-weighted

imaging (SWI) and iodine 123-2B-carbomethoxy-3B-(4-iodophenyl)-N-(3-fluoropropyl)-nortropane ('?I-FP-CIT) SPECT
scans. A, SWI scan shows bilateral intact nigral hyperintensity of the substantia nigra (arrows). B, The '?*I-FP-CIT SPECT scan
shows posifive nigrostriatal degeneration at both sides of the basal ganglia, which suggests a precedent change in dopamine

transporter imaging.

nantly located in the SN pars compacta, ventral tegmental
area, and locus coeruleus (42). Neurodegeneration in PD with
dopaminergic cell loss causes reduced NM-pigmented neu-
rons, which results in depigmentation (43).

NM-sensitive  MRI  uses  high-spatial-resolution T1-
weighted imaging with fast spin-echo sequences at 3-T MRI
(44,45). It is possible to obtain NM-sensitive contrast because
melanin reduces T1 relaxation time, while T1 prolongation
suppresses the signal from surrounding brain tissues (45).
Moreover, magnetization transfer imaging can improve con-
trast to NM, which enhances the visualization of NM-rich ar-
eas (45). Consequently, T1 high-signal-intensity areas in the
midbrain and pons represent NM-rich areas.

Radiology: Volume 300: Number 2—August 2021 = radiology.rsna.org

NM-sensitive MRI in PD

The area and contrast ratio of T1 high-signal NM pigmenta-
tion in the SN are lower in patients with PD than in healthy
control subjects (Figs 14, 15) (44,46). Similar to nigro-
some imaging, motor asymmetry is consistent with NM-
sensitive MRI findings (47). Early PD diagnosis using NM-
sensitive MRI has a sensitivity of 89% and a specificity of
85% (48). Moreover, the volume of NM-sensitive areas in
the SN is negatively associated with Hoehn and Yahr staging
and disease duration (44). Matsuura et al (49) evaluated the
longitudinal changes in NM-sensitive MRI in patients with PD
over 2 years and found that the total area and contrast ratio of
the NM-prominent SN were negatively correlated with disease
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Figure 5: Images of the nigra in an 82-year-old man diagnosed with vascular parkinsonism. A, The 3-T susceptibility-weighted

image shows intact bilateral nigral hyperintensity in the substantia nigra (arrows). B, Axial T2-weighted image shows a severe de-

gree of small-vessel ischemic lesions and multiple old lacunar infarctions in both the basal ganglia and cerebral white matter.

Vgodly

Figure 6: A 3-T susceptibility-weighted image in a 7 1-year-old
woman diagnosed with essential tremor shows infact bilateral nigral hy-
perintensity in the substantia nigra (arrows).

duration. The size reduction of the NM-rich area was more pro-
nounced in late stages than in early stages, progressing from lateral
to central and medial SN regions (50). These findings were con-
firmed in a longitudinal study following a cohort of patients with
PD; the volume of the SN NM content was progressively reduced
with increasing disease severity, starting in the posterolateral mo-
tor areas and progressing to more medial areas (51). Interestingly,
this study revealed the spatial correlation patterns between the
signal-to-noise ratio of NM-sensitive MRI in distinct areas in the
SN and the clinical scores as follows: (z) in the motor domain,
there is a negative correlation between the NM in the bilateral
posterolateral SN and Movement Disorder Society—Unified Par-
kinson Disease Rating Scale part III (MDS-UPDRS-III) scores;
() in the cognitive domain, there is a positive correlation be-
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Figure 7: A 3-T susceptibility-weighted image in a 65-year-old
woman diagnosed with drug-induced parkinsonism shows intact bilateral
nigral hyperintensity in the substantia nigra (arrows).

tween the NM in the anteromedial and superior SN and the
Mattis Dementia Rating Scale scores; and (¢) in the mood and
behavior domain, there is a negative correlation between the
NM in the medial SN and the Ardouin Scale of Behavior in Par-
kinson’s Disease scores (51). In addition, lower signal in the locus
coeruleus area can be seen not only in patients with PD with a
decline in cognitive function but also in those with depression,
which reflects dysfunction of the ascending noradrenergic sys-
tem (52-54). Therefore, the loss in the NM-rich area can be cor-
related with the clinical symptoms in an anatomically localized
fashion, reflecting the functional organization of the nigrostriatal
system (51). A recent meta-analysis reported that NM-sensitive
MRI of the SN pars compacta had a sensitivity of 82% and a
specificity of 82% for PD; moreover, measuring the volume of

radiology.rsna.org = Radiology: Volume 300: Number 2—August 2021
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Figure 8: A 3-T susceptibility-weighted image in a 72-year-old man
diagnosed with progressive supranuclear palsy shows loss of bilateral
nigral hyperintensity in the substantia nigra. There are prominent iron de-
posits in the substantia nigra.

