Lewy bodies

Eosinophilic intracytoplasmic
neuronal inclusions, composed
largely of a-synuclein, that

are characteristically found in
the brain of individuals with
neurodegenerative diseases
such as Parkinson disease and
dementia with Lewy bodies.

Nigrosomes

Clusters of calbindin-negative
dopaminergic cells in the
substantia nigra.

Me-mail: wieberO4@snu.ac.kr

https://doi.org/10.1038
$41582-022-00618-9

REVIEWS I

M) Check for updates

Parkinson disease

Multimodal brain and retinal imaging
of dopaminergic degeneration in
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Parkinson disease (PD) is a progressive neurodegener-
ative disorder that presents clinically with parkinson-
ism, the cardinal features of which include bradykinesia,
rigidity, rest tremor and postural instability. The main
pathological hallmarks of brain degeneration in PD are
Lewy bodies and neuronal loss. The parkinsonism in
patients with PD reflects pathology in the substantia nigra
and dysfunction of the nigrostriatal dopaminergic system.
However, the condition is associated with a range of addi-
tional motor and non-motor features, and the Lewy body
pathology extends widely to nervous system structures
both within and beyond the CNS, including the enteric
plexus, autonomic ganglia, salivary glands, olfactory
bulb, retina and skin. Various theories, including Braak’s
hypothesis on the pathological staging of PD', have been
put forward to explain how pathology propagates in PD,
and this topic remains a matter for debate*’. However,
dopaminergic degeneration in the substantia nigra is gen-
erally agreed to be the essential pathological feature in
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Abstract | Parkinson disease (PD) is a progressive disorder characterized by dopaminergic neuro-
degeneration in the brain. The development of parkinsonism is preceded by a long prodromal
phase, and >50% of dopaminergic neurons can be lost from the substantia nigra by the time

of the initial diagnosis. Therefore, validation of in vivo imaging biomarkers for early diagnosis
and monitoring of disease progression is essential for future therapeutic developments. PET and
single-photon emission CT targeting the presynaptic terminals of dopaminergic neurons can

be used for early diagnosis by detecting axonal degeneration in the striatum. However, these
techniques poorly differentiate atypical parkinsonian syndromes from PD, and their availability
is limited in clinical settings. Advanced MRI in which pathological changes in the substantia nigra
are visualized with diffusion, iron-sensitive susceptibility and neuromelanin-sensitive sequences
potentially represents a more accessible imaging tool. Although these techniques can visualize
the classic degenerative changes in PD, they might be insufficient for phenotyping or prognosti-
cation of heterogeneous aspects of PD resulting from extranigral pathologies. The retina is an
emerging imaging target owing to its pathological involvement early in PD, which correlates
with brain pathology. Retinal optical coherence tomography (OCT) is a non-invasive technique
to visualize structural changes in the retina. Progressive parafoveal thinning and fovea avascular
zone remodelling, as revealed by OCT, provide potential biomarkers for early diagnosis and
prognostication in PD. As we discuss in this Review, multimodal imaging of the substantia nigra
and retina is a promising tool to aid diagnosis and management of PD.

PD*, and detection of early-phase changes in this region
is a key target of imaging biomarker development.

In recent years, we have seen considerable advances
in MRI techniques for the early detection of dopamin-
ergic degeneration, capturing microstructural changes
relating to neurodegeneration, iron accumulation, disap-
pearance of neuromelanin and loss of nigrosomes in the
substantia nigra pars compacta (SNc) (FIG. 1). Emerging
research is focusing on new MRI techniques to monitor
disease progression and multimodal imaging approaches
to differentiate atypical parkinsonian syndromes from
PD. Owing to the superior accessibility and conven-
ience of MRI compared with techniques such as PET
and single-photon emission CT (SPECT), MRI markers
for PD are an attractive proposition. However, the new
MRI techniques only visualize nigral degeneration and,
therefore, might be insufficient for phenotyping or prog-
nostication of heterogeneous aspects of PD that result
from extranigral pathologies.
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Key points

* Advanced nigral MRI techniques in Parkinson disease (PD) include diffusion tensor
free water measurement, quantitative susceptibility mapping of iron signals,
evaluation of nigrosome 1 (N1) loss on iron-sensitive sequences and quantification of
neuromelanin loss on neuromelanin-sensitive sequences.

* N1 signal loss and neuromelanin reduction in the substantia nigra pars compacta can
be detected in prodromal PD, although longitudinal studies are required to validate
this approach.

* Multimodal imaging capturing pathological changes in the substantia nigra should
substantially enhance diagnostic accuracy in early PD, and longitudinal multimodal
MR studies could provide essential pathophysiological insights and provide markers
to monitor disease progression.

¢ Visual disturbances observed in patients with PD are linked to retinal dopamine
loss, which results in functional derangement of couplings between retinal cells and
defective synaptic transmission.

e Parafoveal inner retinal change can be detected from the early stages of PD,
extending to the macula and peripapillary nerve fibre layer at advanced stages and
showing associations with visual hallucinations and cognitive impairment.

* Retinalimaging could provide a convenient imaging tool for early diagnosis
and monitoring progression in PD, and further investigation of the link between
retinal and brain pathology could provide further pathophysiological insights into
neurodegenerative diseases.

To help overcome these limitations, the retina could
be a future target of imaging in PD. Owing to its direct
connection to the brain and the fact that it can be non-
invasively visualized, this structure can provide an impor-
tant window to brain pathology™®. The retina contains
dopaminergic cells, and profound dopamine loss, relat-
ing to visual dysfunction, has been observed in the retina
in patients with PD’". Pathological studies have shown
a correlation between retinal and brain a-synuclein
pathologies in PD", and the retina is being used increas-
ingly to investigate PD pathogenesis'*". Optical coher-
ence tomography (OCT) enables histological sections
of the retina to be visualized non-invasively in minutes
without the need for premedication. OCT studies have
shown focal and diffuse retinal changes through vari-
ous stages of PD, and some promising results have been
obtained with regard to early diagnosis and prognosti-
cation in PD'"'**, Future imaging techniques in which
the resolution is enhanced to the cellular level should
improve the detection of dopaminergic cell loss and early
morphological changes in retinal ganglion cells (RGCs).

In this article, we review advances in MRI biomarker
development for early diagnosis and progression moni-
toring in PD, with a particular focus on new techniques
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with longitudinal evidence and applications in prodro-
mal PD, as well as future multimodal approaches. We
also review the development of retinal imaging markers
for diagnosis and progression of PD and their contri-
bution to understanding the pathophysiology of the
condition. After considering the strengths and limita-
tions of the various imaging modalities, we propose the
combined application of non-invasive substantia nigra
and retinal imaging techniques for future biomarker
development in PD.

Current diagnostic approach to PD

Currently, diagnosis of PD is primarily based on clinical
symptoms. The first step is to document parkinsonism
via neurological examination, and the second step is to
determine whether the parkinsonism is attributable
to PD?. The presence of bradykinesia, plus rest tremor
and/or rigidity, is required for documentation of parkin-
sonism. In addition, a clinically established PD diagnosis
should meet all the following three criteria: first, absence
of absolute exclusion criteria; second, at least two sup-
portive criteria; and third, no ‘red flag’ signs*'. These
three criteria are designed to differentiate PD from atypi-
cal parkinsonian syndromes and secondary parkinso-
nian disorders, such as drug-induced, toxic-metabolic
or vascular parkinsonism. Atypical parkinsonian syn-
dromes are neurodegenerative disorders that can present
with parkinsonism but have different pathologies and
aetiologies from PD. Multiple system atrophy (MSA),
progressive supranuclear palsy (PSP) and corticobasal
degeneration are the most common disorders in this cat-
egory. From a clinical perspective, differential diagnosis
at the early stages of these disorders is challenging, and
because the treatment response and prognosis are gener-
ally poor in atypical parkinsonian syndromes compared
with PD, development of specific diagnostic markers has
been an important priority in neuroimaging research.

Although the diagnosis of PD remains clinically
based, neuroimaging tools were incorporated into the
recently proposed Movement Disorder Society PD
(MDS-PD) diagnostic criteria®. Specifically, abnor-
mal denervation on '*’I-metaiodobenzylguanidine
(**I-MIBG) cardiac scintigraphy was included in ‘sup-
portive criteria, and a normal or preserved presynaptic
dopaminergic system (as visualized by PET or SPECT,
for example) was included in ‘absolute exclusion criteria.
In clinical practice, conventional MRI is often performed
to exclude structural lesions such as subdural haemor-
rhage or other space-occupying lesions, normal-pressure
hydrocephalus or severe white matter changes that can
be linked to the patient’s symptoms. However, the res-
olution of conventional MRI is insufficient to discern
changes in the substantia nigra that distinguish people
with PD from healthy individuals.

