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Abstract

Neuroimaging studies can provide in vivo insights to the early structural and
functional brain changes in patients with idiopathic Rapid Eye Movement Sleep
Behavior Disorder (iRBD). Ideally, neuroimaging measures should be able to
(1) confirm the presence or absence of a specific latent α-synucleinopathy (be it
Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB), or Multiple System
Atrophy (MSA)) in an individual with iRBD; (2) provide an estimation of the time
to overt clinical manifestation of motor and/or cognitive symptoms; and (3) allow
evaluation of the rate of disease progression. Although to date such a neuroimaging
measure is not yet available, several neuroimaging modalities, combined with the
appropriate analytical tools, appear to be promising. This chapter summarizes the
major findings of neuroimaging studies in iRBD. Molecular imaging techniques,
magnetic resonance imaging (MRI), and transcranial sonography (TCS) are all
discussed.
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Structural Imaging Studies
Conventional Structural MRI
Early studies on structural alterations in the brains of iRBD patients revealed
nonspecific changes such as multifocal pontine lesions (Culebras, Moore, 1989),
white matter lesions (Eisensehr et al., 2003, Mazza et al., 2006), ventricular
enlargement (Lee et al., 2014), and atrophy (Mazza et al., 2006, Rahayel et al., 2015,
Shirakawa et al., 2002). However, the specificity of these findings is limited, as they
commonly occur during aging (Debette, Markus, 2010).
Hippocampal and parahippocampal density was shown to be increased in
one voxel-based morphometry (VBM) study (Scherfler et al., 2011), whereas another
VBM study found reduced grey matter in the left parahippocampal gyrus of iRBD
patients (20 iRBD patients, 18 controls (Hanyu et al., 2012)). The latter study also
reported bilateral atrophy of the anterior lobes of the cerebellum and the tegmental
portion of the pons (Hanyu et al., 2012). Yet other VBM analyses revealed volume
loss around the right superior frontal sulcus (Rahayel et al., 2015) and bilateral
putamina of RBD patients (Ellmore et al., 2010). Interestingly, putaminal volume
was also reduced in iRBD compared with early-stage Parkinson’s disease (PD) in the
latter study. Given that putaminal atrophy is typically observed in MSA (Schulz et
al., 1999, Brooks, Seppi & Neuroimaging Working Group on MSA, 2009, Seppi,
Poewe, 2010, Sako et al., 2014), putaminal volume reduction in iRBD may also
indicate emerging MSA pathology. However, taking into account the rather low
incidence of MSA, it does not seem likely that all of these patients will subsequently
develop MSA and none PD.
Recently, neuromelanin-sensitive T1-weighted images were used to study
the integrity of the locus coeruleus/subcoeruleus complex in iRBD (Ehrminger et al.,
2016). Reduced signal intensity was identified in the locus coeruleus/subcoeruleus
complex of 21 iRBD patients compared with 21 age- and gender-matched controls.
Signal intensity correlated negatively with the proportion of REM sleep without
atonia in the entire group (iRBD and controls), but not with other sleep measures,
and not within the patient group. Neuromelanin-sensitive imaging may provide
an early marker of non-dopaminergic α-synucleinopathy which can be detected
on an individual basis. Overall, the findings from structural MRI are still highly
inconclusive, and it has yet to prove its usefulness for detecting disease-specific
changes and monitoring disease progression.
Diffusion Tensor Imaging (DTI)
Diffusion tensor imaging (DTI) allows assessment of the microstructural integrity
of the brain by quantification of diffusion-driven displacement of water molecules.
It has been used extensively to study microstructural alterations in PD and atypical
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Susceptibility-Weighted Imaging (SWI)
Recently, dorsolateral nigral hyperintensity (DNH) was assessed using high-field
susceptibility-weighted imaging (SWI), a novel magnetic resonance imaging marker
for PD. De Marzi and colleagues performed SWI sequences in 15 iRBD subjects,
104 PD patients, and 42 healthy controls (De Marzi et al., 2016). They found loss of
DNH in more than three-fourths of iRBD subjects (77%), which approaches the rate
observed in PD (92%) and contrasts to findings in controls. Frosini and colleagues
evaluated the SN on 7-Tesla SWI sequences. An abnormal SN signal was found in
1/14 healthy controls (7%), 9/15 iRBD patients (60%), and 27/28 PD patients
(96%). All iRBD patients also underwent dopaminergic imaging with DAT-SPECT.
Of the iRBD patients with nigrostriatal dysfunction on DAT-SPECT, 89% showed
involvement of the SN on SWI. These findings indicate that SN involvement may
be used to differentiate patients according to their prodromal stage (Frosini et al.,
2017). However, further studies in larger and more diverse prodromal cohorts with
longitudinal follow-up are needed to further substantiate this claim.
Magnetic Resonance Spectroscopy (MRS)
MR spectroscopy (MRS) allows for in vivo investigations to determine the
presence and concentration of various tissue metabolites (Soares, Law, 2009). In
humans, proton MRS (1H-MRS) can be applied to monitor brain metabolism
(Martin, 2007). It has been employed in several studies of MSA (Watanabe et
al., 2004), PD (Zhou et al., 2014), and dementia (Loos, Achten & Santens,
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parkinsonisms and has shown potential for early disease detection and in differential
diagnosis (Cochrane, Ebmeier, 2013). However, only a few studies have employed
DTI in iRBD, and the findings so far have been heterogeneous.
Increased mean diffusivity (average magnitude of molecular displacement),
reduced fractional anisotropy (directionality of local tract structure), and axial
diffusivity (magnitude of molecular displacement parallel to axonal tracts) have
been reported for different brainstem regions (Scherfler et al., 2011, Unger et al.,
2010), pointing to the pivotal role of microstructural brainstem damage in iRBD
pathophysiology (Boeve, 2010, Fraigne et al., 2015). Additionally, altered substantia
nigra (SN) fractional anisotropy was observed (Unger et al., 2010). This finding
has also been reported in several studies on PD (Cochrane, Ebmeier, 2013) and
may indicate an imminent neurodegenerative process. However, another DTI study
did not detect any differences between iRBD patients and controls (Rahayel et al.,
2015).
Taken together, DTI provides some evidence for a pathophysiological
overlap between iRBD and PD. However, currently the findings are ambiguous, and
the utility of DTI in monitoring iRBD progression must be evaluated further.

6

2010), giving valuable insight to disease pathogenesis. However, there is only one
relevant study on MRS in iRBD, which did not find any significant alterations of
metabolic ratios in the midbrain or brainstem of patients compared with controls
(Iranzo et al., 2002). Therefore, no firm conclusions can be drawn regarding the
usefulness of MRS in assessing iRBD pathology and/or progression at this time.