-y

Figure 9: A 3-T susceptibility-weighted image in a 7 1-year-old

woman diagnosed with multiple system atrophy with predominant parkin-
sonism shows loss of bilateral nigral hyperintensity in the substantia nigra.
There are also prominent iron deposits in the substantia nigra.

the SN pars compacta can improve the diagnostic performance
(55). Given the good correlation of the NM-positive area with
disease severity based on the clinical scores, NM-sensitive MRI
could be an imaging marker with which to monitor nigral de-
generation and disease progression (56).

Garcia-Lorenzo et al (57) have evaluated a large cohort of pa-
tients with PD using NM-sensitive MRI and found a substantial
reduction of NM signal in the locus coeruleus, subcoeruleus, or
both in those with RBD. Another study by Sommerauer et al
(53) reported locus coeruleus NM signal decrease in patients

Radiology: Volume 300: Number 2—August 2021 = radiology.rsna.org

Figure 10: A 3-T suscepibility-weighted image in a 65-year-old
woman diagnosed with multiple system atrophy with predominant cerebel-
lar afaxia shows intact bilateral nigral hyperintensity in the substantia nigra
(arrows).

44

Figure 11: A 3-T susceptibility-weighted image in a 61-year-old

man diagnosed with multiple system atrophy with predominant cerebellar
ataxia shows loss of bilateral nigral hyperintensity in the substantia nigra.

with PD and RBD than those with PD but without RBD,
which was correlated with widespread noradrenergic impair-
ment detected with noradrenaline transporter imaging. Future
research is necessary to confirm these findings and the role of
NM-sensitive MRI in the prodromal phase.

NM-sensitive MRI can allow for better delineation of the SN
pars compacta and can enable more accurate examination of the
hypointense signal with SWI. For instance, Langley et al (58)
evaluated the iron deposition in the SN of patients with PD using
hypointensity at SWI. The authors could precisely define the SN
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Figure 12: Comparison of susceptibility-weighted imaging (SWI) and susceptibility map-weighted imaging (SMWI) scans
obtained with 3-T MRl in a 62-year-old healthy man. A, B, SWI scans show bilateral nigral hyperintensity (arrows), butimages are
degraded by the magnetic field-related artifact. C, D, SMWI scans show clear bilateral nigral hyperintensity with higher contrast

and less artifact (arrows).

pars compacta with the help of NM-sensitive MRI. As a result,
they reported that the hypointense signal on SW1 is significantly
increased in the SN pars compacta in patients with PD, especially
in the lateral ventral region, thus, demonstrating high confidence
in the combination of SWI and NM-sensitive MRI in the dis-
crimination of patients with PD from healthy control subjects.

NM-sensitive MRI and Dopamine Transporter Imaging

The correlation between NM-sensitive MRI and '?I-FP-CIT
SPECT has been established. Nigral contrast ratios and NM vol-
ume on NM-sensitive MRI scans are positively correlated with
striatal dopamine transporter uptake values on SPECT scans
(59). A recent study reported a significant positive correlation
between the NM-positive SN volume on NM-sensitive MRI
scans and 'PI-FP-CIT uptake ratios on SPECT scans, which
are both negatively correlated with the MDS-UPDRS-III score
(60). Further, a multiparametric scoring system that combined
NM-sensitive MRI and '?’I-FP-CIT SPECT scans showed com-
parable or better diagnostic performance than NM-sensitive
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MRI or "#I-FP-CIT SPECT scans alone in distinguishing PD
from nondegenerative parkinsonian syndrome (61). However,
the correlation between NM-sensitive MRI and dopamine
transporter uptake may not be significant in the advanced PD
stage. Okuzumi et al (62) found that in patients with advanced
PD, clinical scores including MDS-UPDRS-III are closely as-
sociated with the size of the NM-positive SN pars compacta but
not with dopamine transporter uptake.

