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Abstract

Idiopathic rapid eye movement sleep behavior disorder (iRBD) is a parasomnia charac-
terized by the loss of muscle atonia and the presence of undesirable motor manifesta-
tions during rapid eye movement sleep. Research findings have shown that iRBD is a
prodromal stage of synucleinopathies such as Parkinson’s disease, dementia with Lewy
bodies, and multiple system atrophy. A wide array of neuroimaging techniques have
improved our understanding of the prodromal stage of these diseases in patients with
iRBD, and identified potential biomarkers. In this chapter, we summarize current knowl-
edge about functional and structural central and peripheral neuroimaging in iRBD,
including cross-sectional and longitudinal studies using positron emission tomography,
single-photon emission computed tomography, magnetic resonance imaging, and
transcranial sonography. Current neuroimaging research has revealed several brain
alterations in iRBD similar to those reported in synucleinopathies, thereby improving
our understanding of the pathophysiology underlying the clinical presentation and pro-
gression of their prodromal stages. Moreover, some abnormalities detected by neuro-
imaging show promise as potential biomarkers to predict which individuals with iRBD
may be at risk of conversion and therefore candidates for inclusion in future clinical trials
of neuroprotection.

1. INTRODUCTION

Idiopathic rapid eye movement sleep behavior disorder (iIRBD) is
a parasomnia characterized by the loss of muscle atonia and the presence
of abnormal movements during rapid eye movement sleep (American
Academy of Sleep Medicine, 2014). Research has demonstrated clearly that
iIRBD is a prodromal stage of synucleinopathies including Parkinson’s disease
(PD), dementia with Lewy bodies, and multiple system atrophy. Indeed,
long-term studies on large iRBD cohorts have estimated a 25-30% risk
of synucleinopathy at 3 years and 81-91% at 14 years (Iranzo, Fernandez-
Arcos, et al., 2014; Postuma, Gagnon, Bertrand, Génier Marchand, &
Montplaisir, 2015; Schenck, Boeve, & Mahowald, 2013). Moreover, iRBD
patients present several clinical signs of synucleinopathies such as deficits in
motor, cognitive, olfaction, color discrimination, and autonomic functions
(Boeve, 2013; Hogl, Stefani, & Videnovic, 2018). However, the time course
leading to conversion of iRBD patients remains highly variable and the ability
to predict whether iRBD patients will convert to PD, dementia with Lewy
bodies or multiple system atrophy phenotypes is poor.
Neuroimaging techniques are a promising research avenue to identify
new biomarkers that assess the risk of conversion toward synucleinopathies
and clarify the clinical trajectory of iRBD patients. These objectives will be
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crucial in the coming years, during which we can expect the first human
clinical trials for neuroprotective treatments at the earliest phase of disease.
Moreover, neuroimaging allows for a better understanding of the prodromal
stage of synucleinopathies, as it ofters insight into in vivo functional and
structural brain alterations in iRBD. This chapter aims to summarize the
current state of knowledge of neuroimaging studies in iRBD.