MRI R2* Relaxometry for Measuring Iron Deposition
Increased brain iron deposition has been proposed to contribute to the formation
of free radicals leading to oxidative damage and cell death, and has consequently
been associated with human neurodegenerative processes (Ward et al., 2014).
While increased nigral iron content measured by a multiple-gradient echo sequence
designed for rapid single-scan mapping of the proton transverse relaxation rate
(R2*) has been reported in PD, data on iron deposition in MSA and DLB are not
sufficient to draw general conclusions (Martin, Wieler & Gee, 2008). As for iRBD,
the only existing study using transverse relaxation rate (R2*) on a 3T MRI failed
to demonstrate alterations of iron deposition in 15 patients as compared with 20
controls (Lee et al., 2014). These results may either originate from insufficient
power of the data, too-small effects to adjust for possible confounding variables,
or alternatively, they may be representative of an iRBD cohort which has not yet
begun to phenoconvert. However, longitudinal studies are required to further
explore a possible association of brain iron deposition and iRBD progression. To
date, the limited data in iRBD allows for no clear recommendation for this modality.
Combined Structural MRI Biomarkers
A recent study combined DTI measures, neuromelanin-sensitive mapping,
and iron imaging (R2* increase) of the substantia nigra (SN) in order to
discriminate between iRBD patients (n=19) and controls (n=18) (Pyatigorskaya
et al., 2017). Patients with iRBD showed a reduction in the neuromelaninsensitive volume, signal intensity, and a decrease in fractional anisotropy versus
controls; however, they showed no differences in R2* or axial, radial, or mean
diffusivity. The three imaging measures (NM-sensitive volume, signal intensity,
and fractional anisotropy) had a combined accuracy of 0.92. This combination
of routinely-available structural MRI measurements of SN damage may provide
a valuable compound imaging marker for the early detection of premotor PD.
Transcranial Sonography
Increased iron deposition may also account for the SN hyperechogenicity detected
in the majority of PD patients by Transcranial B-mode Sonography (TCS), also
known as Brain Parenchyma Sonography (BPS) (Berg et al., 2011). In contrast,
MSA and Progressive Supranuclear Palsy (PSP) patients are more likely to present
108
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with lenticular nucleus hyperechogenicity – however, this may be due to increased
deposition of trace metals other than iron. Several studies have demonstrated that it
may be possible to use TCS to differentiate between various parkinsonian disorders
(Walter et al., 2003, Walter et al., 2006, Walter et al., 2007).
SN hyperechogenicity may also be a relevant tool for imaging parkinsonian
disorders in the pre-motor phase. SN hyperechogenicity in the elderly has been
linked to a 17.4-fold increased risk for developing PD within three years (Berg et
al., 2011). In addition, asymptomatic PARK8 gene mutation carriers had a greater
rate of SN hyperechogenicity compared with first-degree non-carrier relatives of PD
patients and controls (58.3% versus 25% and 12.5%, respectively), but less than
patients with idiopathic PD or PD PARK8-affected patients (87.5% and 75%). SN
hyperechogenicity in asymptomatic carriers was also correlated with abnormal DATSPECT and presence of iRBD (Vilas et al., 2015).
Iranzo et al. investigated SN echogenicity and DAT-binding in 43 iRBD
patients. SN hyperechogenicity was found in 14 (36%) of the 39 RBD patients on
whom TCS could adequately be performed, a rate more than 3 times higher than in
age and gender-matched healthy controls. Upon 2.5-year follow-up, 8 (19%) of the
original 43 iRBD patients had developed a neurodegenerative disease (PD, DLB,
or MSA), and 5 (63%) of these exhibited SN hyperechogenicity, while none of the
patients or controls with normal imaging findings had phenoconverted (Iranzo et al.,
2010).
However, TCS may be a better marker for predisposition to neurodegenerative
disease as opposed to a progression marker for determining rate of phenoconversion.
At least one study has shown no growth in SN hyperechogenic areas of PD patients
over the course of 5 years (Cerami et al., 2014), and another study could not correlate
SN hyperechogenicity to current age, duration of PD, or disease severity (Walter et
al., 2007).
Additionally, although TCS may be a fast, cheap, and radiation-free way of
assessing predisposition to neurodegenerative disease, it does have some important
limitations. As with all ultrasound-based technology, results are particularly operatordependent, and patients must have adequate temporal bone windows (one study
could not perform TCS in 10% of iRBD patients due to insufficient temporal bone
windows (Iranzo et al., 2010)). Additionally, 10% of healthy controls were found
to have SN hyperechogenicity as well, so relevant clinical support for an adequate
diagnosis is necessary (Stockner et al., 2009).
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Imaging of the Dopaminergic System
Molecular imaging techniques such as positron-emission tomography (PET) and
single-photon emission computed tomography (SPECT) can be used to study
specific aspects of brain structure and function, depending on the employed
radiopharmaceutical tracer. Several PET and SPECT radiotracers are available
to study the dopaminergic system, and each tracer targets different aspects of the
dopaminergic nerve terminal (Figure 1). Both PD and DLB have been associated
with a decrease in the density of dopamine transporter protein (DAT) located on
the pre- and post-synaptic plasma membranes of nigrostriatal dopaminergic neurons
(Nirenberg et al., 1996, Brigo, Turri & Tinazzi, 2015). This can be seen in MSA as
well (Booij, Teune & Verberne, 2012). 18F-FDOPA PET and [123I]FP-CIT SPECT
(also known as DAT-SPECT) are two commonly-used presynaptic dopaminergic
imaging techniques. 18F-FDOPA is a fluorinated analog of L-DOPA, the direct
precursor to dopamine, and corresponds to striatal dopamine production; while
[123I]FP-CIT, an isotope of iodine, has a high affinity for DATs. The uptake of these
tracers is highly correlated to one another (Eshuis et al., 2009).
In addition to the presynaptic damage seen in PD and DLB, there is also an
early decrease in nigrostriatal postsynaptic D2 receptors in MSA (which, by contrast,
are often compensatorily upregulated in the beginning stages of PD) (Cilia et al.,
2005). As presynaptic dopaminergic imaging is unable to distinguish between PD
and MSA, [11C]raclopride-PET and [123I]iodobenzamine (IBZM) SPECT imaging
are used for identifying postsynaptic neuronal damage in MSA; raclopride and
IBZM are both selective D2 receptor antagonists.
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Figure 1. Schematic representation of dopamine (DA) synthesis within dopaminergic neurons,
including sites of action of dopaminergic tracers (a, b, c, d). DA is synthesized within the striatal
nerve terminals of dopaminergic neurons. Within dopaminergic terminal cytoplasm, the enzyme
tyrosine hydroxylase (TH) first converts tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA).