NM-sensitive MRI in Other Parkinsonian Syndromes

When compared with healthy control subjects, patients with
ET show no significant difference in NM changes in the SN
on NM-sensitive MRI scans, which indicates that this technique
could be used to differentiate between tremor-dominant PD
and ET (63). Jin et al (64) reported the higher diagnostic per-
formance of multimodal imaging in distinguishing ET from de
novo PD. A combination of NM-sensitive MRI with nigrosome
1 imaging in the SN resulted in significantly higher diagnostic
values for ET prediction.

radiology.rsna.org = Radiology: Volume 300: Number 2—August 2021
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Figure 13:  Serial axial 7-T T2*-weighted gradient-recalled echo images in a 61-year-old woman show the defailed structures of the nigrosomes from 1 to 5 (marked
with lines on left side). The relevant anatomic structures are indicated on the images. Nigrosome 1 (orange outline) is the largest division. At the red nucleus level, nigrosome

4 (yellow outline) is located medial to nigrosome 1, and nigrosome 2 (green outline) is located anterior to nigrosome 1. Nigrosome 5 (red outline) is on the cranial side of

the substantia nigra, and nigrosome 3 (blue outline) is on the caudal side of the substantia nigra.

Figure 14: A 3-T neuromelanin-sensitive MRI scan in a healthy
52-year-old female confrol subject shows an intact area with neuromela-
nin-sensitive T1 high signal intensity in the subsfantia nigra.

Further, patients with Parkinson-plus syndromes do have
changes in SN NM on NM-sensitive MRI scans. Several studies
have reported volume reductions of NM-positive areas in pa-
tients with PSP and MSA (65,66). Ohtsuka et al (66) reported
that evaluation of the locus coeruleus along with the SN can
aid the accurate differential diagnosis between PD and Par-
kinson-plus syndromes. They found that the NM-positive
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Figure 15: A 3-T neuromelanin-sensitive MRI scan in a 53-year-old

male patient with Parkinson disease shows a smaller neuromelanin-sensi-
tive T1 high-signal-intensity area than that in the healthy control subject.

signal in the lateral SN was lower in patients with PD and
MSA-P than in patients with PSP and healthy control sub-
jects, and in the locus coeruleus, the signal was lower in
patients with PD than in patients with MSA-P (66).
Additionally, in patients with DLB, the NM-rich areas can
be reduced. An autopsy study showed that the NM-containing
neurons can be lost in patients with DLB (67). Accordingly, the
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Figure 16:

Examples of quantitative susceptibility mapping (QSM) and fractional anisotropy (FA) mappng from diffusion-tensor

imaging in a patient with Parkinson disease (PD). A, Example of QSM in a 65-year-old man with PD shows increased susceptibility
in the substantia nigra and basal ganglia (not shown) with high contrast to the surrounding tissue. B, Color-coded FA map obtained

with 3-T MRI. Color bar shows the direction of the anisofropic diffusion (A, anterior; P, posterior; R, right; L, left). Regions of interest

(yellow outline) are placed in the substantia nigra of the midbrain.

signal intensity of the NM-containing SN area in patients with
DLB can be lower than that in healthy control subjects (67). By
combining these results, NM-sensitive MRI can depict the
differences among the parkinsonian syndromes. However,
there is a need for future studies to further demonstrate the
validity of NM-sensitive MRI in the differential diagnosis of
parkinsonian syndromes.

Deep Learning Application in NM-sensitive MRI

There are various segmentation techniques to assess the NM-
positive SN pars compacta, including simple manual delinea-
tion, semiautomated segmentation using a signal intensity
threshold, and the atlas-based automated process (44,48,68).
Recently, deep learning segmentation using convolutional neu-
ral networks based on U-net architecture has allowed the highly
accurate segmentation of the SN pars compacta, comparable to
that of the manual method, yielding a high performance in dis-
tinguishing patients with PD from healthy control subjects (69).
Therefore, future applications of deep learning techniques are
expected to support and facilitate the radiologic diagnosis of PD
using NM-sensitive MRI.

Quantitative Iron Mapping

Iron is mainly stored as ferritin in the brain and alters tissue re-
laxation and susceptibility on MRI scans (7,10,70). Therefore,
it induces signal changes in T2 or R2 (= 1/T2), T2* or R2*
(= 1/T2*), and phase values, which allows quantitative iron
mapping (7,10,71). Relaxometry uses the relaxation rates of
R2 and R2*, reflecting the magnetic field variance (5); how-
ever, confounding effects of other factors, including calcium,
lipid, or myelin, represent limitations. On the other hand, the
QSM sequence, which can be generated from the phase and
magnitude data of gradient-echo or SWI sequences, can be
used to objectively quantify the iron contents. Using the phase
data sensitive to iron paramagnetism (72), the QSM imaging
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from SWT allows effective iron quantification by converting
the phase shift to the localized magnetic susceptibility (73).
These sequences reflect local tissue susceptibility and macro-
scopic field inhomogeneities (74). Therefore, QSM sequences
are known to be superior to traditional T2* or R2* relaxometry
for objective iron quantification and iron-derived local suscep-
tibility combining transverse relaxation and local field inhomo-
geneity (75,76) and for removing the susceptibility effect from
the surrounding tissues (73,74).