2. MOLECULAR RADIOTRACER IMAGING
2.1 Dopaminergic Imaging

Nigrostriatal dopaminergic depletion is a hallmark of synucleinopathies
and is likely responsible in part for the main motor symptoms of PD. Several
cross-sectional studies have investigated the striatal dopaminergic function in
iRBD patients using SPECT and PET imaging (Albin et al., 2000; Arnaldi,
Fama, et al., 2015; Eisensehr et al., 2000, 2003; Frosini et al., 2017; Iranzo
et al., 2010, 2011; Kim et al., 2010; Knudsen et al., 2018; Rupprecht et al.,
2013; Stiasny-Kolster et al., 2005; Stokholm et al., 2017; Zoetmulder et al.,
2016). Researchers investigated striatal postsynaptic dopamine D2-receptors
using ['*’IJiodobenzamide (IBZM) SPECT, and found no differences
between iRBD patients and healthy controls (Eisensehr et al., 2000, 2003).
Others have studied striatal presynaptic dopaminergic function in iRBD
with several tracers, including [''C]dihydrotetrabenazine (DTBZ), ['*F]
dihydroxyphenylalanine (DOPA), ["*F]fluoro-L-m-tyrosine, [ **I]Ioflupane
(FP-CIT), and ['*’I]IPT. Studies in iR BD patients have found lower presyn-
aptic striatal dopamine binding compared to controls but higher binding
compared to PD patients using difterent tracers in PET and SPECT imaging
(Albin et al., 2000; Arnaldi, Fama, et al., 2015; Eisenschr et al., 2000, 2003;
Iranzo et al., 2010, 2011; Kim et al., 2010; Knudsen et al., 2018; Stokholm
etal., 2017; Zoetmulder et al., 2016). Most studies have found a more pro-
nounced reduction in dopamine binding in the putamen than in the caudate
nucleus (Albin et al., 2000; Eisensehr et al., 2000; Iranzo et al., 2010, 2011;
Knudsen et al., 2018; Stokholm et al., 2017), as typically seen in PD patients
(Djang et al., 2012). However, one study compared nigrostriatal
deafferentation using ['*’IJFP-CIT SPECT in 12 individuals with iRBD
and de novo, drug-naive PD patients with (n=24) and without (n=16)
RBD (Arnaldi, De Carli, et al., 2015). Researchers found a more severe
deafferentation in the caudate in iRBD and PD patients with RBD com-
pared to PD patients without RBD, while the putaminal dopaminergic func-
tion progressively decreased from iRBD patients to PD patients without
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RBD and finally to PD patients with RBD (see Fig. 1 for an illustration).
A recent meta-analysis concluded that tracer uptake in the putamen progres-
sively decreased from controls to iRBD patients to PD patients without
RBD, and to PD patients with RBD (Bauckneht et al., 2018). The same
pattern was reported in the caudate but without differences between iIRBD
patients and PD patients without RBD (Bauckneht et al., 2018). On the
other hand, a recent study found no difference in ['*’I|FP-CIT uptake at
basal ganglia level between PD patients with probable RBD and PD patients
without RBD symptoms, suggesting that a floor effect may be present
(Pagano et al., 2018).

The percentage of iRBD patients with abnormal striatal dopamine
transporter (DAT) binding varies greatly: from 12.5% to 45% in some studies
(Iranzo et al., 2010, 2011; Kim et al., 2010; Knudsen et al., 2018; Rolinski
et al., 2016; Rupprecht et al., 2013; Stiasny-Kolster et al., 2005), and from
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Fig. 1 Examples of ['*3IJFP-CIT-SPECT scans in idiopathic rapid eye movement sleep
behavior disorder (iRBD; blue), Parkinson’s disease (PD) with RBD (PD-RBD+; red) and
PD without RBD (PD-RBD —; green). Comparison of specific to non-displaceable binding
ratios (SBR) at putamen (square) and caudate (circle) levels with a dataset of normal sub-
jects from the ENC-DAT database, analyzed with the Basal Ganglia Matching Tool (Nobili
et al, 2013).



Neuroimaging in RBD 189

59% to 100% in others (Eisensehr et al., 2000; Frosini et al., 2017; Iranzo,
Santamaria, et al., 2017; Stokholm et al., 2017). Interestingly, striatal dopa-
mine depletion becomes more severe as the severity of RBD nocturnal
symptoms increases (more severe in clinically manifest RBD than in sub-
clinical RBD) and is also impaired in patients with longstanding iRBD
without clear dementia and parkinsonism signs (Eisensehr et al., 2003;
[ranzo, Stefani, et al., 2017). Recently, researchers also used [”C]PK11195
PET to measure microglial activation, a marker of neuroinflammation
(Stokholm et al., 2017). They found increased microglial activation in the left
substantia nigra in iRBD patients compared to controls, which supports the
hypothesis of a neuroinflammation component in the early neurodegenerative
process of synucleinopathies.

Some studies have looked at the links between RBD motor signs and
midbrain dopaminergic activity and found significant correlation between
higher muscle activity during rapid eye movement sleep and reduction
in striatal DAT binding (Eisensehr et al., 2003; Zoetmulder et al., 2016),
although one study failed to identify such an association (Kim et al.,
2010). Another study compared iRBD patients with and without abnormal
striatal DAT binding and found higher Unified Parkinson’s Disease Rating
Scale (motor part) scores in patients with abnormal binding (Rupprecht
et al., 2013). However, other studies were not able to replicate this finding
(Bae etal., 2017; Iranzo et al., 2010, 2011). In one study using ['*F[DOPA
and ["'Clraclopride PET in 11 patients with comorbid RBD and major
depressive disorder and 10 controls, the authors found lower ["*F[DOPA
uptake in the putamen and caudate in patients (Wing et al., 2015). No
between-group differences were found for the [''Clraclopride. In the same
study, presynaptic dopamine dysfunction in the putamen was associated
with severity of RBD symptoms on the questionnaire and higher muscle
activity during rapid eye movement sleep.