Aromatic amino acid decarboxylase (AADC) then decarboxylates L-DOPA to DA. The vesicular
monoamine transporter type 2 (VMAT 2) then allows the synthesized DA to enter the presynaptic
vesicles. Following depolarization of nerve terminals, the stored DA is released into the synaptic
cleft and interacts with pre- and postsynaptic DA receptors. a) The PET tracer 18F-FDOPA binds
to AADC and estimates the rate of decarboxylation of 18F-FDOPA to [18F]fluorodopamine,
which represents a function of striatal levodopa decarboxylase activity; b) the PET tracer [11C]
DTBZ binds to VMAT2 and blocks the uptake of monoamines into the vesicles, which represents
the integrity of striatal monoaminergic nerve terminal density; c) The SPECT tracers [123I]FPCIT) and [123I]β-CIT bind to the DA transporter, which represents a marker of the integrity of
presynaptic nigrostriatal dopamine terminals; d) The PET tracer [11C]raclopride and the SPECT
tracer [123I]iodobenzamide IBZM bind to the postsynaptic dopamine D2 receptor, which allows
for the visualization of striatal dopamine D2 receptor-binding. From (Teune, Leenders, 2012).
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Presynaptic Dopaminergic Imaging
In patients with early PD, uptake of presynaptic dopaminergic tracers is typically
diminished in the posterior putamen, contralateral to the more severely-affected side
of the body (Leenders et al., 1990). Both 18F-FDOPA uptake and DAT-binding can
be used to assess the rate of disease progression in PD; for instance, increased severity
of parkinsonian motor symptoms tends to correlate proportionally to decreased
18
F-FDOPA uptake (Kortekaas et al., 2013).
Based on data from DAT-imaging and pathological studies, it is estimated
that on average, there are more than 5 years from the onset of nigral dopaminergic
neuronal damage to the first appearance of clinical parkinsonism, by which time
roughly half of the SN cells are already lost (Iranzo et al., 2011). Consequently, it is
no surprise that reduced radiotracer uptake is often evident years before emergence
of clinical parkinsonism (Barber et al., 2017). For instance, one study followed 80
asymptomatic Ashkenazi Jewish carriers of the G2019S mutation in the LRRK2
(PARK8) gene, the most common genetic mutation linked to increased PD risk
worldwide. It was determined that while PD patients had significantly lower striatal
DAT-binding than both asymptomatic carriers and healthy controls, carriers of
the PARK8 mutation had lower DAT-binding than controls – particularly in the
dorsal striatum, a region often known to be affected earliest in PD. Within 2 years of
DAT SPECT imaging, 3 carriers (4%) had phenoconverted to PD, with decreased
DAT-binding seen in 2 of them. However, as penetrance of the mutation is variable,
it is still unclear how many of these carriers will ultimately convert to PD (Artzi et
al., 2017).
In iRBD, early presynaptic dopaminergic tracer studies have confirmed
deficits in the striatal binding of iRBD patients compared with age- and gendermatched controls (Eisensehr et al., 2000, Stiasny-Kolster et al., 2005). This was
further supported in larger cohorts, demonstrating that 20-40% of iRBD patients
have abnormal DAT scans (Heller et al., 2016, Iranzo et al., 2010, Kim et al.,
2010). The reduction in striatal DAT-binding in iRBD (7-8% reduced compared
with normal) is less severe than in PD (20-50%) (Iranzo et al., 2010, Arnaldi et al.,
2015a). This may indicate that DAT-binding has potential as a progression marker.
In support of this, subtle motor deficits were shown to be predictive of a DAT deficit
in iRBD (Rupprecht et al., 2013). In contrast, hyposmia is not obviously related to
DAT-binding (Meles et al., 2017b, Stiasny-Kolster et al., 2005, Rupprecht et al.,
2013).
Interestingly, a recent study found an association between the presence of
phosphorylated α-synuclein deposits in dermal nerve fibers and decreased [¹²³I]FPCIT uptake in iRBD patients (n=18) and PD patients (n=25). Meanwhile, controls
(n=20) in which [¹²³I]FP-CIT uptake was not measured and assumed to be normal
did not have dermal phospho-α-synuclein deposits (Doppler et al., 2017). Another
112
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recent interesting study found a connection between increased microglial activation
in the left SN, as measured by increased [11C]PK11195 uptake on PET imaging,
to reduced bilateral putaminal 18F-FDOPA uptake in iRBD patients (n=20) as
compared with controls (n=19) (Stokholm et al., 2017).
There have been three large longitudinal DAT-binding studies in iRBD. In
the first, baseline DAT-SPECT findings were compared to final clinical diagnosis
after 2.5 years of follow-up in 43 iRBD patients. At baseline, 17 iRBD patients
(40%) had reduced striatal [¹²³I]FP-CIT uptake. Of all of the iRBD patients, 8
patients were eventually diagnosed with a neurodegenerative disease (5 converted to
PD, 2 to DLB, and 1 to MSA). Of these phenoconverters, 6 (75%) had abnormal
DAT-binding at baseline. However, 2 iRBD patients with normal DAT scans also
converted (1 to PD and 1 to DLB) (Iranzo et al., 2010).
A second serial [¹²³I]FP-CIT SPECT imaging study (at baseline, 1.5, and
3 years of follow-up) reported an average DAT-binding rate of decline of 6% per
year in iRBD patients (n=20), compared with 3% in controls (n=20). At baseline,
10 iRBD patients presented with abnormal [¹²³I]FP-CIT uptake; after 3 years, 13
patients had abnormal uptake. Additionally, by the 3-year mark, the 3 patients with
the lowest baseline [¹²³I]FP-CIT uptake had converted to PD. The rate of decline
in DAT-binding was 10% per year in these 3 subjects (Iranzo et al., 2011). These
findings indicate that the rate of decline in [¹²³I]FP-CIT uptake may correspond to
likelihood of imminent phenoconversion.
The third major [123I]FP-CIT SPECT imaging study of 87 iRBD patients
found that at baseline, DAT-binding deficits were seen in 51 patients (59%). Of
these, 25 (49%) developed α-synucleinopathies over the course of clinical follow-up,
which averaged approximately 6 years (11 to PD, 13 to DLB, and 1 to MSA). iRBD
patients with abnormal [123I]FP-CIT uptake showed increased risk of imminent
phenoconversion compared with those with normal uptake (20% versus 6% at
3-year follow-up, 33% versus 18% at 5-year follow-up). Additionally, it was found
that among patients with abnormal [123I]FP-CIT uptake, those with significant
reduction in putaminal DAT-binding (greater than 25%) could differentiate iRBD
patients who phenoconverted after 3 years of follow-up from those who did not
(Iranzo et al., 2017).