Relaxometry in PD

Patients with PD show iron deposition and overload in the SN
pars compactaand the striatum, with the extent correlated with
disease severity measured by MDS-UPDRS-III scores (77). The
R2 or R2* values can allow iron content estimation in the SN,
and T2 and T2* values can be negatively correlated with iron
content; therefore, R2 and R2* can show a positive correla-
tion with iron content. Consistent with this, patients with
PD have higher R2* in the SN, which has a good correla-
tion with motor symptoms in PD, suggesting that R2* in the
SN could be an imaging marker for PD progression (46,77).
Patients with PD who develop freezing of gait early showed
greater R2* changes in the SN pars compacta (78). Moreover,
brain and serum iron levels show a positive correlation us-
ing relaxometry in patients with PD (79). This suggests that
disruptions in the systemic iron metabolism affect iron parti-
tioning in the SN. Meanwhile, several longitudinal studies as-
sessing R2* changes over time reported controversial results.
Some studies showed an increase in R2* over 2-3 years in
patients with PD (77,80), while other studies reported no
longitudinal changes in R2* (81,82). These findings can be
partially explained by the clinical heterogeneity and wide
variance of R2* (83), but further studies are needed to deter-
mine whether R2* is a promising method to monitor disease
progression.
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QSM in PD

As explained, in patients with PD, QSM can be used to objec-
tively quantify iron overload in the SN pars compacta (84). A
recent study showed that quantification of QSM values in nigro-
somes on 3-T SW1 scans was effective in the diagnosis of early PD
(85). Specifically, it was shown that QSM values in the dorsolat-
eral SN pars compacta were significantly higher in patents with
PD compared with healthy control subjects with high diagnostic
performance (area under the curve, 0.73) (85). Several studies
have used QSM to compare the iron contents in the whole SN
or the SN pars compacta between patients with PD and healthy
control subjects by employing the region-of-interest approach
and voxel-based analysis (Fig 16, A) (86,87). On 7-T MRI scans,
susceptibility mapping by inverting the filtered phase maps asso-
ciated with T2*-weighted images showed increased susceptibility
caused by iron overload in the SN pars compacta in patients with
PD compared with healthy control subjects (88). A more recent
3-T QSM study by Chen et al (89) reported higher magnetic sus-
ceptibility values in the SN pars compacta in patients with PD.
This shows the close relationship between PD and iron deposition
in the SN pars compacta. Similar findings show that QSM has
a higher diagnostic performance than R2* mapping in patients
with PD (74,90,91). Notably, patients with early PD showed
higher susceptibility values in the bilateral SN on QSM images.
However, on the R2* map, higher values only occurred in the
SN contralateral to the motor-affected limb (92). This suggests
that susceptibility value measurements obtained with QSM are
superior to T2* or R2* relaxometry maps, especially for early
PD. Nonetheless, Du et al (93) reported that QSM images in the
SN pars compacta did not change over 18 months in patients
with PD, while R2* did increase in patients with late-stage PD.
Further studies are needed to confirm this promising method to
track disease evolution.

QSM suggests regional differences in iron deposition in pa-
tients with PD. On 7-T MRI scans, there is a rostral-caudal
gradient in susceptibility values along the globus pallidus and
SN pathway (88). However, a recent 3-T MRI study did not
report an increased iron deposition gradient along the pathways
(89), indicating a need for further studies on the iron deposi-
tion mechanism in the SN. QSM studies using 3-T MRI report
lateral asymmetry and posterior segment predilection in the iron
deposition pattern in the SN (84). Early PD shows an exclusive
increase in susceptibility values in the SN pars compacta accord-
ing to the disease stage (94). However, late-stage PD shows an
increase in susceptibility values in the SN pars reticulata, red
nucleus, and globus pallidus, which indicates iron-related re-
gional progression in PD. Indeed, a longitudinal study following
patients with PD over 3 years revealed that longitudinal SN iron
change was confined to more ventral posterior locations (95).

Susceptibility values show a correlation with clinical motor
impairment and disease duration and severity. There is a signifi-
cant correlation of higher susceptibility values in the red nucleus
and dentate nucleus with tremor severity in patients with PD
(96). Moreover, susceptibility values in the caudate nucleus are
correlated with motor aspects of daily living, while susceptibility
in the SN is significantly correlated with levodopa dosage and
disease stages (97). In addition, nonmotor symptoms in patients
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with PD also show a topographic relation to the QSM changes
in the brain. QSM increase in the hippocampus and the thala-
mus can be associated with lower cognitive scores and QSM in-
crease in the parietal, frontal, and medial occipital cortices can

be associated with poor visual function along with a higher risk
of PD with dementia (PDD) (98).