To date, four studies have investigated presynaptic striatal dopamine bind-
ing using SPECT 1maging in a longitudinal design (Iranzo et al., 2010, 2011;
[ranzo, Santamaria, et al., 2017; Li, Kang, et al., 2017). The first study
followed 43 iIRBD patients for 2.5 years. At follow-up, 8 (19%) of 43 patients
had developed a synucleinopathy (Iranzo et al., 2010). In these patients, ['*I]
FP-CIT binding was up to 33% lower at baseline in the entire striatum, 36%
in the putamen, and 40% in the caudate nucleus. Six of eight patients who
converted had abnormal decreased striatal [’ IJFP-CIT uptake at baseline.
Another study by the same research team prospectively investigated the pro-
gression of striatal dopamine depletion in 20 iRBD patients and 20 controls
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with serial DAT imaging over a 3-year period (Iranzo et al., 2011). They
found greater striatal dopamine decline in iRBD patients in the bilateral puta-
men and left caudate nucleus. At the 3-year follow-up, three patients were
diagnosed with PD. These patients had the lowest [ *’I|JFP-CIT uptake
at baseline. Two recent studies confirmed these results. The first followed
87 iRBD patients for a mean of 5.7 years (Iranzo, Santamaria, et al., 2017).
During follow-up, 25 (29%) patients had developed a synucleinopathy.
Patients with abnormal DAT-SPECT at baseline were at higher risk of
synucleinopathy than patients with normal DAT-SPECT (20% versus
6% converted at 3 years, 33% versus 18% at 5 years). Moreover, a reduction
of ['*I|JFP-CIT uptake at baseline in the putamen greater than 25%
predicted conversion to a synucleinopathy within 3 years of follow-up.
A similar study followed 34 iRBD patients who underwent DAT-SPECT
(*™Tc]TRODAT-1) at baseline over a period of 5 years (Li, Kang, et al.,
2017). During follow-up, 18 (53%) patients had developed a synucleino-
pathy. Patients with decreased [ Tc]TRODAT-1 binding in the left
putamen had a higher risk of developing a synucleinopathy. These findings
suggest that presynaptic striatal dopamine binding in the putamen is a
potential biomarker of neurodegeneration in iRBD patients. However,
available data in the literature on presynaptic radionuclide neuroimaging
in iIRBD patients are largely heterogeneous, particularly with respect
to neuroimaging methodology (Bauckneht et al., 2018). Therefore, in
the future, researchers will need to engage in large, multicentric studies
to harmonize acquisition and reconstruction protocols as well as semi-
quantification procedures of presynaptic dopaminergic radionuclide imag-
ing in iRBD so that these promising results can be translated into clinical
practice.

2.2 Serotoninergic and Noradrenergic Imaging

Serotoninergic (raphe nuclei) and noradrenergic (locus coeruleus) systems
are altered in synucleinopathies (Borghammer, 2018; Braak et al., 2003;
Halliday, Holton, Revesz, & Dickson, 2011; Jellinger, 2017). To date,
few studies have investigated other monoaminergic neurotransmitters
(serotoninergic and noradrenergic) in iIRBD patients (Arnaldi, Fama,
et al., 2015; Knudsen et al., 2018; Stokholm et al., 2018). In one study,
researchers performed ['*’IJFP-CIT SPECT imaging of the serotonin
transporter in the brainstem and thalamus in 20 iRBD patients and 23 con-
trols (Arnaldi, Fama, et al., 2015). No between-group difference was
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found in ligand uptake at brainstem and thalamus level, suggesting that the
serotonergic system is not impaired in iRBD patients. ['**IJFP-CIT is a
non-selective ligand, which mostly binds dopamine transporter at basal
ganglia level and serotonin transporter at brainstem and thalamus level.
Indeed, ['*’IJFP-CIT SPECT has been proposed as a reliable marker for
the integrity of the brainstem serotonergic raphe nuclei, but only in a sub-
group of PD patients (Qamhawi et al., 2015). In this study, raphe serotonin
transporter availability was not associated with probable RBD in early PD.
Furthermore, no difference in serotonin transporter binding at brainstem and
striatal level, as evaluated by means of [''C]3-amino-4-(2-dimethylamino-
methyl-phenylsulfaryl)-benzonitrile PET, was found between PD patients
with probable RBD and PD patients without RBD symptoms (Kotagal
et al., 2012), thus confirming that the serotonergic system is not associated
with RBD.