Nuclear imaging of nigrostriatal dopaminergic nerve
fibres via PET or SPECT has been available for clinical
and research purposes for some time. Typical tracer
targets include L-aromatic acid decarboxylase, which
converts levodopa to dopamine and can be detected
by "*F-dopa; dopamine transporters (DATSs) that are
exclusively expressed in presynaptic dopaminergic
nerve terminals; and synaptic vesicles that are present in

www.nature.com/nrneurol



Caudal \ 7(:)‘7/

Healthy

REVIEWS

Fig. 1| Imaging of microstructural changes in the substantia nigra in PD. a| At the level of the striatum (line in
left-hand image), **F-fluorodopa PET or dopamine transporter (DAT) PET or single-photon emission CT (SPECT) imaging
can be used to assess the integrity of dopaminergic fibre terminals. DAT PET images show bilateral symmetrical uptake of
the tracer *C-PE2l in the striatum, which is reduced in Parkinson disease (PD). b—d | The left-hand images illustrate mid-
brain slices through the substantia nigra, subdivided into the substantia nigra pars compacta (SNc) and substantia nigra
pars reticulata (SNr) with the neighbouring red nucleus (RN). The position of nigrosome 1 (N1) is shown in yellow. The other
images show the use of nigralimaging techniques in the brain of healthy individuals and patients with PD. These tech-
niques include fractional anisotropy to analyse the microstructure (part b), susceptibility-weighted imaging to visualize
iron deposition (part ¢) and T1-weighted fast spin-echo imaging to visualize neuromelanin (part d). Patients with PD can
show a decrease in fractional anisotropy in the posterior substantia nigra (part b) and loss of nigral dorsolateral hyperin-
tensity (part c), which reflects N1 signal loss, either unilaterally or bilaterally. The loss of N1 signal spreads to dorsal and
medial nigrosomes in association with loss of neuromelanin load, as detected by a reduction in the bright signal volumes
of neuromelanin (part d) and increased iron deposition (increased hyposignal intensity as in part c).

monoaminergic nerve fibres. Among these targets, DAT
imaging is the most used modality and has been approved
for clinical practice in many European, American and
Asian countries. According to the MDS-PD diagnostic cri-
teria*!, preservation of the nigrostriatal dopaminergic
system, as revealed by PET or SPECT, is highly diagnostic
for exclusion of PD. However, presynaptic dopaminergic

PET and SPECT images cannot precisely differentiate
atypical parkinsonism from PD, and tracer uptake can
be affected by compensatory synaptic plastic changes
or by medications that interfere with dopaminergic and
other monoaminergic systems. These factors should be
considered when using PET or SPECT to monitor disease
progression. Furthermore, SPECT has limited resolution,
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Melanophagia
Phagocytosis of melanin.

Neuronophagia
Destruction of neurons by
phagocytic cells.

Marinesco bodies
Intranuclear inclusions found
in pigmented neurons in the
substantia nigra.

Somatodendrite

Region of a neuron that
includes the cell body and
dendrite.

Single-shell scans
Diffusion signal scans acquired
in a single shell.

Multi-shell scans
Diffusion signal scans acquired
from a multi-shell scheme.

Free water fractional
volume

The volume fraction of free
water within the regional
volume defined by a voxel.

Bi-tensor modelling

A diffusion tensor imaging
analysis model consisting of
two tensor compartments; for
example, free water and tissue
compartments.

Fractional anisotropy

A measure of the degree of
anisotropy of water molecules
in diffusion tensor imaging
analysis, which ranges from 0
(infinite isotropy, no restrictions
in all directions) to 1 (anisotropy,
movement in only one axis and
limited to others).

Hoehn and Yahr stages
Clinical staging system for
parkinsonian disorders
proposed by M. Hoehn and
Y. Yahrin 1967.

and PET and SPECT scan cameras and radiotracers are
not readily available. In addition, both techniques carry
potential radiation risks and are expensive, especially
when repeated scans are required to monitor disease
progression.

Substantia nigra pathology in PD

The anatomy of the human substantia nigra®*-* is sum-
marized in BOX 1. Substantia nigra pathology in PD is
characterized by neuronal loss in the SN, particularly
the ventrolateral and caudal tiers, which is comparable
to dorsal tier neuronal loss during normal ageing**”’.
Dopaminergic neurons have characteristic pigmented
neuromelanin granules that attract metal ions. The
substantia nigra is rich in iron, most of which is stored
in neuromelanin. Under pathological conditions, iron
accumulation increases and the pigmented neurons
become depigmented and depleted in number, accompa-
nied by an increase in extracellular neuromelanin levels,
along with melanophagia and neuronophagia®. Tyrosine
hydroxylase-negative melanized SNc neurons with
Marinesco bodies in the nucleus can also be detected”.
In addition, staining for a-synuclein reveals various
forms of Lewy pathology, including intracytoplasmic
inclusion Lewy bodies, Lewy neurites and pale bodies
within the neuromelanin®, somatodendrite staining, cell
soma punctate staining and multilobular Lewy bodies.

Visualizing dopaminergic degeneration by MRI
Diffusion-weighted imaging

The main advantage of diffusion MRI is the abil-
ity to quantify microstructural changes in subcorti-
cal structures at the voxel level via widely available
single-shell scans. Multi-shell scans might also be useful
for determining neurite density and configuration — for
example, bending or fanning — although this approach
is not yet fully established. Diffusion tensor imaging
(DTI) studies have produced conflicting results’’; how-
ever, a longitudinal increase in aberrant diffusion signals
has been consistently observed in the posterior part of
the substantia nigra in people with PD*>%.

Free water fractional volume estimation through
bi-tensor modelling** can detect pathological change in
the posterior substantia nigra more sensitively than can
conventional fractional anisotropy, even after free water

Box 1| Anatomy of the substantia nigra

The substantia nigra has two anatomically distinct areas: the pars reticulata (SNr) and the
pars compacta (SNc). The SNr is the ventral part of the substantia nigra and is mainly
composed of GABAergic neurons, whereas the SNc is the dorsal part and comprises
dopaminergic neurons. In the human substantia nigra, the boundary between the SNr
and SNc is diffuse, and the SNc dopaminergic cells extend in a finger-like fashion into
the SNr. Around 60% of the dopaminergic neurons in the SNc are sparsely located in the
calbindin-rich zone (matrix), and 40% are packed in the five calbindin-poor zones
(nigrosome)'. Among the five nigrosomes, nigrosome 1, which is located in the SNc at
intermediate and caudal levels, is the largest’’. Note that calbindin is a marker of stria-
tonigral projection terminals targeting SNr neurons, and the ventral tier of the SNc is
mostly devoid of calbindin. The mesencephalic dopaminergic neuronal groups® are
composed of the SNc cell group (nucleus A9), the retrorubral area cell group (A8),

the ventral tegmental area cell group (A10) and the substantia nigra pars dorsalis cell
group. The ventral tier of the SNc includes the A9 cell group and the dorsal tier includes
A8, A9, A10 and substantia nigra pars dorsalis cells’.

correction. Free water fractional volume did not correlate
with parkinsonian motor symptoms and putaminal DAT
at baseline in two independent early-stage PD cohorts®,
but on follow-up, the free water fraction increased signifi-
cantly compared with free water-corrected fractional ani-
sotropy or diffusivity values™. The free water increase in
the posterior substantia nigra correlated with striatal DAT
change and increasing Hoehn and Yahr stages over a 4-year
follow-up period”. A study published in 2021 found a
free water increase in the posterior substantia nigra in
patients with idiopathic REM sleep behaviour disorder
(iRBD), both at baseline and after 18 months’ follow-up.
Interestingly, the authors found an inverse relationship
between free water and putaminal DAT values in these
patients*. However, in studies conducted in patients with
‘moderate’-stage PD, a free water increase was observed
in the anterior but not the posterior substantia nigra®,
and neither the longitudinal increase in the substantia
nigra free water fraction nor any correlation with clinical
symptom progression was replicated in a 2-year follow-up
analysis*. Therefore, the use of free water measurements
to monitor disease progression in early-stage PD might
not be generalizable to patients with more advanced PD.
Free water estimation might aid the differentiation of
atypical parkinsonian syndromes from PD*, in view of the
more widespread pathology and related microstructural
changes in the former conditions*.

Multi-shell diffusion imaging is thought to reflect
microstructural changes more precisely than single-shell
images, and to be able to estimate partial volume from
the cerebrospinal fluid. To date, only three studies have
applied multi-shell neurite orientation dispersion and
density imaging to PD**. One of these studies revealed
that multi-shell free water imaging was no better
than single-shell imaging for differentiating atypical
parkinsonian syndromes from PD*.