A recent systematic review evaluated the results of sixteen presynaptic
dopaminergic imaging studies in iRBD patients (Bauckneht et al., 2018). As these
studies were technically and clinically heterogeneous, data from each study were
mathematically transformed to allow comparison. It was shown that tracer uptake
in the putamen decreased progressively from healthy controls to iRBD, PD, and
eventually PD patients with concurrent RBD. Although tracer uptake in the caudate
was significantly lower in iRBD patients compared with controls, caudate uptake
largely overlapped between iRBD and PD patients. Thus, the degree of nigro-caudate
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dopaminergic impairment in iRBD is similar to that in established PD. The authors
note that the transformation of data could have influenced results and encourage
efforts in harmonizing protocols for presynaptic dopaminergic imaging.
It appears that presynaptic dopaminergic imaging is a valid tool for monitoring
disease progression and identifying those at greatest risk for phenoconversion.
However, it must be noted that uptake abnormalities are not always present, or do
not always correlate to apparent disease severity even after clinical manifestation of
α-synucleinopathy. One study found that upon performing DAT-SPECT imaging
on 67 probable symptomatic DLB patients, 7 (10%) had negative scans. Two of
these patients were lost to follow-up, but when 5 of the remaining symptomatic
patients with normal DAT-binding underwent a second round of DAT-SPECT
imaging after 1.5 years, all of these scans were found to be abnormal (van der Zande
et al., 2016). Another recent DAT-SPECT study of DLB failed to find a significant
correlation between presence of RBD and striatal DAT-binding in DLB patients
(with average DLB disease duration 1-3 years) (Shimizu et al., 2017). It may therefore
be conceivable that patients with iRBD who later develop DLB may not specifically
have abnormal DAT scans prior to phenoconversion.
Postsynaptic Dopaminergic Imaging
Differences between PD, MSA, and PSP striatal pathology can be evaluated by
examining changes in postsynaptic dopamine D2 receptor integrity. Receptorbinding ligands such as [11C]raclopride in PET and [123I]iodobenzamine (IBZM)
in SPECT imaging are both used for this purpose (see Figure 1) (Farde et al., 1985,
Kung et al., 1990). Studies have shown that early, untreated PD patients have
seemingly compensatory upregulation of D2 receptors; but as the disease progresses,
a significant decrease in striatal D2 receptor-binding becomes apparent (Antonini et
al., 1997, Brooks et al., 1992). D2 receptor-containing neurons are also particularly
affected in MSA and PSP (Brooks et al., 1992, Schwarz et al., 1993, Schwarz et
al., 1994). However, as D2 receptor-binding reduction in MSA and PSP appears
comparable to that of late-stage PD, [11C]raclopride PET and IBZM SPECT
imaging are not recommended for routine use in the differential diagnosis of these
disorders. However, assessing the ratio between DAT- and D2-binding may be useful
in differentiating between PD and atypical parkinsonian disorders (Kim et al., 2002,
Knudsen et al., 2004).
As a result of the ambiguous results given by postsynaptic dopaminergic
imaging alone, not much information is available on its application to iRBD
patients. The few existing studies on this topic have been limited by small sample
sizes of specific subgroups of patients, and have failed to show significant differences
in the imaging between healthy controls, RBD patients, and PD patients (Eisensehr
et al., 2000).
114

Therefore, it is not currently recommended to use postsynaptic dopaminergic
imaging to monitor iRBD progression and predict risk of phenoconversion, although
theoretically early D2 receptor decline in MSA may be helpful in identifying iRBD
patients who are more likely to phenoconvert to MSA rather than to PD (Heller et
al., 2016).

It is known that patients with PD and other parkinsonian disorders are characterized
not only by dopaminergic loss in the brain, but also by degeneration of other
neurotransmitter systems – including serotonergic, cholinergic, and noradrenergic
systems. Using radiotracer imaging, it is possible to see some of these changes in PD
patients; however, there is a need for further research of non-dopaminergic imaging
in prodromal, premotor PD/DLB patients, and particularly in iRBD.
Serotonergic Imaging
Some radiotracers used for serotonergic imaging in parkinsonian patients are the
same ones used in presynaptic dopaminergic imaging, such as [123I]FP-CIT and [123I]
β-CIT. These tracers, in addition to having high DAT-binding affinity, also have some
affinity for the serotonin transporter protein (SERT) in the thalamus and midbrain
(with a DAT:SERT affinity ratio of 2.8:1 for [123I]FP-CIT and 1.7:1 for [123I]
β-CIT) (Roselli et al., 2010). Because DAT and SERT expression are almost entirely
segregated to different parts of the brainstem, it is possible to use [123I]FP-CIT- and
[123I]β-CIT SPECT to adequately visualize brain serotonergic activity (Roselli et al.,
2010, Joling et al., 2017, Scherfler et al., 2005). Additionally, 18F-FDOPA uptake
has also been correlated to serotonergic activity in the raphe nuclei of PD patients
(Pavese et al., 2012).
Not only are SERT levels decreased in PD patients compared with healthy
controls, but several studies have established that it is possible to use [123I]β-CIT
and [123I]FP-CIT SERT imaging to successfully distinguish among various types
of parkinsonian disorders (Roselli et al., 2010, Joling et al., 2017, Scherfler et al.,
2005). However, so far these findings have evaded applicability to the early or
prodromal stages of disease: one study comparing SERT-binding in early-stage PD
and MSA could not find a significant difference between the two patient groups,
while another study aimed specifically at iRBD patients did not find reduced SERTbinding compared with healthy controls (Arnaldi et al., 2015b, Suwijn et al., 2014).
However, there are other tracers available for evaluating serotonergic function
which are known to have a higher specificity for SERT: among them, [11C]3-amino4-(2-dimethyl-aminomethylphenylsulfaryl)-benzonitrile ([11C]DASB) (Strafella
et al., 2017). It is known that [11C]DASB-binding is decreased in advanced PD
115
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patients (Guttman et al., 2007). One study of early PD patients found that while
[11C]DASB uptake was diffusely reduced compared with healthy controls, there was
relative sparing of serotonergic function in the caudal brainstem (Albin et al., 2008).
Another study found that [11C]DASB uptake was not significantly reduced in early
PD patients compared with healthy controls; however, it was negatively correlated
to striatal DAT uptake (Strecker et al., 2011). It is possible that this may reflect
early compensatory serotonergic changes preceding onset of PD motor symptoms.
To date, the only study investigating [11C]DASB uptake in RBD patients examined
differences between PD-RBD+ and PD-RBD− patients, rather than in premotor
iRBD patients, and did not find significant differences in [11C]DASB uptake between
the two groups (Kotagal et al., 2012).