In another study, researchers used [''C]methylreboxetine (MeNER)
PET imaging to assess noradrenaline nerve terminals from the locus
coeruleus to the thalamus and red nucleus in 17 iRBD patients and 11 con-
trols (Knudsen et al., 2018). They found trends toward lower ['' C]MeNER
binding in patients in these two regions. In one recent study, researchers
used ['"FJDOPA and [''C]PK11195 PET imaging to investigate
extrastriatal monoaminergic function and microglial activation in 21 iRBD
patients and 29 controls (Stokholm et al., 2018). They found monoamin-
ergic dysfunction in the thalamus in patients (mean reduction of 15% in
["®FIDOPA K, values), but without change in [''C]PK11195 binding in
this region. The authors suggest that the thalamic monoaminergic dysfunc-
tion in iRBD patients could be related to impaired locus coeruleus or
dorsal raphe projections to the thalamus.

2.3 Perfusion and Metabolism Imaging

In cross-sectional studies, researchers used [ Tc]ECD (ethylene cysteinate
dimer) and ['*I]IMP (iodoamphetamine) SPECT imaging to investigate
regional cerebral blood flow in polysomnography-confirmed iRBD patients
compared to controls, and found several abnormalities (Hanyu et al., 2011;
Mazza et al., 2006; Shirakawa et al., 2002; Vendette et al., 2011, 2012). One
of these studies involved using ['*’IJIMP SPECT imaging in 20 iRBD
patients and 7 controls (Shirakawa et al., 2002). This technique showed
reduced regional cerebral blood flow in frontal lobes (upper portion) and
pons in patients. In a second study, researchers used [*”™T¢]ECD SPECT
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imaging in eight iIRBD patients and nine controls (Mazza et al., 2006). They
reported decreased perfusion in patients’ bilateral frontal and temporo-
parietal regions, and increased perfusion in the pons, bilateral putamen,
and right hippocampus. The same research team confirmed these results in
another sample, comprised of 20 iRBD patients and 20 controls (Vendette
etal., 2011). Moreover, in patients, they found associations between reduced
perfusion in the frontal and occipital regions and poorer performance on the
color discrimination test, as well as between reduced perfusion in the anterior
parahippocampal gyrus and loss of olfactory discrimination. They then com-
pared subgroups of the last mentioned sample (Vendette et al., 2011), specif-
ically 10 iRBD patients with mild cognitive impairment, 10 iRBD patients
without mild cognitive impairment, and 20 controls (Vendette et al.,
2012). Among these participants, they found reduced perfusion in occipital
and temporal regions, and increased perfusion in the hippocampus, putamen,
and paracentral gyrus in patients with mild cognitive impairment compared to
patients without mild cognitive impairment and controls. Both subgroups of
patients (with and without mild cognitive impairment) had reduced perfusion
in the frontal lobes and increased perfusion in the hippocampus and para-
hippocampal regions compared to controls. These findings suggest that the
brain perfusion abnormalities in iRBD patients are more extensive in those
with cognitive impairment. In another study, researchers performed ['*I]
IMP SPECT imaging in 24 iRBD patients and 18 controls (Hanyu et al.,
2011), and found reduced regional cerebral blood flow in the parieto-occipital
lobes (bilateral precuneus), right limbic lobe (uncus), and bilateral cerebellum
of patients. They found no correlation between regional cerebral blood flow
changes and polysomnographic variables or RBD duration.

Researchers also  performed metabolic imaging with  ['®F]
fluorodeoxyglucose (FDG) PET in 21 iRBD patients and 21 controls
(Ge et al., 2015). They found increased tracer uptake in the hippocampus
and parahippocampal gyrus, cingulate, supplementary motor area, and pons,
but reduced tracer uptake in the occipital cortex and lingual gyrus in patients.
Chin electromyographic activity during rapid eye movement sleep correlated
positively with metabolic activity in the hippocampus/parahippocampal
gyrus, but negatively with activity in the posterior cingulate. RBD duration
correlated positively with the metabolic activity in the anterior vermis, but
negatively with activity in the medial frontal gyrus.