In a study reported in 2019, an approach termed
automated imaging differentiation of parkinsonism
(AID-P), which combines automated analysis with
machine learning, was developed with the aim of differ-
entiating atypical parkinsonian syndromes from PD*.
AID-P was applied to free water fractional volumes and
free water-corrected fractional anisotropy measures of
17 subcortical regions and 43 DTI fibre tract images
obtained from 1,000 participants from seven centres.
This machine-learning approach was found to be feasi-
ble for multicentre MRI analysis with discrepant image
sequences or scanners and showed good outcomes for
differentiating various forms of parkinsonism. AID-P
correctly classified five autopsy-confirmed cases of atyp-
ical parkinsonism. However, its diagnostic performance
in terms of differentiating individuals with early-stage
PD from healthy controls was found to be suboptimal
and it is unlikely to supersede conventional clinical
assessment using the MDS Unified PD Rating Scale
(MDS-UPDRY) at present.

Iron-sensitive susceptibility imaging

Iron accumulation in the substantia nigra — and to a
lesser extent the globus pallidus and motor cortex — is
one of the main pathological hallmarks of PD*>*¢. The
increased iron deposition is associated with increased
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Partial volume

The actual volume occupied

by a small species of molecules
or particles in a solution.

Region of interest (ROI)
analysis

Analysis of data extracted from
specified ROIs for the study.

Quantitative susceptibility
mapping

(QSM). An MRI technique

for quantifying the spatial
distribution of magnetic
susceptibility within the tissue.

T2* dephasing

Immediately after forming
transverse magnetization by

a radiofrequency pulse, the
transverse magnetization starts
decreasing in magnitude as
protons start going out of
phase (dephasing). Dephasing
can be altered by magnetic
field inhomogeneity, magnetic
susceptibility difference of
various elements in the tissues,
and the gradients applied.

T2* relaxation is the decay

of transverse magnetization
with gradient echo sequences,
which is used to visualize
haemorrhage, calcification

and iron deposition.

Fast spin-echo

An MRI technique that records
multiple echoes after a 90°
excitation pulse by transmitting
a series of 180° inversion
pulses at set intervals. By
contrast, the conventional
spin-echo sequence measures
a single echo.

Magnetization transfer

The transfer of nuclear spin
polarization and/or coherence
from one population of nuclei
to another. This technique can
suppress background signals to
improve contrast on MRI scans.

levels of ferritin, which could potentially influence the
MRI contrast owing to its superparamagnetic properties®.

Iron-sensitive MRI techniques, such as relaxome-
try (T2* or R2*) and susceptibility-weighted imaging
(SWI), revealed increased nigral iron accumulation in
PD, which was associated with disease severity in most
studies™. However, the sensitivity and specificity of the
techniques were variable, and heterogeneous results were
obtained in extra-nigral deep nuclei. A meta-analysis of
11 post-mortem and 33 MRI studies in people with PD
concluded that relaxometry and SWI techniques could
authentically reflect iron changes in the substantia nigra
but not in other subcortical nuclei’'. Increased nigral
iron deposition can be detected in individuals with
prodromal PD manifestations, such as iRBD, and the
deposition increases further as the disease progresses™.

Of note, substantia nigra region of interest (ROI) analysis
based on susceptibility or relaxometry maps has been
suggested to produce inconsistent results™, and stud-
ies in both cross-sectional®* and longitudinal cohorts™
have indicated that a neuromelanin image-driven ROI
approach can provide more robust diagnostic value with
regard to ventrolateral substantia nigra iron accumula-
tion in PD. Quantitative susceptibility mapping (QSM) can
also improve the accuracy of iron measurement, and has
been shown to pinpoint iron accumulation specifically
in the SNc**. QSM can also be used to investigate the
pattern of whole-brain iron accumulation in PD*” and
has demonstrated associations between cognitive dys-
function and cortical and striatal iron accumulation®®.
The longitudinal studies that have measured iron accu-
mulation in PD****% are summarized in Supplementary
Tables 1 and 2.

Loss of dorsolateral hyperintensity of the substan-
tia nigra on susceptibility imaging is another potential
marker of PD. This so-called swallow tail sign® is com-
parable to the pathological pattern of nigrosome loss that
has been observed in post-mortem studies of individu-
als with PD***. Of the five nigrosomes that have been
observed in the brain, nigrosome 1 (N1) shows the ear-
liest and most explicit involvement in PD and produces
the highest diagnostic yield on 7T MRI experiments®®*.
Loss of N1 at early stages of PD is also known to be asso-
ciated with increased iron accumulation®. Therefore,
imaging techniques that employ dorsolateral nigral
hyperintensity (DNH) as a marker for nigrosome loss
could aid the early diagnosis of PD. In support of this
proposal, the incidence of DNH loss in iRBD cohorts
(50-78%) is higher than in control groups (<20%) but
lower than in PD groups (79-90%)°". In patients with
iRBD, N1 signal loss detected on 3T MRI showed 63%
concordance with DAT reduction in iRBD, increasing
to 87% with 7T MRI®. Therefore, detection of N1 loss
via DNH change is a promising diagnostic MRI marker
of nigral degeneration that could be applied in the pro-
dromal stages of PD. However, the diagnostic value of
N1 signal loss for differentiating atypical parkinsonian
syndromes from PD was found to be poor®”.

With the current technology, identification of N1
through DNH imaging is subjective and depends on the
scanning protocol and imaging sequences. The diagnos-
tic sensitivity and specificity reported in patients with
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early-stage PD was generally >80%, but some studies
reported much lower sensitivities. Implementation of
QSM in imaging protocols®~"* and modification of the
scan protocol (for example, by analysing the lower part of
the substantia nigra border, which shows low susceptibil-
ity signals, and making the imaging plane perpendicular
to the axis of N1) could improve the diagnostic accuracy”.
However, high iron content can lead to T2* dephasing at
the edge of the substantia nigra, thereby producing a
false N1 signal”'. Currently, we lack a standard quantifi-
cation method for N1 loss and no correlation of this MRI
marker with disease severity has been detected, thereby
challenging its use for monitoring disease progression.
A study published in 2020, which applied a semiquan-
titative measure of nigrosome intensity, showed that
DNH loss was a gradual phenomenon during the tran-
sition from the healthy state thorough iRBD to PD™. To
fully realize the potential of N1 loss as a marker for PD,
large-scale and long-term follow-up studies should be
conducted, in addition to establishing standard imaging
techniques”.

Neuromelanin-sensitive imaging
Neuromelanin is a dark complex pigment that is found
in dopaminergic neurons of the SNc and the ven-
tral tegmental area and noradrenergic neurons of the
locus coeruleus. Intracellular neuromelanin resides in
double-membraned autophagic neuromelanin orga-
nelles that reside in the cytoplasm, distant from the
nucleus’. Neuromelanin is generated through catechola-
minergic metabolism of dopamine and norepinephrine.
Excess cytosolic catecholamines that are not incorpo-
rated into synaptic vesicles undergo iron-mediated oxi-
dation, after which they react with B-sheet proteins to
form neuromelanin”’. Neuromelanin displays strong
affinities for metals such as iron (in the iron-rich SNc)
and copper (in the copper-rich locus coeruleus). Under
normal conditions, iron is sequestered and maintained
in the redox-inactive form, so neuromelanin acts as
a chelator of redox-active metals”®. However, under
oxidative conditions such as in PD, iron is seques-
tered in its redox-active form, thereby promoting
deleterious oxidative stress through redox reactions.
Extracellularly released metals from neuromelanin
could potentially activate microglia, leading to release of
pro-inflammatory cytokines, increased oxidative stress,
neurodegeneration and accumulation of a-synuclein”.
The neuromelanin-iron complex is paramag-
netic, causing an increase in the T1 signal on MRI*.
High-resolution T1-weighted imaging with fast spin-echo
and magnetization transfer pulses has been used to
visualize neuromelanin in the midbrain and other
pigmented nuclei®. Reductions in nigral neuromela-
nin volume or contrast are a common finding in
neuromelanin-sensitive MRI studies of individuals with
PD®-%. However, this technique has only 60-80% sen-
sitivity for differentiating people with PD from healthy
controls, which is no better than DAT imaging. The
reductions in neuromelanin volume in the substantia
nigra were found to be more severe in the lateral (or
posterior) part of this brain region and in patients with

longer disease durations®.
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Area under the curve

(AUC). Area under the receiver
operating characteristic curve
(integral) ranging from O

(no discriminative ability) to 1
(the highest-level ability)

to evaluate an ability of a
classifier under a classification
threshold.

Results pertaining to locus coeruleus depigmenta-
tion are more heterogeneous®>**¥, possibly owing to
variations in analytical methods, including the number
of brain slices analysed and ROI delineation on individ-
ual slices. Such variations might have led to underes-
timation of neuromelanin loss in the locus coeruleus.
Nevertheless, neuromelanin loss in the locus coeruleus,
in addition to the SNc, was shown to have good discrim-
inative value for distinguishing MSA parkinsonism from
other parkinsonian disorders, including PD (60% sen-
sitivity and 90% specificity) and PSP syndrome (80%
sensitivity and 85% specificity)*”*.