Cholinergic Imaging
It is established that damage to cholinergic neurons projecting from the nucleus
basalis of Meynert (NBM) in the basal forebrain or pedunculopontine nucleus (PPN)
in the brainstem plays a key role in the pathogenesis of PD-associated dementia. This
notion is supported by evidence of greater cognitive dysfunction in PD patients
who take anticholinergic medications (Ehrt et al., 2010). Several tracers have been
used to examine the integrity of the cholinergic system in parkinsonian patients,
including presynaptic cholinergic markers such as [11C]methylpiperidyl propionate
acetylcholinesterase ([11C]PMP) and N[11C]methyl-4-piperidyl acetate ([11C]MP4a),
which are direct markers of AChE activity; [123I]iodobenzovesamicol (IBVM), an
analogue of vesamicol and in-vivo marker of vesicular ACh transporter-binding; and
post-synaptic cholinergic markers such as 5[123I]iodo-3[2(S)-2-azetidinylmethoxy]
pyridine ([123I]5IA) and 2[18F]F-A-85380 ([18F]2FA), which are specific for brain
nicotinic acetylcholine receptors (α4β2 nAChR) (Roy et al., 2016).
One [11C]PMP-PET imaging study examining differences between PDRBD+ and PD-RBD− patients found that PD-RBD+ patients exhibited significantly
decreased AChE activity in neocortical, thalamic, and limbic cortical regions
compared with PD-RBD− patients (Kotagal et al., 2012). Based on these results, it
is possible that cholinergic denervation may play a particularly defining role in the
pathophysiology of PD among RBD patients, although [11C]PMP uptake in iRBD
patients still needs to be further investigated. However, other studies have shown
mixed results on [11C]PMP-PET imaging among PD patients – one limitation which
must be considered is that [11C]PMP does not accurately reflect AChE activity in
areas with very high cholinergic activity, such as in the striatum (Isaias et al., 2014).
Studies of [11C]MP4a-PET imaging have found [11C]MP4a-binding to
be a useful disease progression marker and tool for differentiating among various
parkinsonian disorders. Multiple studies have shown decreased [11C]MP4a uptake
in PD patients when compared with controls, with particularly decreased uptake
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Noradrenergic Imaging
As PD progresses, degeneration is classically seen in the noradrenergic neurons
projecting from the Locus Coeruleus (LC) in the brainstem (Braak et al., 2003).
A number of cardiac noradrenergic imaging studies have been done in early DLB
and RBD patients with metaiodobenzylguanidine ([123I]MIBG), a radiolabeled
analogue of norepinephrine used in [123I]MIBG-SPECT scans (Kim et al., 2016,
Fujishiro et al., 2012, Nomura et al., 2010). However, there is currently a shortage
of studies examining noradrenergic imaging in the brain, in particular with regard
to prodromal PD/DLB presenting clinically as iRBD. Part of the problem is that a
highly-specific radiotracer for the norepinephrine transporter protein (NET) in the
LC is not yet commercially available (Brooks, 2007); [123I]MIBG is unfortunately
not well-visualized intracranially (Dwamena et al., 1998).
Nonetheless, just as in dopaminergic and serotonergic imaging, it is possible
to employ [123I]FP-CIT-SPECT and 18F-FDOPA PET to observe noradrenergic
function in the brain. Although the affinity of [123I]FP-CIT is much lower to
NET than for DAT or SERT, when examining an area such as the LC where NET
expression predominates, it is possible to use it as a marker of noradrenergic integrity.
One study therefore found significantly increased LC [123I]FP-CIT-binding in early
PD patients compared with healthy controls (Isaias et al., 2011). Another 18F-DOPA
PET study found that while LC 18F-FDOPA uptake was initially increased in
early PD patients, after approximately three years of follow-up it had decreased to
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in DLB as well as in demented PD patients (Klein et al., 2010, Hilker et al., 2005,
Shimada et al., 2009). Another study found that uptake differed significantly
between PD and PSP patients, with cortical cholinergic loss more pronounced in
PD patients, and thalamic cholinergic loss more marked in PSP patients (Shinotoh
et al., 1999).
An IBVM-SPECT imaging study done in DLB patients found significantly
decreased IBVM-binding to vesicular ACh transporter compared with healthy
controls (Mazere et al., 2017). Another IBVM-SPECT study on MSA-RBD+
patients showed decreased IBVM-binding in the thalamus compared with controls,
but IBVM uptake did not correlate to the severity of REM atonic loss (Gilman et al.,
2003).
A [123I]5IA-SPECT imaging study of cognitively-intact early PD patients
(<7 years since diagnosis) found that disease duration was positively correlated
to increased postsynaptic nAChR density in the putamen ipsilateral to the mostaffected body side. As most anatomopathological studies show loss of nAChR
agonist-binding in the striatum of advanced PD patients, this study’s findings may
point to an early cholinergic compensatory mechanism in the development of PD
(Isaias et al., 2014).
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subnormal levels (Pavese et al., 2011). These studies are consistent with the idea that
noradrenaline reuptake is increased in the early stages of disease in compensation for
dopaminergic degeneration.
Another radiotracer specific for DAT and NET which has been used to
image the noradrenergic system in PD patients is [11C]RTI-32. One [11C]RTI-32PET study has found that depression in PD patients correlated with lower LC [11C]
RTI-32 uptake (Remy et al., 2005). However, as of now this tracer has not yet been
employed in noradrenergic studies of early PD or iRBD patients.
Lastly, a recent PET study examined [11C]MeNER uptake in 16 PD-RBD+
versus 14 PD-RBD− patients and 12 control subjects. [11C]MeNER is a NET-specific
reboxetine analogue. PD-RBD+ patients were found to have widespread reduced
[11C]MeNER-binding which correlated to amount of REM sleep without atonia,
cognitive impairment, EEG slowing, and orthostatic hypotension as compared with
the PD-RBD− patients and especially healthy controls. Low thalamic [11C]MeNER
distribution volume ratios also correlated to low LC-to-pons ratios on neuromelanin
MRI (Sommerauer et al., 2018). This supports the idea that noradrenergic degeneration
may contribute to non-motor symptomatology, and that PD patients with RBD tend
to have a more severe disease trajectory than those without. However, [11C]MeNERPET has not yet been evaluated as a tracer in prodromal or early parkinsonian cases.

Functional imaging studies
In PD and in neurodegenerative diseases in general, functional changes often precede
structural changes. Before causing neuronal death, accumulation of abnormal
α-synuclein in neurons is thought to interfere with synaptic signaling, thereby
inducing changes in neuronal activity. Neuronal activity can be measured indirectly
by mapping aspects of neurovascular coupling, such as metabolic activity (18F-FDG
PET), cerebral blood flow (perfusion SPECT) and blood oxygenation (functional
MRI). Classically, signal changes in discrete regions are compared between controls
and patients to identify areas of abnormal neuronal activity.