Quantitative Iron Mapping in Other Parkinsonian
Syndromes

A study that performed T2* relaxometry at 3-T MRI compared
the resulting values between patients with ET and healthy con-
trol subjects (99). In this study, whole-brain voxel-based analyses
showed significant differences in the T2* values in the bilateral
SN, bilateral globus pallidus, and right dentate nucleus. The
most involved nucleus was the pallidum, which is indicative
of increased iron accumulation in patients with ET and motor
system involvement outside the cerebello-thalamo-cortical loop,
specifically the globus pallidus, in the ET.

Patients with Parkinson-plus syndromes, including PSP and
MSA, often have putaminal changes on iron-sensitive MRI
scans. A postmortem pathologic study in patients with PSD,
MSA, and DLB reported a significant association of R2* with
nigral a-synuclein immunostaining. Moreover, QSM was sig-
nificantly correlated with Perl iron staining (100). These findings
suggest that quantitative iron mapping could be a valuable tool
to differentiate parkinsonian syndromes and monitor the patho-
logic progression. Notably, patients with PSP showed higher iron
concentration in the SN than did patients with MSA-P (101).
Azuma et al (102) recently reported that susceptibility values in
the SN were significantly higher in patients with PSP than in
patients with PD and healthy control subjects.

Future Use of Quantitative Iron Mapping

Uchida et al (103) reported a significant relationship between
magnetic susceptibility and dopamine transporter abnormality.
‘They reported that patients with PD had higher QSM values in
the SN than did healthy control subjects. However, there was
no correlation between the QSM values in the SN and the stri-
atal-specific binding ratios measured with '?I-FP-CIT SPECT;
however, there was correlation between the QSM values in the
striatum and the striatal dopamine transporter density.

Recent studies have used advanced techniques, such as tex-
ture analysis or radiomics feature extraction from the SN using
QSM and convolutional neural network-based feature extrac-
tion (104,105). The findings are promising, and we expect these
techniques to contribute to improved diagnostic performance
for PD. Although the deep learning method remains primitive,
it could help identify novel imaging markers for PD.

Diffusion-Tensor Imaging

Diffusion-tensor imaging (DTI) is a technique that measures
random water molecule motion in tissues (106). This allows
quantification of cerebral white matter integrity, including neu-
ral fiber trajectories and orientations (107). The most common
yet crucial measurements feasible with DTT are fractional anisot-
ropy (FA) and mean diffusivity (MD) (108). FA is reflective of
the orientation of the distribution of water molecular movement
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(Fig 16, B) (106). FA is scored from 0 to 1, with 1 indicating
nonuniform—anisotropic—water diffusion. Generally, the FA
value in white matter is close to 1; however, the FA value gets
closer to 0 in the case of damaged neural bundle integrity (106).
In contrast, MD represents the diffusion of free water molecules
in cerebral tissue, with its increase indicating accelerated water
movement from enlarged extracellular space, which is suggestive
of tissue degeneration (106). Therefore, changes in MD or FA
values could reveal or measure pathologic alterations in white
matter integrity (106,108). Moreover, DTT enables tractogra-
phy, which enables visualization of neural pathways in the brain
using the analyzed neural connectivity profile (109).

DTl in PD

Recent meta-analyses and systemic reviews show that DTT can
account for structural differences in selective cerebral regions
with changes in FA, MD, or both between patients with PD
and healthy individuals (106,108). There have been numerous
studies on FA and MD in the SN, with the majority reporting
reduced FA, higher MD, or both in the region, even in patients
with early PD (46,110-114). Arribarat et al (115) recently re-
ported the concomitant increase in free water in the posterior
SN with increase in R2* in the anterior SN in patients with
moderate-stage PD as compared with healthy control subjects.
However, findings have been inconsistent with respect to the
alterations in FA and MD (116). Moreover, findings are in-
consistent regarding the correlations between disease sever-
ity and FA, raising questions about the clinical importance
of FA (117). However, studies using high-spatial-resolution
DTT have identified greater FA reductions in the caudal SN,
which allows distinction of patients with PD from control
subjects with 100% sensitivity and 100% specificity (118).
Several studies have combined relaxometry and DTT to in-
crease diagnostic performance in PD (117). R2* and FA com-
binations in the SN and MD in the striatum allow highly
accurate diagnosis of PD. Regarding longitudinal disease
tracking, studies suggest that DTT changes in the SN could be
used to track PD progression (113); however, the aforemen-
tioned meta-analysis by Atkinson-Clement et al (106) offers
controversial conclusions.