As an alternative to manual analysis, voxel-wise
analysis using a normalized neuromelanin MRI tem-
plate from healthy controls could improve the quan-
tification of neuromelanin. This approach showed a
gradient of neuromelanin volume loss in patients with
PD, with the most severe loss in the posterior SNc¢ fol-
lowed by the anterior SNc and the locus coeruleus®.
A good correlation was observed between normalized
neuromelanin volume loss and parkinsonian symp-
tom severity, as assessed by the UPDRS®, although the
effects of levodopa medication on this MRI marker
were not fully examined. Voxel-wise assessment of
neuromelanin volume loss in the substantia nigra
revealed exponential decay of nigral neuromelanin,
which, on the basis of extrapolation of the decay curve,
was suggested to start ~5.3 years before a clinical PD
diagnosis®. This study also showed that the clinical
association of nigral neuromelanin loss paralleled the
pattern of functional organization of motor, cognitive
and behavioural loops throughout the nigrostriatal
system”, consistent with histological and post-mortem
studies. Longitudinal studies that measured neuro-
melanin volume reduction and contrast ratios in the
substantia nigra”~’> are summarized in Supplementary
Tables 1 and 2.

Interestingly, neuromelanin loss in the locus coer-
uleus was found to be more severe in PD patients with
polysomnography-confirmed RBD than in those without
RBD, and also correlated with abnormally increased mus-
cle tone during REM sleep®. In a subsequent study, neuro-
melanin loss in the locus coeruleus had >80% sensitivity
and specificity for differentiating patients with iRBD from
healthy controls™. A multimodal imaging study showed
locus coeruleus neuromelanin reduction in patients
with iRBD who had no striatal dopamine depletion”.
Therefore, in synucleinopathies, neuromelanin loss in the
locus coeruleus might be an earlier pathological event than
dopaminergic loss. Neuromelanin loss in the SNc was also
found in another iRBD cohort™. Therefore, evaluation of
neuromelanin intensity in the SNc and locus coeruleus is a
promising imaging tool, although robust longitudinal and
multi-platform studies of neuromelanin-sensitive MRI
in the prodromal stage and early-stage PD populations
will be needed to test its validity for diagnosing PD and
monitoring disease progression.

Multimodal MRI applications

Neuromelanin-sensitive imaging of the SNc has been
shown to improve the diagnostic value and robustness
of other nigral imaging techniques, such as DTT and

iron-sensitive imaging, in PD. DTT of an ROI defined
by neuromelanin-sensitive MRI showed significant frac-
tional anisotropy reduction and diffusivity increase in
the ventrolateral SNc in patients with PD compared with
controls, whereas the same DTT analysis performed on
a T2-derived ROI showed negative results”*. Another
study applied a single seven-echo 3D SWI sequence
with a magnetization transfer contrast pulse to simul-
taneously evaluate iron and neuromelanin in the SNc¢
in 40 patients with early-stage PD and 40 controls”. Of
the various individual measures, neuromelanin volume
had the highest diagnostic value (area under the curve
(AUC) 0.960), although the substantia nigra iron content
(AUC 0.740) or iron volume (AUC 0.788) or the N1
sign (AUC 0.891) could increase the diagnostic perfor-
mance to AUC >0.960 if combined with neuromelanin
volume”. Simultaneous analysis of multiple MRI para-
meters in the substantia nigra can also provide comple-
mentary information regarding nigral degeneration in
early-stage PD”. With a total scanning time of <5min to
generate 64 slices, this single-sequence scan approach is
also attractive from a practical perspective.

Multimodal MRI of the SNc is also useful for study-
ing prodromal PD*. When used in combination, neu-
romelanin volume (AUC 0.85) and signal loss (AUC
0.82) and fractional anisotropy measurements on a
neuromelanin-derived SNc ROI (AUC 0.77) allowed the
detection of nigral degeneration in patients with iRBD
with good diagnostic accuracy (AUC 0.95), whereas
diffusivity measures or iron quantification showed no
discriminative value.

Interestingly, both N1 imaging and neuromelanin-
sensitive MRI have been shown to aid the differentia-
tion of tremor-dominant PD from essential tremor'**'"’,
and the combination of both imaging techniques greatly
improved the diagnostic performance (AUC >0.93)'*.

On the basis of multimodal MRI studies so far,
neuromelanin-sensitive imaging seems to be the most
efficient MRI marker of PD and might be useful in the
prodromal phase. However, further investigation via
multimodal and combined MRI techniques is required
to specify the sequence of early pathological signals in
the substantia nigra and to visualize progression of those
pathological changes in PD. Machine-learning analy-
sis of variables obtained from multimodal MRI might
further enhance the diagnostic value of iron-sensitive
and neuromelanin-sensitive imaging in parkinsonian
disorders.

Multimodal MRI and DAT imaging

Levels of presynaptic dopaminergic markers have
been shown to decrease exponentially in patients with
PD, possibly beginning up to 10 years before the clin-
ical appearance of parkinsonism'®”. In patients with
early-onset PD (<44 years of age), the presynaptic dopa-
minergic fibre density was lower at the time of symptom
onset and the subsequent decay was slower than in indi-
viduals with late-onset PD (>66 years of age)'**. Through
backwards extrapolation of the decay curves, the authors
concluded that the presymptomatic phase spans more
than two decades in patients with early-onset PD, com-
pared with one decade in those with late-onset PD.
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These results suggest that DAT imaging can be used to
monitor disease progression in asymptomatic individ-
uals with any degree of DAT loss, and that individuals
with PD onset at a relatively young age might benefit
the most from future neuroprotective therapeutics.
Currently, DAT imaging is the only validated imaging
tool to monitor disease progression in prodromal and
early-stage PD. The annual DAT reduction rate in the
striatum is reported to be 5-6% in individuals with
iRBD'*>!'% and 4-5% in those with early-stage PD'%'?".
In addition, DAT imaging can provide risk stratifica-
tion in the population of individuals with prodromal
PD!'*1%1% and could be used to select potential partici-
pants for clinical trials investigating neuroprotective or
disease-modifying therapeutics.

Few studies have directly compared nigral MRI tech-
niques with DAT imaging in PD, although some impor-
tant correlations and discordances have been observed.
One longitudinal study in a cohort of individuals with
early-stage PD showed that the posterior substantia
nigra free water measure did not significantly correlate
with putaminal DAT levels at baseline; however, over a
4-year follow-up period, an increase in free water was
paralleled by a decline in putaminal DAT*>”". The free
water increase was most rapid during the first 2 years.
The authors calculated that the required sample sizes
for potential neuroprotective clinical trials based on
free water estimation are comparable to those based
on DAT SPECT, and could be even smaller if the target
population is confined to those with newly diagnosed
early-stage PD”. Another study found that DTI meas-
ures correlate poorly with dopaminergic degeneration,
as measured by DAT and D2 receptor SPECT, in people
with PD'".

Several studies have addressed the longitudi-
nal trajectory of longitudinal neuromelanin loss
in relation to DAT in PD. In two studies that used
neuromelanin-sensitive MRI and '#I-FP-CIT SPECT,
substantia nigra neuromelanin volumes and substan-
tia nigra and locus coeruleus contrast ratios correlated
with putaminal DAT in individuals with PD''"'"'?, The
asymmetry indices of neuromelanin loss and DAT loss
also correlated with one another, but substantia nigra
neuromelanin volumes showed weaker correlations with
the UPDRS score than did DAT levels'">. Another study
analysed ventral and dorsal SNc neuromelanin con-
trast ratios and the corresponding nigral, putamen and
caudate DAT levels, as measured using ""C-PE2I PET,
in the most and least affected sides in 30 patients with
moderate-stage PD'". The neuromelanin contrast ratio
reduction was more severe in the ventral SNc than in
the dorsal SNc, and a notable left-right asymmetry was
found in both SN¢ neuromelanin and DAT, although the
asymmetry was much less marked than for striatal DAT.
Furthermore, a discrepancy was observed between the
clinical laterality and reductions in the nigral neuromela-
nin and DAT levels. By contrast, striatal DAT showed
a good correlation with clinical laterality in PD. The
possibility of underestimation of neuromelanin cannot
be excluded in this study, but no clear relationship was
found between SNc neuromelanin contrast reduction
and nigral DAT loss, although significant correlations
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were detected between neuromelanin loss and stri-
atal DAT reductions. The SNc¢ neuromelanin contrast
ratio correlated with disease duration but not with
the motor UPDRS score, whereas DATs did correlate
with this score.