Other studies in PD have used spatial covariance analysis to identify
abnormal metabolic brain networks that could accurately classify patients
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on an individual basis (Eidelberg, 2009; Huang et al., 2007; Ma, Tang,
Spetsieris, Dhawan, & Eidelberg, 2007; Tang, Poston, Dhawan, &
Eidelberg, 2010). Researchers used ['"FJFDG PET to identify the
PD-related covariance pattern, a highly reproducible abnormal metabolic
pattern in PD (Ma et al., 2007). The topographical characteristics of this pat-
tern were found to include increased metabolic activity in the pons, cerebel-
lum, pallido-thalamic regions, and primary motor cortex, and reductions in
the lateral premotor and parietal association regions (Eidelberg, 2009; Huang
et al., 2007; Ma et al., 2007; Tang et al., 2010). In one study, researchers
reported elevated PD-related covariance pattern expression in two iIRBD
cohorts, 1 of 10 patients (and 10 controls) who underwent ["*FJFDG
PET, and 1 of 17 patients (and 17 controls) who underwent [**™T¢|ECD
SPECT (Holtbernd et al., 2014). Another research team confirmed these
results and performed ['*F]JFDG PET in a cohort of 21 iRBD patients and
21 controls to identify an iIRBD-related covariance network (Wu et al.,
2014). This network was characterized by increased metabolic activity in
the pons, cerebellum, thalamus, hippocampus, medial frontal and sensorimo-
tor areas, supramarginal, and inferior temporal gyrus, with reduced metabolic
activity in the occipital and superior temporal regions. iIRBD-related covari-
ance network expression was high in early-stage PD patients with unilateral
parkinsonism, but lower in more advanced PD patients (Wu et al., 2014).
Another research team performed ['*FJFDG PET in an independent cohort
of 21 iRBD patients and 19 controls, and identified a second iRBD-related
covariance network (Meles et al., 2018). This latter iIRBD-related covariance
network was characterized by relative increased metabolism in the brainstem,
cerebellum, thalamus, hippocampus, and sensorimotor cortex, with relative
decreased metabolism in the occipito-parietal, temporal, and cingulate
cortex. Therefore, the two iIRBD-related covariance networks showed rel-
atively similar patterns, and both largely overlapped the PD-related covari-
ance pattern. However, the correlation between the two iRBD-related
covariance networks and the PD-related covariance pattern scores on the
one hand, and the clinical features on the other, showed some discrepancies.
For instance, the first iRBD-related covariance network (Wu et al.,
2014) was more associated with the severity of parkinsonism, the second
iRBD-related covariance network (Meles et al., 2018) rather with the level
of cognitive function. These findings suggest heterogeneous clinical presen-
tation and progression in iRBD patients, which leads to a slightly different
metabolic pattern, depending on the patient’s clinical characteristics.
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To date, three longitudinal studies have investigated changes in perfusion
and metabolism in iRBD patients (Dang-Vu et al., 2012; Holtbernd et al.,
2014; Sakurai et al., 2014). The first study followed 20 iRBD patients who
underwent [ Tc]ECD SPECT for a mean of 3 years (Dang-Vu et al.,
2012). During follow-up, 10 patients had developed a synucleinopathy
(PD in 5, dementia with Lewy bodies in 5). Researchers found increased
perfusion in the hippocampus of patients who developed a synucleinopathy
compared to patients who remained disease-free. In the former, hippocam-
pal relative hyperperfusion was associated with other markers of neu-
rodegeneration in iRBD, such as motor symptoms and impaired color
discrimination. In a second study, the authors conducted ['*’I]IMP SPECT
at baseline and again after a 2-year follow-up in 9 iRBD patients and 18 con-
trols (Sakurai et al., 2014). Despite a null rate of conversion at follow-up, they
found decreased perfusion in the medial portions of the parieto-occipital and
parieto-temporal regions. In a third study, the authors performed long-term
follow-up (mean of 4.6 years) in 17 iRBD patients who underwent [*”™Tc¢]
ECD SPECT (Holtbernd et al.,, 2014). Eight patients developed a
synucleinopathy (PD in five, dementia with Lewy bodies in three).
A model with age and elevated PD-related covariance pattern expression
at time of imaging was a good predictor of phenoconversion in this cohort.