However, brain regions do not operate in isolation, but are part of intricate
brain networks. In other words, neuronal activity in one region is influenced by
interactions between connected areas distributed throughout the entire brain. It is
also thought that neurodegeneration occurs within structurally and functionally
connected networks (Seeley et al., 2009). It is therefore of interest to study the
network-level changes induced by neurodegenerative processes. In functional
neuroimaging studies, this is achieved by functional connectivity analyses. Such
analyses aim to find the predominant pattern(s) of correlations (with principal or
independent component analysis) or test whether a particular correlation between
signals from two remote brain regions is significant (Friston, 2011). Functional
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Resting-State Functional MRI
Brain activity at rest can be investigated by using resting-state functional MRI (rsfMRI) to assess temporal fluctuations in the blood-oxygen-level dependent (BOLD)
signal (Fox, Raichle, 2007). One study employing rs-fMRI in iRBD reported
reduced functional connectivity between the left putamen and the SN. Functional
connectivity between these regions was nonetheless higher in iRBD than PD,
indicating a continuous spectrum of decline in functional connectivity (Ellmore et
al., 2013). Another study exploring the potential of rs-fMRI to quantify basal ganglia
dysfunction in iRBD patients was performed using voxel-wise and region-of-interest
analyses of the basal ganglia network, with direct comparisons to controls and PD
patients (Rolinski et al., 2016). Results showed widespread aberrant connectivity
within the basal ganglia network in iRBD patients, with abnormalities being most
prominent within the basal ganglia themselves. Further extrastriatal changes were
observed predominantly in the frontal lobes. Connectivity measures of basal ganglia
network dysfunction could differentiate both iRBD and PD from controls with
high sensitivity (96%) and specificity (74% for iRBD, 78% for PD). A similar
study was performed in data from the Parkinson’s Progression Markers initiative
(PPMI). Region-to-region and seed-to-voxel functional connectivity matrices were
determined from rs-fMRI data of 17 prodromal PD patients (13 with iRBD and 4
with hyposmia) and 18 controls. The prodromal group displayed reduced striatothalamo-pallidal functional connectivity. This feature could differentiate between the
two groups (sensitivity of 93.3% and specificity of 82.3%). Functional connectivity
changes were limited to the basal ganglia, and did not include other subcortical
or cortical regions (Dayan, Browner, 2017). These studies indicate a potential for
connectivity measures of basal ganglia network dysfunction as an indicator of early
basal ganglia dysfunction.
Functional neuroimaging may help to further characterize PD subtypes, as
it has been shown that there is an rs-fMRI-measured correlation between PD-RBD+
and postural dysfunction, with impaired functional connectivity seen in a locomotor
network between the PPN and supplementary motor area (Gallea et al., 2017). It
was also found that daytime somnolence may be linked to RBD via alterations in
the functional connectivity of an arousal network between the PPN and anterior
cingulate cortex. However, these results were obtained in PD-RBD+ patients postphenoconversion.
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connectivity patterns can be applied as a phenotype to predict the manifestation
of a disease in individual subjects. This is highly relevant in the context of
iRBD. To prevent performance confounds, functional connectivity in RBD and
α-synucleinopathies is typically assessed in the resting state, and not in task conditions.
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Glucose Metabolism and Cerebral Blood Flow
Both glucose metabolism and cerebral blood flow are related to synaptic activity
(Alavi, Reivich, 2002). The radiotracer [18F]Fluorodeoxyglucose (18F-FDG) is
analogous to glucose, and 18F-FDG PET provides an index for the first step of the
cellular glycolytic pathway. Several tracers are available to measure cerebral blood
flow, but studies in RBD are limited to 99mTc-Ethylene Cysteinate Dimer (ECD)
SPECT. It must be noted that most 18F-FDG PET and perfusion SPECT studies
evaluate relative signal increases and decreases. For absolute quantification of
metabolism or blood flow, arterial blood sampling is required, which is invasive and
time-consuming, and therefore rarely performed.
Although glucose metabolism and cerebral blood flow are closely coupled
(Fox et al., 1988, Fox, Raichle, 1986), dissociations can occur, especially in
response to medication (e.g. levodopa (Ko, Lerner & Eidelberg, 2015)). However,
in neurodegenerative diseases, similar disease patterns have been obtained with
18
F-FDG PET and ECD SPECT. Compared with controls, PD patients typically
show relatively increased metabolism or blood flow in the cerebellum, brainstem,
putamen/pallidum, thalamus, and sensorimotor cortex, and relatively decreased
activity in the lateral frontal and parietooccipital areas (Peng, Eidelberg & Ma, 2014).
Relative hypermetabolism in subcortical areas is thought to reflect dysfunction in
basal ganglia networks, as 18F-FDG uptake in these areas has been shown to correlate
with firing rates of the subthalamic nucleus and to severity of motor symptoms (Lin
et al., 2008). Cortical hypometabolism precedes atrophy (Gonzalez-Redondo et al.,
2014), progresses with disease duration, and is related to cognitive decline (GarciaGarcia et al., 2012). The metabolic disease pattern of DLB is similar to that of PD,
but is characterized by more severe occipital hypofunction (Teune et al., 2010,
Ko, Lee & Eidelberg, 2016, Meles et al., 2017a). In contrast, the MSA pattern is
distinct from PD as it is characterized by hypo- rather than hyperactivity in the basal
ganglia and cerebellum (Teune et al., 2010, Meles et al., 2017a). The described PD,
DLB, and MSA patterns have been identified with both univariate (i.e. voxel-byvoxel) and multivariate (i.e. connectivity) analyses (Peng, Eidelberg & Ma, 2014).
Univariate Perfusion SPECT Studies
Similar to PD, patients with iRBD show increased perfusion in the pons, putamen,
and hippocampus compared with healthy controls (Mazza et al., 2006, Vendette et
al., 2011). Decreased perfusion has been reported in varying cortical areas including
the temporal cortex (Mazza et al., 2006, Vendette et al., 2011, Caselli et al., 2006,
Sakurai et al., 2014), parietal cortex (Mazza et al., 2006, Vendette et al., 2011, Caselli
et al., 2006, Sakurai et al., 2014, Hanyu et al., 2011), occipital cortex (Vendette et
al., 2011, Sakurai et al., 2014, Hanyu et al., 2011), frontal cortex (Mazza et al.,
2006, Vendette et al., 2011, Vendette et al., 2012), posterior cingulate cortex (Caselli
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et al., 2006), limbic, and cerebellar regions (Hanyu et al., 2011). Inconsistencies
reported between groups may be related to heterogeneity of iRBD populations as
well as to methodological differences.
One study found significant hypoperfusion of the frontal cortex and
hyperperfusion of the pons, putamen, and left hippocampus in iRBD patients (n=20)
compared with controls (n=20). In iRBD patients, hypoperfusion of the extrastriate
visual cortex was correlated with poorer color discrimination, and hypoperfusion
of the anterior parahippocampal gyrus bilaterally was correlated to loss of olfactory
discrimination (Vendette et al., 2011).