The discrepancies in clinical laterality support
previous observations that striatal DAT is related to
the degree of axonal damage and shows a floor effect
when nigral cell loss reaches >50%''*'"". Striatal DAT is
closely related to striatal dopamine levels, which might
explain its correlation with clinical symptoms, whereas
nigral DAT is more likely to reflect the nigral cell
count''. On the other hand, the discrepancy between
neuromelanin loss and SNc DAT might reflect different
aspects of neurodegeneration in PD. One study investi-
gated the relationship between melanized neuron and
tyrosine hydroxylase-positive (TH*) dopaminergic
neuron loss in post-mortem brains from patients with
varying PD durations''’. Loss of melanized neurons
was found to lag behind the loss of dopamine mark-
ers and was slow and variable in the early years of PD,
whereas TH* neuronal loss and putaminal loss of dopa-
minergic markers occurred rapidly within the first
few years. In a recent multicentre longitudinal study,
neuromelanin-sensitive and iron-sensitive nigral MRI
and striatal DAT SPECT scans were performed in
135 patients with early-stage PD, 43 patients with iRBD
and 55 healthy controls'”’. Around half of the partici-
pants received 2-year follow-up scans. By extrapolating
from the baseline and follow-up data, the researchers
estimated the trajectory of decay of imaging mark-
ers and proposed that striatal DAT levels started to
decrease at ~13 years and neuromelanin loss began at
4-5 years before clinical PD diagnosis, although con-
siderable interindividual variability was observed. Both
the striatal DAT and the nigral neuromelanin reduc-
tions were detected first in sensorimotor areas, followed
by cognitive and limbic areas in that order. However,
QSM analysis for nigral iron did not recapitulate this
pattern, suggesting that increases in iron levels do not
always correlate with pathological processes in the
substantia nigra.

Future perspectives for brain imaging

Multimodal approaches that combine nigral MRI and
dopaminergic imaging will need to be tested in a large
prospective cohort to ascertain the validity of MRI
markers for detecting prodromal PD and predicting
subsequent disease conversion, monitoring PD pro-
gression and monitoring the effects of neuroprotec-
tive and neurorestorative therapeutics such as cell
transplantation, gene therapy, immunotherapy and
iron chelation therapy. Investigation of nigral MRI
techniques in conjunction with imaging or body fluid
markers of neuroinflammation (astrocyte-associated or
microglia-associated) and misfolded a-synuclein is also
warranted. This multimodal analytical approach could
potentially enhance both the diagnostic and pathophys-
iological value of nigral MRI. In addition, MRI proto-
cols for capturing the N1 signal or neuromelanin loss
need to be optimized to increase reproducibility and
signal-to-noise ratios.
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Scotopic and photopic
b-waves

Short flashes can elicit an
electroretinogram consisting
of initial negative deflection
(a-wave) and a following
positive deflection (b-wave).
The b-waves in response to
scotopic and photopic stimuli
reflect rod and cone ON
bipolar cell depolarization,
respectively.

Because PD has extranigral pathologies, multi-
modal imaging that evaluates both nigral and extran-
igral (non-dopaminergic) pathologies might enable
phenotyping and prognostication of heterogeneous
clinical features in PD. One study evaluated intes-
tinal parasympathetic cholinergic denervation by
"C-donepezil PET-CT, cardiac sympathetic denerva-
tion by '*I-MIBG scintigraphy, neuromelanin loss and
noradrenergic denervation in the locus coeruleus by
neuromelanin-sensitive MRI and ''C-methylreboxetine
PET, and nigrostriatal dopaminergic degeneration by
¥F-DOPA PET in patients with iRBD or PD’. The study
provided valuable insights into pathological progression
in PD, including evidence for brain-first and body-first
subtypes. However, this multimodal imaging approach
is impractical for clinical use owing to its high cost and
inaccessibility.

Retinal imaging

Although the newer MRI techniques have advantages
over conventional MRI and PET and SPECT, visual-
ization of neurodegeneration in the substantia nigra
has limitations, and the MRI signal changes might not
accurately reflect neuronal loss. Retinal imaging is an
emerging imaging modality that has the potential to
reflect brain pathology as well as PD-related retinal
degeneration.

Retinal dysfunction and pathology in PD

The characteristics of retinal dysfunction in PD are
listed in BOX 2. In 1990, Harnois and Di Paolo described
a decrease in dopamine levels in post-mortem retinal
tissue from patients with PD’. Profound dopamine loss

Box 2 | Retinal dysfunction in Parkinson disease

Functional changes

e Contrast sensitivity impairment (especially at high spatial frequencies).

* Impairment in colour discrimination.

¢ Intermittent double vision.

* Decreased visual acuity (under high-contrast and low-contrast conditions).

* Reduced scotopic and photopic b-waves on electroretinography.

Structural changes

e Thinning of the inner retina, especially at the parafovea.

* Parafoveal ganglion cell-inner plexiform layer thinning correlates with nigral

dopamine loss

* Remodelling of foveal avascular zone.

* Progressive thinning of the macular inner retinal layers and peripapillary retinal nerve

fibre layers over time.

Pathological changes

* Dopaminergic amacrine cell loss with a gradient from the parafoveal to the perifoveal
region and less in the periphery of the retina.

* Abnormal coupling of horizontal, amacrine and ganglion cells owing to reduced

dopamine levels.

* Reduced density of photosensitive melanopsin-containing retinal ganglion cells and
loss of dopaminergic synaptic contacts to these cells.

¢ Possible circadian dysregulation resulting from disruption of the retinal melanopsin

system.

* Phosphorylated a-synuclein aggregates resembling Lewy bodies and Lewy neurites in
ganglion cell bodies and dendrites.

in the retina has also been detected in neurotoxin-based
animal models of PD''*'%. The retinal dopaminergic
cells reside at the border of the inner plexiform and
inner nuclear layers and they release dopamine in a cir-
cadian manner®'”". The roles of dopamine in the retinal
synapses and intercellular coupling®'*"'** are described
in FIC. 2.

The first evidence of visual pathway impairment
in PD, manifesting as abnormal visual evoked poten-
tials, was published in 1978 (REF'%). A subsequent elec-
troretinography study published in 1987 showed specific
impairment of RGC function in patients with PD'*, and
later studies confirmed this finding'**~'*. PD-associated
attenuation of electrical signals in the retina could be
reversed by levodopa administration™'**'*, indicating a
dopaminergic influence on RGC activities. Dopamine
modulates the crosstalk between different retinal circuits
and optimizes the signal-to-noise ratio, thereby tuning
the spatial contrast responses of the retina. Pattern elect-
roretinography experiments in primates using dopamine
D1 and D2 receptor antagonists and a D1 receptor ago-
nist showed that different types of dopamine receptors
are involved in retinal contrast tuning'’'. Patients with
PD have attenuated responses to both high-frequency
and low-frequency contrasts, although high frequen-
cies are preferentially affected. The attenuated response
was most prominent in the ‘off’-medication condition
in patients with PD and motor fluctuations’, and was
improved by levodopa medication'®*”. The contrast
sensitivity defect was also identified in patients with
iRBD'?%. The contrast impairment points towards
foveal dysfunction and dopaminergic defects impairing
horizontal cell coupling in PD'>'*,

At least 43 prospective studies have shown objec-
tive impairment of visual afferent function in patients
with PD, with consistent reports of decline in contrast
sensitivity and altered colour discrimination'*»'?>13-155,
Reductions in high-contrast visual acuity have also
been described in PD"**'*’, although low-contrast visual
acuity seems to be preferentially affected'®*’-"*°. Eye
movements have a crucial role in contrast detection
and visual scenery screening, and disturbances in sac-
cades and smooth pursuit'**'®', which can be partially
restored with dopaminergic therapy'®'>!%, could con-
tribute to visual defects in patients with PD. Alterations
in superior colliculus-mediated functional activities
have been found in patients with de novo PD and might
be attributable to defective retinal signals or brainstem
pathology'*. Clinically, visual complaints such as blur-
ring, dimness, poor contrast, double vision and minor
illusory symptoms are frequent in PD'*>'*°, and some
patients have even stated that their visual symptoms
preceded the motor symptoms'®’. Patients with PD also
have reduced visuospatial abilities'®'*>!%-17, possibly
owing to visual afferent dysfunction, although top-down
control could produce the same symptoms.