In regard to the association of DTI measures with a pa-
tient's symptoms, findings show that DTI changes in the SN
are positively correlated with the degree of bradykinesia, cogni-
tive decline, and dopaminergic deficit (119). Chen et al (120)
found that patients with PD and mild cognitive impairment
(PD-MCI) have lower FA values not only in the SN but also
in the diffuse white matter areas, when compared with those
in patients with PD and normal cognition. Minett et al (121)
also found that a higher baseline MD was related to lower
attention and executive functions in patients with PD-MCI
and that after longitudinal follow-up, these patients showed a
significant increase in MD values in the frontal regions when
compared with patients with PD and normal cognition. In ad-
dition, impaired olfactory function—one of the main nonmotor
features of PD—can be associated with a trend of FA reduction
and decreased volume of the olfactory tract produced by fiber
tracking (122,123).
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Interestingly, many authors have performed DTI-based
tractography to directly visualize the nigrostriatal fiber tracts.
Zhang et al (124) obtained reliable nigrostriatal tractograms in
50 patients with PD and 27 healthy control subjects but did
not find significant differences between groups in the streamline
numbers of the tract. However, another study using nigrostriatal
tractography showed that fiber density in the nigrostriatal tract
was lower in patients with PD than in healthy control subjects
and even showed a negative correlation between fiber density
and the MDS-UPDRS-III scores (125). This result has been
reproduced by Wei et al (126), who found significantly fewer
fibers passing the SN in patients with PD, which might be a
potential marker for early PD when combined with reduced
FA and cerebral blood floor measurements in the prefrontal
cortex area. Future validation is warranted to assess nigrostria-
tal fiber tracts in patients with PD with further improvement
in the DTT techniques.

DTl and Dopamine Transporter Imaging

A DTI study that analyzed the nigrostriatal dopaminergic path-
way reported that DTI measures of the nigrostriatal tract cor-
relate with PD severity shown by the MDS-UPDRS-III score
(124). However, there was no significant correlation between
DTT measures and putaminal binding ratios on dopamine trans-
porter SPECT scans (124). There is a need for further studies to
validate these findings.

DTl in Other Parkinsonian Syndromes
Prodoehl et al (112) used DTI measurements to distinguish pa-
tients with PD from healthy control subjects and from patients
with ET and Parkinson-plus syndromes. The authors showed
that the FA in the posterior SN was significantly higher in
healthy control subjects than in patients with ET, PD, MSA-D,
or PSP, FA in the posterior SN was significantly lower in patients
with PD than in patients with ET, MSA-B, or PSP, Between pa-
tients with MSA-P and those with PSB, FA in the posterior cau-
date was lower in patients with MSA-P than in those with PSP,
Further, DTT measures resulted in high diagnostic performance
in distinguishing patients with PD from those with other par-
kinsonian syndromes (PD vs MSA-P or PSP: sensitivity, 90%;
specificity, 100%; PD vs ET: sensitivity, 92%; specificity, 87%;
MSA-P vs PSP: sensitivity, 90%; specificity, 100%) (112). Re-
cently, Pyatigorskaya et al (127) used multimodal nigral imaging
to discriminate patients with PSP from healthy control subjects
and patients with PD. The NM-based SN volume and the FA
in the midbrain were effective predictive factors to distinguish
patients with PSP from healthy control subjects. In addition,
the best predictors for separating PSP from PD were the NM-
based SN volume and FA in the pons. This study shows that
multimodal nigral imaging is a promising tool to evaluate neu-
rodegeneration in PSP

Lastly, many studies have assessed the presence of white
matter abnormalities in patients with DLB compared with
healthy control subjects or patients with other neurodegenera-
tive diseases. Using DT, the extensive abnormality of struc-
tural connectivity in patients with DLB has been identified,
showing reduced FA in the various cerebral regions, including
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the dorsal striatum, corpus callosum, amygdala, inferior longi-
tudinal fasciculus, and frontal, parietal, and occipital regions
(128-131). However, as no specific pattern has been defined,
further study will be needed.