In a subsequent study, brain perfusion was compared between iRBD patients
with mild cognitive impairment (MCI; n=10) and iRBD patients with normal
neuropsychological examinations (n=10). As is the case in PD, hypoperfusion of the
occipital, parietal, and temporal cortex was more pronounced in iRBD patients with
MCI than those without MCI. iRBD patients with MCI also had more pronounced
hyperperfusion of the hippocampus, putamen, and left paracentral gyrus when
compared with cognitively-normal iRBD patients (Vendette et al., 2012).
Finally, Dang-Vu et al. studied the association between regional cerebral
blood flow changes in 20 iRBD patients at baseline and subsequent conversion to PD
or DLB over the course of 3 years of clinical follow-up. Ultimately, five iRBD patients
converted to PD, and five converted to DLB. Hippocampal perfusion was increased
in converters compared with non-converters and was significantly correlated with
motor and color vision scores (Dang-Vu et al., 2012). No clear differences in cerebral
blood flow were reported between iRBD patients who converted to PD (n=5) and
those who converted to DLB (n=5).
Sakurai et al. performed blood flow SPECT in nine iRBD patients at
baseline and after approximately two years (Sakurai et al., 2014). Three-dimensional
stereotactic surface projections (3D-SSP (Minoshima et al., 1995)) were created for
each scan and compared with data from 18 controls. Overall, patients had lower
cerebral blood flow in the bilateral parietotemporal and occipital areas. Although
these nine patients did not phenoconvert during the study, there was a progressive
decrease in perfusion of the posterior cingulate, supporting the notion of a progressive
neurodegenerative disease process.
In summary, these studies suggest a role for relative hippocampal
hyperperfusion and progressive cortical hypoperfusion in the prediction of
phenoconversion from iRBD to PD or DLB. Involvement of the hippocampus in
iRBD appears to be a consistent finding in neuroimaging studies. The significance
of hippocampal hyperactivity, however, remains unclear. It has been suggested that
hippocampal activation at baseline may be a compensatory response to sustain
cognitive performance despite progressive dysfunction in other brain regions
(Carbon et al., 2010). Alternatively, it may result from changes in networks
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connecting the basal ganglia with the limbic system (Albin, Young & Penney, 1989).
Further longitudinal studies should directly address the pathophysiological meaning
of hippocampal hyperactivity, and clarify whether it truly reflects a compensatory
mechanism. Progressive cortical dysfunction may be more pronounced in subjects
who develop PD dementia or DLB, but this is currently not definitively known.
Univariate 18F-FDG PET Studies
Few univariate 18F-FDG PET studies of iRBD exist. Caselli et al. were able to
quantify absolute cerebral glucose metabolism (i.e. with dynamic 18F-FDG PET
scanning and arterial blood sampling) in 17 patients with “dream-enacting behavior”
(polysomnography was not performed) and 17 controls (Caselli et al., 2006). These
probable iRBD patients had lower metabolism in the right medial parietal cortex
and posterior cingulate compared with controls. Areas of increased metabolism were
not identified.
Fujishiro et al. studied nine patients with a history of recurrent dreamenacting behavior (none of whom underwent polysomnography) (Fujishiro et al.,
2010). Patients did not have dementia or parkinsonism, but all patients did have
abnormal [123I]MIBG cardiac scans, suggesting the presence of Lewy body disease.
The 18F-FDG PET scans of these nine patients were compared to a normal database
using 3D-SSP. Most patients (8/9) had parietal hypometabolism. In addition, four
patients showed occipital hypometabolism, and five patients had hypometabolism
of the anterior cingulate, frontal lobe, and temporal lobe. A consecutive follow-up
study (39-54 months later) of seven patients showed that iRBD patients who later
developed parkinsonian signs without dementia had hypometabolism of the primary
visual cortex, whereas iRBD patients who later developed DLB had hypometabolism
of the parietal and lateral occipital cortex in addition to the primary visual cortex
(Fujishiro et al., 2013).
A larger cross-sectional 18F-FDG PET study of 21 polysomnographicallyconfirmed iRBD patients disclosed increased metabolism in the hippocampus,
cingulate, supplementary motor area and pons, and decreased metabolism in the
occipital cortex compared with 21 controls (Ge et al., 2015). RBD duration was
positively correlated with cerebellar metabolism, and negatively with 18F-FDG
uptake in the medial frontal cortex. The severity of REM sleep atonia loss was
related to hippocampal hypermetabolism and posterior cingulate hypometabolism.
Network Studies of Cerebral Metabolism and Blood Flow
In the studies described in the previous section, regional differences in mean glucose
metabolism or blood flow were typically compared between patients and controls
with univariate models (i.e. in SPM). However, functional connectivity-type
analyses have also been applied to perfusion SPECT and metabolic PET data in
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neurodegenerative diseases. A well-validated and promising approach is the Scaled
Subprofile Model and Principal Component Analysis (SSM PCA) method. Using
SSM PCA, disease-related patterns have been identified in several neurodegenerative
disorders (Spetsieris, Eidelberg, 2011, Eidelberg, 2009, Niethammer, Eidelberg,
2012, Meles et al., 2017a). An important advantage of this approach is that once a
pattern is identified, the degree of its expression can be quantified in any 18F-FDG
PET scan. The degree of pattern expression is reflected by the subject score. This
constitutes a single numeric value that can be useful in the differential diagnosis, but
can also be used to investigate the relationship between brain metabolism and certain
clinical scales.
The PD-related pattern (PDRP) could be identified with SSM PCA in
data from both 18F-FDG PET and perfusion SPECT, although the 18F-FDG PETderived pattern performed better in classifying new subjects (Peng, Eidelberg & Ma,
2014). The PDRP is characterized by relatively increased activity in the cerebellum,
pons, putamen/pallidum, thalamus, and sensorimotor cortex, and decreased
activity in the lateral frontal and parietooccipital areas. This typical topography was
identified in several independent cohorts worldwide (Ma et al., 2007, Wu et al.,
2013, Niethammer, Eidelberg, 2012, Teune et al., 2013, Teune et al., 2014, Tomse
et al., 2017a). The MSA-related metabolic brain pattern (MSARP) and Progressive
Supranuclear Palsy (PSP)-related pattern (PSPRP) are distinct from the PDRP.
Subject scores on these patterns can be used to differentiate between conditions with
high diagnostic accuracy (Tang et al., 2010b, Tripathi et al., 2015). SSM PCA-based
image classification was shown to have better sensitivity and replicability compared
to univariate approaches (Habeck et al., 2008, Habeck, Stern & Alzheimer’s Disease
Neuroimaging Initiative, 2010).
The PDRP is also a marker for disease progression. Continuous increases
in PDRP expression are associated with progressive motor impairment and
dopaminergic denervation in PD patients (Huang et al., 2007, Tang et al., 2010a,
Kaasinen et al., 2006). Moreover, PDRP expression was found to be elevated in
the presymptomatic hemisphere (i.e., ipsilateral to the symptomatic body side) in
patients with early-stage PD with unilateral motor involvement (Tang et al., 2010a).