Evidence suggests that the retina in patients with
PD reflects brain pathology. In healthy individuals,
a-synuclein is expressed abundantly in the retinal pig-
ment epithelium (RPE) and neural retinal cells, including
amacrine and bipolar cells. Despite some methodologi-
cal difficulties in studying a-synuclein in the retina'”’,
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Fig. 2 | Retinal changes in PD. a| Structure and circuitry of
the healthy retina. Dopaminergic cells make synaptic con-
tacts with All amacrine and melanopsin-photosensitive
ganglion cells in the inner plexiform layer. Dopamine
uncouples the gap junctions between photoreceptors,
horizontal cells and All-type amacrine cells. Arrows indi-
cate transmission of information in the scotopic pathway.
The rod signalis transmitted to ON rod bipolar cells that
contact the All amacrine cells. These amacrine cells trans-
fer information to OFF cone bipolar cells through chemical
synapses and to ON cone bipolar cells via gap junctions,
incorporating the rod signal to the cone pathway. b | The
retina in Parkinson disease (PD), showing death of dopa-
minergic cells and loss of their synaptic contacts with All
amacrine cells and melanopsin retinal ganglion cells
(M-RGCs). Loss of connexin 36 is also observed, reflecting
defective cell-cell coupling through gap junctions.
M-RGCs (melanopsin 1 (M1) and melanopsin 1 displaced
(M1d)) constitute ~0.2% of the total RGC population and
have important roles in non-image-forming functions, such
as light entrainment of circadian rhythms, sleep-onset
modulation and melatonin suppression. These cells also
participate in non-image-forming functions that interact
with the image-forming process, including pupillary light
responses and mediation of signals to the superior collicu-
lus and lateral geniculate nucleus'®. The number of
M-RGCs normally falls after the age of 70 years, accompa-
nied by age-dependent atrophy of dendritic arborization'’°,
and the reduction in M-RGC density is even greater in
people with PD'"". The intrinsically photosensitive M-RGCs
receive dopaminergic input, and daytime release of dopa-
mine is counteracted by melatonin release at night. Thus,
anintact retinal melanopsin system is necessary to main-
tain circadian rhythms. Dopamine loss results in persistent
coupling of photoreceptor, horizontal and amacrine cells,
and defective dopaminergic synapses affect synaptic trans-
mission in the scotopic pathway and melanopsin system.
These alterations could explain the visual dysfunction and
the circadian rhythm and sleep disturbances that are
observed in PD**°. RPE, retinal pigment epithelium.

researchers were able to demonstrate aggregation of
abnormally phosphorylated (pSer129) a-synuclein
(p-aSC) in post-mortem retinal tissue samples from
patients with PD''”?, especially in the RGC complexes.
Morphological changes and p-aSC aggregates within
the RGCs resembled degenerating neurons of the brain,
and Lewy neurite-like structures were also found in
the PD retina’. Interestingly the burden of retinal
a-synucleinopathy correlated with premorbid parkinso-
nian symptom severity and brain a-synucleinopathy'’.
Retinal Lewy pathology has also been reported in inci-
dental Lewy body disease'” — that is, Lewy pathology
in the absence of parkinsonian symptoms — suggesting
the possibility of retinal involvement in prodromal PD
(FIC. 3). Retinal a-synucleinopathy could be useful for
studying the neuropathological mechanisms underlying
PD, and retinal p-aSC might be a biomarker of PD.
Ortuno-Lizaran et al. found degeneration of dopa-
minergic cells and their dendritic plexus in post-mortem
retinal tissue from people with PD'?. The authors sum-
marized the main retinal features in PD as loss of dopa-
minergic synaptic contacts with AIl amacrine cells
(as also observed in a primate model of PD)'”* and a
decrease in gap junction connections (connexin 36)'7
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Optical interferometry

A measurement method
using the phenomenon of
interference of light waves.
Medical imaging using
low-coherence interferometry
can provide tomographic
visualization of internal tissue
microstructure.

c Control

h Control

between AII amacrine cells'” (FIGS 2,3). The association
between dopamine loss and synaptic deafferentation of
melanopsin RGCs provides a pathophysiological clue to
visual dysfunction as well as circadian rhythm disorders
observed in patients with PD'>"'7 (FIC. 2).

Renewal of photoreceptor outer segments and phago-
cytosis by the RPE is important for maintaining normal
vision. This process involves assembly of photorecep-
tor disc membranes, disc shedding (controlled by an
intrinsic circadian oscillator, which uses dopamine and
melatonin as light and dark signals, respectively)
and phagocytosis of the discs by the RPE'”. During
phagocytosis, iron-rich ferritin can be released from RPE
cells. Accumulation of a-synuclein in the RPE impairs
ferritinophagy, especially after high-intensity light expo-
sure, and when a-synuclein-overexpressing RPE cells
are exposed to excess iron, both a-synuclein and ferritin

are released from cells in exosomes'*, thereby raising
the possibility of a-synuclein spreading in the retina,
as is observed in the brain. Experiments in the TgM83
transgenic mouse model of a-synucleinopathy showed
that intracerebral inoculation of brain homogenate from
old and clinically ill TgM83 mice accelerated abnormal
p-aSC accumulation, microglial activation and dysregu-
lation of macroautophagy in the retinas of young mice’.
Therefore, by providing a window into the brain, reti-
nal imaging might aid pathophysiological research and
therapeutic development in PD.

Retinal optical coherence tomography

General principles. OCT is a non-invasive, high-resolution
in vivo imaging technique based on the optical inter-
ferometry principle and can provide rapid and highly
reproducible 3D structural images of the retina'® (FIC. 4).
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<« Fig. 3| Visualizing retinal pathology in PD. a,b | Wholemount retinal preparations

double immunostained with antibodies against tyrosine hydroxylase (green) and calretinin
(red) — markers for dopaminergic neurons and All amacrine cells, respectively. In the
healthy retina (part a), the long, thin dendrites of dopaminergic neurons form a dense
plexus with ringed structures contacting All amacrine cell bodies (arrows). In Parkinson
disease (PD) (part b), swelling of dendrites and loss of the dopaminergic plexus and

the rings surrounding All amacrine cells are observed. c,d | Cross-sectional views of the
dopaminergic plexus in stratum S1 of the inner plexiform layer (IPL) and their projections
from dopaminergic neurons to the outer nuclear layer (ONL). This plexus appears as a
continuous dense and complex structure in the healthy retina (part c) and is markedly
reduced in PD (part d). e-g | Retinal tissue in PD, immunostained with antibodies against
Ser129-phosphorylated a-synuclein. Part e shows a ganglion cell with phosphorylated
a-synuclein aggregates in the cell body and dendrites. Parts f and g show a Lewy body
and Lewy neurite-like structures, respectively. h,i | Melanopsin cells visualized by immuno-
histochemistry with antibodies against melanopsin. Part h shows typical melanopsin cell
morphology with numerous dendritic branches and long dendrites, which form a com-
plex plexus in the IPL. In PD (part i), fewer dendritic branches and thinner dendrites are
observed. j,k | Camera lucida drawings showing reductions in the complexity of the
melanopsin plexus and melanopsin cell density in PD compared with controls. Scale bars:
parts a—d, f,h and i, 20 mm; part €, 50 mm; part g, 10 mm. GCL, ganglion cell layer. Parts e,f
and g reprinted with permission from REF.", Wiley.

OCT can detect and quantify retinal alterations that
could be biomarkers for brain diseases™*'. Advantages
of OCT include good accessibility in hospitals with
ophthalmology departments, low cost compared with
MRI in most countries, lack of radiation hazard, and no
requirement for premedication. However, image acqui-
sition can be hampered by ophthalmological comorbid-
ities that are common in the ageing population, such as
severe cataracts, glaucoma and retinal vessel or macular
diseases.

Despite high accuracy and precision, commer-
cially available OCT devices vary in acquisition speed
and depth resolution, as well as in scanning protocols,
acquisition parameters and built-in segmentation algo-
rithms. Therefore, OCT measurements are not directly
comparable between different commercial devices.
Furthermore, no consensus exists on the PD diagnostic
protocol; for example, which retinal areas or subsec-
tors should be included in thickness calculations and
which statistical methods should be used to correct for
the effects of multiple comparisons within and between
individuals. Consequently, the retinal OCT research
community has developed the Advised Protocol for
OCT Study Terminology and Elements (APOSTEL) ini-
tiative (BOX 3) to provide recommendations for analysing
and reporting OCT data in neurological disorders'*>'®*,

Retinal nerve fibre layer and macular thinning.
Several studies have used OCT to evaluate peripapillary
retinal nerve fibre layer (pRNFL) thickness in PD, with
contradictory results. Some authors have found signif-
icant thinning of the pRNFL in people with PD com-
pared with controls*'#>'#-2% but around one-third of
studies failed to find such differences'***'-*'", Similarly,
measurements of macular volume and thickness in PD
have yielded conflicting results, although thinning of
the inner retinal layers, in particular the ganglion cell-
inner plexiform layer (GCIPL), is a consistent obser-
vation, providing robust evidence of selective retinal
atrophy!¢-»18%197.2022062122216° A meta-analysis concluded
that patients with PD exhibit thinning of pRNFL and

Peripapillary retinal nerve
fibre layer

(PRNFL). Retinal nerve fibre
layer bundle that passes
through the optic papilla
(optic disc).

Honeymoon phase

A period of relative stability
with an excellent response to
levodopa in patients with
Parkinson disease, which
usually lasts for a few years
following the start of levodopa
therapy.
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inner retinal layers with relatively spared outer retinal
layers™'”.