Volumetry

Structural MRI can reveal architectural changes in the brain,
such as volume reduction (11). Volumetric MRI has enabled
quantitative assessment of regional cerebral atrophy measured in
diameters, areas, and volumes (5). The traditional measurement
was based on segmentation of the region-of-interest approach,
but this is operator dependent (5). Voxel-based morphometry
permits operator-independent voxelwise analyses of volume dif-
ferences based on coregistration of a high-spatial-resolution 3D
data set, such as a magnetization-prepared rapid acquisition with
gradient-echo sequence, following normalization to a study-
specific template (132). It can also enable automated evaluation
of the whole brain, adopting voxelwise statistical parametric
mapping of preprocessed structural MRI (5,132). Furthermore,
software, such as FreeSurfer and NeuroQuant, can provide
fully automated segmentation into multiple neuroanatomi-
cally defined regions and can quantify regional cerebral volumes
(133,134). In particular, volumetry has been extensively studied
in association with clinical symptoms in PD. Here, we would
like to look deeper into the volumetric findings related to the
motor and nonmotor symptoms of PD, including the cognitive
function in and outside of the nigral structures.

Volumetry in PD

‘The volume of the SN and striatum is reduced more in patients
with PD than in healthy control subjects (135,136). Many stud-
ies have adopted voxel-based morphometry to measure cortical
or subcortical thickness changes in patients with PD (42). When
compared with healthy control subjects, patients with PD had
intracranial total volume and regional volume reduction in vari-
able cortical and subcortical sites in the brain (eg, hippocampus;
amygdala; thalamus; nucleus accumbens; corpus callosum; an-
terior cingulate and superior temporal gyri; orbitofrontal, ven-
trolateral, prefrontal, and occipitoparietal cortices; and olfactory
bulb) (137-141). These atrophic changes can start at an early
stage of the disease (135,136). Most recently, Vitali et al (142)
used 3-T magnetization transfer—prepared volumetry in patients
with PD and found that the SN volume was lower in these pa-
tients than in healthy control subjects. They also found that the
SN volume was even lower in patients with advanced PD than
in those with de novo PD, which enables differentiation of dis-
ease stages. In regard to motor symptoms in patients with PD, a
more severe tremor can be associated with cortical atrophies in
the areas controlling movement sequencing, including the dorsal
premotor, posterior parietal, cingulate, and left temporal corti-

ces; and the left occipital lobe (136,143).

Volumetry and Nonmotor Symptoms in PD

PD-MCI and PDD are correlated with cerebral cortical atrophy.
In a comparative study among patients with nondemented PD,
PDD, or Alzheimer disease and healthy control subjects (137),
those with PDD showed more significant bilateral temporal
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and occipital cortical atrophy than did healthy control subjects,
while patients with PD but without dementia showed only sig-
nificant frontal volume reduction. Uribe et al (144) evaluated
cognitive function in patients with early PD and found that cog-
nitive and memory impairments were worse in patients with PD
and posterior atrophy including the occipital and parietal gyri
than in those with anterior atrophy including the orbitofrontal,
anterior cingulate, and anterior temporal gyri. There has been a
general consensus that, compared with PD without dementia,
PD-MCI can show cortical thinning in the temporal, occipital,
parietal, and supplemental motor areas, and PDD can show oc-
cipital and entorhinal cortical atrophy (145,146). Longitudinal
studies have followed PD cohorts over time and have tracked the
cortical changes. Filippi et al (147) observed the cortical changes
in a PD cohort over 4 years and found that cortical thinning pro-
gression starts in the initial stages of cognitive decline. Another
longitudinal study by Gorges et al (148) showed that although
cerebral atrophy and cortical thinning including the striatum,
temporoparietal regions, and primary or premotor cortex were
more pronounced in cognitively impaired patients with PD,
cortical brain atrophy had already expanded in patients with
advanced PD even without overt cognitive deficits. Several stud-
ies have demonstrated that atrophy in the subcortical structure
can be associated with cognitive function as well. Owens-Walton
et al (136) found a significant correlation between greater atro-
phy in the caudate and poorer cognitive function and between
greater atrophy in the putamen and worse motor symptoms. An-
other study suggested that a significant reduction in the volume
of the caudate, putamen, and thalamus contributes to cognitive
dysfunction (141). Particularly, for the corpus callosum, patients
with PD had greater volume reduction in the corpus callosum
than healthy control subjects, while patients with PDD demon-
strated further reduction in the callosal volume involving mul-
tiple subsections compared with patients with PD with normal
cognition or MCI (149).

Depression has been known to be associated with volume
reduction in the frontal lobe, temporal lobe, amygdala, cerebel-
lum, and left hippocampus (150-152). Isolated apathy can be
correlated with precuneus degeneration, with severity positively
correlated with gray matter volume in the superior frontal gyrus
and cerebellar vermis (153). Regional atrophy in the frontal lobe
is associated with not only cognitive impairment, but also behav-
ioral impairment (154). Sleep disorders in patients with PD can
also be related to regional cerebral atrophy; nocturnal hallucina-
tion can be related to basal ganglia atrophy, distressful dreams
can be related to limbic system and frontal white matter atrophy,
and nocturia can be related to volume reduction in global white
matter and left pre- and postcentral cortical surface (155). Olfac-
tory dysfunction in PD is not only correlated with olfactory bulb
volume loss but also with volume loss in the left putamen, right
thalamus, and right caudate nucleus (156,157).