This suggests that PDRP activity may already be present before the onset of key motor
symptoms. Three studies have shown that expression of the PDRP was elevated in
iRBD patients compared with controls (Wu et al., 2014, Holtbernd et al., 2014,
Meles et al., 2017b). In a cohort of 20 patients, high baseline PDRP expression (a
PDRP subject score of >1) on brain perfusion imaging (99mTc-ECD-SPECT) was
more likely in iRBD patients (n=8) who developed PD or DLB 4.6±2.5 years after
getting scanned (Holtbernd et al., 2014).
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The relationship between PDRP expression, putaminal DAT-binding, and
olfaction in iRBD patients (n=21) was also explored (Meles et al., 2017b). Although
a trend was observed, PDRP subject scores and DAT-binding were not significantly
correlated (r=-0.39, P=0.09). In PD studies, only a modest correlation has been
found between DAT-binding and PDRP subject scores, which may point to a partly
non-dopaminergic genesis of the PDRP (Holtbernd et al., 2014).
We also described a subgroup of patients who had PDRP scores in the range
of PD patients, but with normal DAT-binding (Meles et al., 2017b). We speculate
that abnormal metabolism, reflected by a high PDRP score, may precede significant
loss of DAT-binding. It is also conceivable that these patients will develop DLB, as it
has been shown that DLB patients may initially have unremarkable DAT scans (van
der Zande et al., 2016).
Interestingly, we also identified one patient with an abnormal DAT scan
who expressed the MSARP, but not the PDRP (Figure 2). We speculate that
this individual may develop MSA on long-term follow up. This would be in line
with results from Holtbernd et al., who describe low PDRP scores in three RBD
patients who ultimately developed MSA 4.3, 2.5, and 2.7 years after being scanned
(Holtbernd et al., 2014). Expression of the MSARP was not reported in that study.
In our Dutch-German cohort (Meles et al., 2017b), patients’ level of olfaction
was also tested using Sniffin’ Sticks and divided into two groups, those with total
olfaction scores (TDIs) <18 and those with TDIs ≥18. This is in line with a previous
study by Mahlknecht et al. which showed that a baseline TDI score of <18 was
associated with an elevated risk of conversion to PD or DLB within five years of followup (Mahlknecht et al., 2015). Although PDRP expression was higher in patients with
hyposmia (TDI<18), PDRP and olfaction scores were not significantly correlated.
Longitudinal assessment of our cohort is underway and may give important
insights into the relationship between DAT-binding, PDRP expression, olfaction,
and phenoconversion. PDRP expression may provide complementary information to
other markers such as DAT-binding and olfaction (Meles et al., 2017b). In contrast to
olfaction (Iranzo et al., 2013a), the PDRP is a progression marker (Huang et al., 2007).
Moreover, PDRP expression is useful in the differential diagnosis of parkinsonian
disorders (Meles et al., 2017a), whereas DAT imaging is not (Stoffers et al., 2005).
To understand the brain changes which occur in the iRBD stage, the iRBDrelated pattern (iRBDRP) has also been studied with SSM PCA. Wu et al. describe an
iRBDRP which is characterized by relative hypermetabolism of the pons, thalamus,
medial frontal and sensorimotor areas, hippocampus, supramarginal and inferior
temporal gyri, and posterior cerebellum, and relative hypometabolism in the occipital
and superior temporal regions. As expected, the iRBDRP was significantly expressed
in a second cohort of iRBD patients, and also in the least-affected hemisphere
of PD patients with early, unilateral PD. However, iRBDRP subject scores were
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Figure 2. PDRP (y-axis; threshold z=1.8) and MSARP (x-axis; threshold z=1.6) expression
z-scores in 30 iRBD patients. Black squares indicate normal DAT-binding for age, while black
triangles indicate abnormal DAT-binding for age. Grey squares indicate patients who did not
undergo DAT-SPECT.

lower in patients with more advanced PD, indicating that the metabolic changes
from iRBD to advanced PD do not follow one pattern. The authors speculate that
the iRBDRP topography breaks down with disease progression (Wu et al., 2014).
Our group recently identified the iRBDRP in 21 iRBD patients and 19
controls. Our iRBDRP was characterized by altered metabolism in many of the
same regions: increased metabolism in the thalamus, pons, and hippocampus,
and decreased in the temporal and occipital cortex. However, hyperactivity in the
cerebellum was a prominent feature of our iRBDRP, and occipital hypometabolism
was less pronounced. Taken together, our iRBDRP was more similar to the PDRP
than the one described by Wu et al. Indeed, our iRBDRP was expressed in both
early and more advanced PD patients. We concluded that our iRBDRP is likely a
predecessor of the PDRP, and, similarly to the PDRP, its expression increases with
disease progression. These differences in topographies may be explained both by
heterogeneity in patient samples and methodological differences (Meles et al., 2018b).
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Conclusion
RBD is known to be an initial symptom of progressive neurodegeneration, but it
can be challenging to set individual prognoses concerning the risk of subsequent
phenoconversion and likelihood of developing a distinct α-synucleinopathy.
Neuroimaging modalities may improve the process of identifying neurodegenerative
brain changes in iRBD at an earlier stage and shed prognostic light on the course
of the disease. An increasing number of neuroimaging studies are now available
on this topic. Many studies show variable and conflicting results, probably due to
methodological differences and heterogeneity of patient samples.
However, two approaches have provided reproducible results and may
indeed be valuable as biomarkers for prodromal disease stages. First, several studies
have consistently shown a decrease in presynaptic dopamine levels in iRBD, and a
clear association between dopaminergic erosion and subsequent phenoconversion.
Decreased striatal uptake of a presynaptic dopaminergic tracer in an individual iRBD
patient almost certainly implies imminent phenoconversion. However, predicting the
specific type of α-synucleinopathy to which the patient will convert (i.e. PD, DLB,
or MSA) with DAT-SPECT or 18F-FDOPA PET alone is still difficult. Secondly,
three independent studies have shown that the PDRP is expressed in metabolic PET
and perfusion SPECT data of iRBD patients. One longitudinal study has confirmed
the relationship between PDRP expression and subsequent phenoconversion.
As MRI is a widely-available and non-invasive modality, the development
of a disease-specific MRI biomarker, sensitive to changes in the prodromal state and
conducive to monitoring disease progression and therapeutic intervention, is highly
desirable. However, reports from conventional structural MRI, rs-fMRI, DTI,
and MRS are still relatively incoherent. There may be some promising approaches
within the realm of microstructural, functional, and/or metabolic imaging, or the
combination of several structural markers.
Sufficient longitudinal data are lacking for almost all imaging techniques.
Combining different imaging modalities may enhance accuracy of prognostic
predictions.
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