At least 20 cross-sectional studies have evalu-
ated the correlation between pRNFL or macular
measurements and disease duration, with variable
resultsl 7,23,184-195,198,199,201,203,205-207,210,211 (supplementary
Table 3). The link with motor severity is also
uncertain, with some studies showing a clear cor-
relation with pRNFL'#788190.192215 or macular thick-
ness'%184192:205,209215.218219 9 d others indicating no such
relationship]"]l,lXS,I86,1‘)3,]95,]97,199,201,203,206,2] I,ZZ‘FZZZ. AS regards
non-motor aspects of PD, some cross-sectional studies
have revealed that macular thinning is related to worse
outcomes on visual parameters, such as low-contrast
visual acuity, contrast sensitivity, colour vision or visual
cognition'®"***, Also, a relationship between visual hal-
lucinations and macular inner layer thinning has been
observed'”*'®. The few studies that have explored the
association between retinal parameters and mild cog-
nitive changes are more consistent, showing decreased
cognitive abilities in patients with PD who have reduced
pRNFL!%197:200.224 and macular thickness, especially in
the GCIPL'®*.

As patients with PD are often in the honeymoon phase
of dopaminergic treatment, the true disease severity is
difficult to determine on the basis of UPDRS scores in
the medication ‘on’ state. Therefore, the correlations
reported in OCT studies need to be interpreted with
caution if the medication condition is not specified.
In addition, many cross-sectional studies had small
sample sizes and did not consider ophthalmological
comorbidities or other factors that could affect retinal
thickness, such as age, axial length of individual eyes and
intra-individual interocular differences.

On the basis of OCT studies in PD to date, pPRNFL
or macular atrophy seems to be more evident in more
advanced stages of the disease, although in early stages
focal thinning can be detected in the inner retinal lay-
ers of the macula, mainly in the parafoveal area (FIC. 5;
Supplementary Table 3). The clinical implications of ret-
inal atrophy need further investigation, using longitudi-
nal data with sufficiently long-term follow-up periods.
Interestingly, some studies suggest that retinal involve-
ment is an early event with variable progression depend-
ing on the clinical subtype of PD'**!*5?!!_ Observations
of OCT alterations in patients with iRBD'', who are at
high risk of developing the predominant postural insta-
bility-gait disorder — or ‘body-first’ — phenotype of
PD? and increased retinal impairment in aggressive
PD caused by the autosomal dominant E46K mutation
in the a-synuclein (SNCA) gene'® further corroborate
the idea of early retinal impairment in certain clinical
subtypes of PD'"*".

Parafoveal thinning. Early electrophysiological studies
and clinical symptoms observed in patients with PD
suggested that dysfunction of the central macula — that
is, the fovea — is a distinctive feature of the disease. In
humans, dopaminergic projections innervate the cells
within the foveal avascular zone (FAZ)**, and dopamine
loss in the degenerating retina is a key event for visual
defects, as it alters the crosstalk between horizontal cells,
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Fig. 4| Acquisition and analysis of retinal OCT images. Retinal optical
coherence tomography (OCT; part a) provides peripapillary circular images
(part b) and images with multiple parallel linear slices (raster scans) of the
macula (part c). Owing to the well-structured anatomy of the retina, OCT
allows different cell layers of the macula and the peripapillary nerve fibre
layer (pRNFL) to be discerned. The built-in software of modern OCT devices
can automatically delimit or segment the edges of retinal layers and quantify
point-by-point thicknesses and mean thicknesses of different regions of
interest. In peripapillary circular images (part b), the software automatically
segments the pRNFL and provides the mean global pRNFL thickness (G) by
averaging the thickness of the four main radial sectors — temporal (T), nasal
(N), superior (S) and inferior (I) —in a circular section (green line) with a dia-
meter of 3.0—-4.5 mm around the optic disc. In macular raster-scan images

(part c), the software segments the main layers and layer complexes of the
retina; that is, the macular retinal nerve fibre layer (NRNFL), the ganglion
cell-inner plexiform layer (GCIPL) complex, the inner nuclear layer (INL), the
complex formed by the outer plexiform, Henle's fibre and outer nuclear layers
(OPL-HF-ONL) and external limiting membrane-Bruch’s membrane (ELM-
BM), or segments the seven retinal layers separately (mRNFL, ganglion cell
layer (GCL), inner plexiform layer (IPL), INL, OPL, ONL and photoreceptors—
retinal pigment epithelium (PR-RPE)). Typically, OCT studies report average
macular thickness or volume measurements in Early Treatment Diabetic
Retinopathy Study maps, which consist of a standardized circular grid cen-
tred on the fovea composed of a central 1-mm circle and two concentric
3-mm and 6-mm diameter rings divided into four radial sectors of 90° (T, N, S
and l), thereby dividing the macula into nine subsectors. FC, fovea centralis.

ATl amacrine cells and ganglion cell connections®*,
which can precede photoreceptor cell damage®”. These
findings justify investigation of the fovea and parafoveal

region in patients with PD.

Only a few studies have specifically investigated
parafoveal thickness in patients with PD by modify-
ing the conventional OCT grid'*'****, The parafovea is
the circular area, ~2.5-3.0 mm in diameter, around the
centre of the fovea. The peak RGC density (35,100 cells
per mm?) is found ~1 mm from the centre of the fovea
(circle 2mm in diameter), and most RGCs reside within
the circle ~3.5-4.0 mm in diameter*”. Parafoveal thin-
ning is a relatively focal structural change and can only
be detected by OCT using a contracted small-diameter
circular window. The currently available built-in OCT
software provides automatic thickness measurement in

Box 3 | The APOSTEL recommendation for OCT studies
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a 6 mm diameter grid, and the inclusion of unaffected or
less affected areas within the measurement window can
lead to underestimation of parafoveal thinning.

Using a 1/2.25/3.41 mm diameter modified Early
Treatment of Diabetic Retinopathy Study circle to
analyse OCT scans from drug-naive patients with PD,
Ahn et al. investigated the relationship between para-
foveal inner retinal layer thinning and dopaminergic
loss in the brain, as measured using "*F-FP-CIT PET".
In these patients, GCIPL thinning in the parafovea cor-
related with DAT reduction in the substantia nigra',
with the inferior and temporal sectors of the parafovea
being the most affected areas'***. These findings are in
line with the results of a neuropathological study show-
ing the topography of retinal dopamine loss in retinal
tissue from patients with PD". In addition, GCIPL thick-
ness in the parafoveal inferior and temporal sectors in
patients with iRBD was found to be in the intermediate

In the original Advised Protocol for OCT Study Terminology and Elements (APOSTEL)
recommendations'’”’, a panel of experienced optical coherence tomography (OCT)
researchers (11 neurologists, two ophthalmologists and two neuroscientists) created a
list of recommendations for reporting quantitative OCT studies, including study protocol,
acquisition device and settings, scanning protocol, details of funduscopic imaging,
post-acquisition data selection and image processing, and statistical analyses, as well as
stating which anatomical retinal regions and layers should be analysed. Although this
guideline was originally developed for retinal OCT studies in multiple sclerosis, it can be
directly applied to OCT studies in PD. An update of the APOSTEL criteria was published
in 2021 and included suggestions from 116 authors of articles in which retinal OCT was

applied to various ophthalmological and neurological conditions'’®.

range between controls and patients with de novo PD,
correlating with olfactory impairment and striatal DAT
reductions'*. These findings suggest that parafoveal
thinning could be a marker of prodromal Lewy body
disease.

Another study regionalized macular OCT scan
images into various concentric circles and rings to ana-
lyse the specific topographical changes in the macula
of patients with PD, using retinal measurements from
patients with aggressive Lewy body diseases — that is,
dementia with Lewy bodies and PD caused by the E46K
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Advanced-stage PD

Fig. 5 | Proposed retinal changes in PD identified by optical coherence tomography. In the prodromal phase and
early-stage Parkinson disease (PD), atrophy (orange shading) of the ganglion cell-inner plexiform layer (GCIPL) complex is
detected in the parafoveal region of the macula. The GCIPL complex includes the cell bodies of ganglion cells and
dopaminergic cells of the retina, among other retinal structures. In middle-stage PD, in addition to parafoveal GCIPL
atrophy, atrophy of the temporal sector of the peripapillary nerve fibre layer (p0RNFL), which contains the axons of the
ganglion cells of the macula, is identified. In advanced-stage PD, a greater degree of retinal damage is observed, with
global atrophy of the entire macular GCIPL and the pRNFL. Of note, along with thinning of the inner retinal layers, fovea
avascular zone remodelling is also suggested to occur in PD (not shown).

SNCA mutation — as a reference. This work showed that
thinning of the macular area in Lewy body diseases pri-
marily affects the parafoveal GCIPL and correlates with
visual cognitive functioning, as assessed by a predefined
battery of primary visual function and neuropsycholog-
ical tests'. Thinning of the parafovea is also associated
with a more severe clinical phenotype'®, suggesting that
parafoveal GCIPL atrophy signifies a clinical subtype of
PD with a poor prognosis.