Volumetry in Other Parkinsonian Syndromes

Extrapyramidal syndromes including ET can be differentiated
from early PD with SPECT, and MRI volumetry measuring
bilateral olfactory bulbs may serve as an alternative method

(157).
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Volumetry can play an important role in discriminating Par-
kinson-plus syndromes as well. Conventional MRI can demon-
strate the characteristic findings of MSA including () atrophy of
the putamen, middle cerebellar peduncle, cerebellum, or pons; (4)
T2 hypointensity in the putamen and T2 hyperintense rim at dor-
solateral margins of the putamen in MSA-P; and (¢) the presence
of T2 hyperintensity in the middle cerebellar peduncle in MSA-
C (158). A meta-analysis suggested that atrophy in the putamen
can be a helpful marker to distinguish MSA from PD (159). An
early study has identified that volume loss in the striatum and the
brainstem is more severe in patients with MSA than in patients
with PD and healthy control subjects (160). It should be noted
that both MSA-P and MSA-C can show volume reduction in the
cerebellum and pons (160,161). In addition, volume loss in the
left primary and supplemental motor area, prefrontal and insu-
lar cortex, and striatum and midbrain can be more prominent in
MSA-P than in PD (162). Interestingly, patients with PDD and
patients with MSA and dementia also show significant cortical
thinning in the parahippocampal and lingual cortices (163).

PSP can demonstrate tegmental midbrain atrophy relative to
the pons (158). A voxel-based morphometry study in patients
with PSP has confirmed volume loss in the midbrain and pons,
as well as in the striatum compared with that in healthy control
subjects (164). Other studies have verified cortical atrophy in
prefrontal and frontal, insular, and premotor and supplemen-
tal motor areas; hippocampal and parahippocampal gyrus; and
subcortical and white matter atrophy in the thalamic, collicular,
mesencephalic, and frontotemporal regions (165,166). When
compared with patients with PD, patients with PSP also show
significant volume loss in the cerebral peduncles, midbrain, and
whole cerebellum (167,168). However, volumetric findings may
not be a reliable method to differentiate PSP from MSA (160).
For better discrimination, follow-up of volume loss over time is
more necessary than the cross-sectional volumetric assessment
at a single time point (169). Indeed, Reginold et al (169) per-
formed longitudinal quantitative MRI in patients with MSA
and PSP, and found that, over time, there is greater volume loss
in the pons in patients with MSA, while putaminal diffusivity
change is rather greater in those with PSP,

Many volumetric studies have compared DLB with Al-
zheimer disease. First, patients with DLB can have temporal
lobe atrophy, but the degree of atrophy is less severe than that
in those with Alzheimer disease (170—175). However, the dif-
ferential diagnosis can be challenging in patients with mixed
diseases (175,176). Some studies comparing DLB with PDD
described similar involvement of the subcortical regions in both
diseases (177,178). Other studies reported more decreased gray
matter density in the striatum and pallidum in patients with
DLB than in those with PDD (179,180), while others reported
greater atrophy in the motor cortices and precuneus in patients
with PDD compared with those with DLB (181). These find-
ings should be verified in the future with longitudinal studies
and a larger cohort.

Conclusion

This review presents all up-to-date nigral imaging applications
used in Parkinson disease and other parkinsonian syndromes. Var-
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ious advanced neuroimaging techniques using MRI have provided
markers for the nigral structure to detect underlying neuroana-
tomic, functional, and pathophysiologic alterations. These mark-
ers can enhance diagnosis, differentiation of Parkinson disease
from other movement disorders, subtyping, and disease severity
monitoring. On the basis of relevant studies, we highly recom-
mend including (2) high-spatial-resolution nigrosome 1 imaging
using susceptibility-weighted imaging or its equivalent, (4) high-
spatial-resolution NM-sensitive MR, and (¢) quantitative suscep-
tibility-weighted mapping for supplementary quantitative iron
mapping for nigral imaging in Parkinson disease, Parkinson-plus
syndromes, and other nondegenerative parkinsonian syndromes.
'The use of diffusion-tensor imaging and volumetry can be supple-
mented according to clinical need and research purpose. There is,
however, a need for further research using cutting-edge MRI tech-
nology, and multimodal imaging approaches may be necessary to
identify imaging markers, improve diagnostic performance, and
track the effectiveness of treatment for the disease.
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