Remodelling of the foveal avascular zone. One study
found that the FAZ was reduced in size in people with
PD**, but the precise mechanisms mediating this change
are still unknown. The authors suggested that damage
to retinal dopaminergic neurons could promote length-
ening of foveal capillaries. This retinal change is very
similar to that found in the SNc of patients with PD*,
who display 2.5-fold higher vascular endothelial cell
counts than controls. More recently, an in vitro study
demonstrated that RGCs promote their own survival by
releasing vascular endothelial growth factor (VEGF)**
— a trophic factor that also promotes vasculogenesis.
This possible pathogenic feature of PD is supported
by experimental studies showing angiogenesis and
increased VEGF expression in patients with PD and ani-
mal models?***. Alternatively, FAZ reduction could be
the consequence of foveal architecture remodelling,
with parafoveal thinning and subsequent centrifugal
migration of vessels determining the size of the FAZ.
Future studies could benefit from OCT angiography to
non-invasively ascertain whether vascular changes occur
in the macula and optic nerve of patients with PD.

The retrobulbar optic nerve. The retrobulbar optic nerve
is formed from the axonal fibre bundles of RGCs and
is a key transmission pathway of visual information
from the retina to the brain. Several DTI studies have
shown microstructural alterations in the optic nerves of
patients with PD**"7*%_ In one study, optic nerve alter-
ations, manifesting as reduced fractional anisotropy or
increased diffusivity, correlated with inner retina GCIPL
thinning in the macula®, supporting the hypothesis that
retinal pathology is transmitted to various brain struc-
tures, including the brainstem, via the optic nerves.
Interestingly, both the optic nerve alterations and inner
retinal thinning in patients with early-stage PD corre-
lated with gait and freezing scores and sleep and fatigue
scores, as measured by the MDS-UPDRS?, although
these data require replication in studies with larger sam-
ple sizes. The possibility of crosstalk between the retina
and brain during PD progression is also implied by
DTI and volumetric studies on primary visual path-
ways in PD patients with and without visual halluci-
nations in the absence of dementia®*. Attempts are
underway to understand the trajectory of pathological
progression in PD through integrative analysis of retinal
and brain changes®”.

Longitudinal studies

Accurate visual perception and processing requires both
bottom-up visual afferent information and top-down
cognitive control. Interest in vision research in PD is
growing, partially in response to compelling evidence
that visual impairment is a clinical marker of cognitive
deterioration in people with the disease'®**-*, To date,
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only a few longitudinal OCT studies have been conducted
in people with PD. One study found progressive macu-
lar thinning in a small (n=19) sample of patients with
early-stage PD during an 18-month follow-up period'**.

Murueta-Goyena et al. conducted a 3-year follow-up
study'® in 50 patients with PD (baseline disease dura-
tion 6.5+ 4.0 years) who had participated in an earlier
cross-sectional study'®. The authors found that retinal
thinning was most marked in the parafoveal ring in
these individuals. Reduced parafoveal GCIPL thickness
at baseline was associated with a threefold increased rela-
tive risk of cognitive deterioration, defined as a Montreal
Cognitive Assessment score reduction of >4 points over
the 3-year period, but no clear risk elevation for pro-
gression of motor impairment'®. In this study sample,
motor progression was defined as an increase of =5
points in the UPDRS part III score in the ‘on’-medication
state, but the authors did not report whether any of the
participants had motor fluctuations.

Longitudinal clinical follow-up studies have con-
sistently shown that pRNFL thinning®* or impaired
contrast sensitivity**! predict early cognitive deteriora-
tion in PD. Therefore, retinal atrophy could be an early
event that precedes dementia or, alternatively, visual
afferent defects might precipitate cognitive deteriora-
tion in patients with PD. Standardized visual tests and
multifactorial analysis would provide further insight
into the underlying mechanisms of visual information
processing dysfunction and cognitive worsening in PD.
Furthermore, longitudinal studies with longer follow-up
periods are needed to clarify the relationship between
progression of parafoveal thinning, which might reflect
dopaminergic degeneration, and progression of parkin-
sonism in early-stage PD. Further research is also war-
ranted to explore possible correlations between retinal
changes and sleep-wake disturbances or sleep-related
disorders in PD.

Future perspectives on retinal imaging
Accumulating evidence suggests that the retina is
involved in PD from the early disease stages. The value
of non-invasive retinal imaging might be increased if
protocols are systematically designed for large cohorts
across various disease stages, including the prodro-
mal phase, and the analysis is focused on the para-
foveal region rather than the whole macula. Newer
retinal imaging techniques such as adaptive optics*>**,
which can visualize cellular-level changes, and OCT
angiography******, could also enhance diagnostic utility
in PD. In addition, molecular imaging approaches that
target retinal amyloid**° p-aSC or dopaminergic cells,
and techniques applying DARC (detection of apoptos-
ing retinal cells) real-time imaging of single neuronal
cell apoptosis*”~*** might be developed for early differ-
ential diagnosis and monitoring of therapeutic effects
in PD and other neurodegenerative diseases. Current
and future retinal imaging techniques could enhance
our understanding of PD pathogenesis and reveal the
complex interactions between retinal and CNS pathol-
ogy, which lead to various clinical manifestations during
disease progression.

Conclusions and future perspectives

The pros and cons of nigral MRI, PET and SPECT
imaging and retinal OCT for biomarker development
in PD are summarized in TABLE 1. Advanced MRI using
diffusion, iron-sensitive and neuromelanin-sensitive
sequences can detect microstructural brain alterations
in PD, including increased free water in the posterior
substantia nigra, increased iron in the SNc, loss of N1 in
the substantia nigra, and ventral posterior neuromelanin
loss in the SNc. Loss of N1 and neuromelanin volume
could be a marker of prodromal and early PD, and mul-
timodal MRI analysis including neuromelanin volume
can enhance diagnostic accuracy. Progressive free water

Table 1| Pros and cons of brain and retinal imaging techniques in PD

Feature or
application

Supports PD
diagnostic
criteria’!

Accessibility
Standardized

protocols available

Cost

Potential radiation
hazard

Total time for data
acquisition

Early diagnosis,
prodromal PD

Monitoring disease
progression

Prognosis

Free water

Iron-sensitive

with diffusion MRI (QSM) MRI (N1 loss) sensitive MRI
No No No No

Moderate® Moderate® Moderate® Moderate®

No No No No

Moderate Moderate Moderate Moderate

No No No No

10-40min 10-40min 10-40min 10-40min
Maybe Maybe Yes Yes

Yes Controversial  Nodata Yes

No data No data No data No data

Iron-sensitive Neuromelanin-

Nigrostriatal Extranigral (non-DA) Retinal

(DA) PET-SPECT PET-SPECT OoCT

Yes: absolute Yes: supportive if No

exclusionifscan  abnormal'?I-MIBG

is normal scintigraphy

Poor Extremely poor Good

Yes Yes (for *2°I-MIBG No
scintigraphy)

Expensive Expensive Relatively

cheap

Yes Yes No

Usually >1h Usually >1h ~10min

Yes Yes Yes

Yes No data Yes

Yes No data Yes

123]-MIBG, '**|-metaiodobenzylguanidine; DA, dopaminergic; N1, nigrosome 1; OCT, optical coherence tomography; PD, Parkinson disease; QSM, quantitative
susceptibility mapping; SPECT, single-photon emission CT. “Requires compatible MRI scanner with special scan parameters.
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increase or neuromelanin loss can also be used to mon-
itor disease progression in patients with early-stage PD.
However, multimodal analyses involving MRI and DAT
imaging indicate that striatal DAT changes manifest ear-
lier than nigral MRI changes, and DAT imaging is cur-
rently favoured over nigral MRI in terms of diagnostic
performance. Interestingly, nigral MRI signals and DAT
loss are not always congruent, and prognostic studies
with nigral MRI signals are currently lacking.

Retinal OCT studies have been used to visualize
structural changes in the inner retina in people with
PD, including parafoveal thinning in prodromal and
early-stage PD, as well as FAZ remodelling. Parafoveal
change in PD correlated with nigrostriatal dopaminergic
reduction, and associations were also observed between
retinal thinning and poor prognostic signs in PD, such
as postural instability-gait disorder, cognitive impair-
ment and visual hallucinations. Longitudinal studies
have shown progressive retinal thinning; therefore, reti-
nal OCT measures could provide cheap and convenient

REVIEWS

markers for monitoring disease progression through
repeated scanning. However, multicentre large longitu-
dinal studies are required to validate the OCT measures
for wider use in PD clinical practice.

Combined non-invasive imaging of early pathologi-
cal changes in the substantia nigra and retinal parafovea
is a promising strategy for future imaging biomarker
development in PD. The combination of nigral MRI
and retinal OCT might improve diagnostic perfor-
mance and provide information regarding both disease
progression and prognosis — an important unmet need
in PD imaging. Furthermore, investigations into the
relationship between pathological processes in the ret-
ina and pathological processes in the substantia nigra
could provide novel insights into the pathogenesis of PD.
Longitudinal multimodal imaging studies in prodro-
mal and early-stage PD will be required to explore the
potential of this approach.
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