3. FUNCTIONAL MAGNETIC RESONANCE IMAGING

Resting-state functional magnetic resonance imaging dysfunction
within the basal ganglia network is a feature of early PD, as distinct from other
degenerative disorders, including Alzheimer’s disease (Rolinski et al., 2015;
Szewczyk-Krolikowski et al., 2014). In two studies, researchers performed
resting-state functional magnetic resonance imaging in polysomnography-
confirmed iIRBD patients (Ellmore et al., 2013; Rolinski et al., 2016). In
the first study, researchers compared correlations of left and right substantia
nigra time series using resting-state blood oxygen level-dependent functional
magnetic resonance imaging between 10 controls, 10 iRBD, and 11 PD
patients (Ellmore et al., 2013). They found correlations between the left sub-
stantia nigra and left putamen, which were higher for the control group and
lower for the RBD group. Correlations were lower for the PD group versus
iRBD and control groups. In the second study, researchers studied 23 controls,
26 iIRBD, and 48 early PD patients with resting-state functional magnetic
resonance imaging; among these participants, 10 controls, 8 iRBD and
10 PD patients also received ['*IJioflupane SPECT (Rolinski et al., 2016).
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They isolated resting-state networks from task-free functional magnetic res-
onance imaging data using independent component analysis, and showed
widespread aberrant connectivity with the basal ganglia in iIRBD patients
before the onset of motor disease, which mirrors findings in the PD group.
A perturbed basal ganglia connectivity network difterentiated both iRBD
and PD patients from controls with high sensitivity (96%) and specificity
(74-78%) and with an area under the curve of 0.92 and 0.90, respectively.
The level of dopaminergic striatal loss in iIRBD patients was intermediate
between that in PD patients and controls.

4., STRUCTURAL MAGNETIC RESONANCE IMAGING
4.1 Gray Matter

Researchers have used different techniques to measure gray matter alter-
ations in iRBD patients, including voxel-based morphometry, surface-based
cortical thickness, subcortical volumetric, and vertex-based shape analysis.

In several studies, researchers have investigated gray matter volume using
voxel-based morphometry in iRBD patients compared to controls, with
inconsistent results. Some of these studies reported reduced gray matter vol-
ume in patients’ frontal lobes, anterior cingulate gyri, cerebellum, pontine
tegmentum, parahippocampal gyrus, and caudate nucleus (Hanyu et al.,
2012; Rahayel et al., 2015; Rahayel, Postuma, Montplaisir, Bedetti, et al.,
2018). In two others, researchers found no differences (Lee et al., 2014;
Rolinski et al., 2016), whereas another research team reported increased gray
matter density in the bilateral hippocampus in patients (Scherfler et al., 2011).
In another study, researchers found that lower gray matter volume in the
frontal lobes was associated with longer RBD duration and lower age of
RBD symptoms onset (Rahayel, Postuma, Montplaisir, Bedetti, et al.,
2018). Recently, researchers assessed cortical volume using a surface-based
approach, which revealed cortical volume reductions in the left precentral
and postcentral cortex only in iRBD patients with mild cognitive impairment
(Rahayel, Postuma, Montplaisir, Génier Marchand, et al., 2018). In iRBD
patients, lower performance in visuospatial abilities was associated with
reduced cortical volume in the right lateral occipital cortex.

To date, three studies conducted by the same research team have inves-
tigated cortical thickness in iRBD patients compared to controls (Rahayel
et al,, 2015; Rahayel, Postuma, Montplaisir, Bedetti, et al., 2018;
Rahayel, Postuma, Montplaisir, Génier Marchand, et al., 2018). In the first
study, performed on 24 patients and 42 controls, these researchers found



196 Pierre-Alexandre Bourgouin et al.

decreased cortical thickness in the frontal cortex, lingual gyrus, and fusiform
gyrus (Rahayel et al., 2015). In a second study, performed in a larger sample
of iIRBD patients that included those studied previously (41 patients and
41 controls), they found thinning in the bilateral medial superior frontal,
orbitofrontal and anterior cingulate cortices, and in the right dorsolateral pri-
mary motor cortexin patients (Rahayel, Postuma, Montplaisir, Bedetti,
et al., 2018). In this study, they also found that reduced motor speed (finger
tapping task) was associated with cortical thinning in the paracentral, post-
central, and superior parietal lobule cortices. In the third study, researchers
divided patients into three groups according to their clinical status: iRBD
patients with mild cognitive impairment, iRBD patients without mild cog-
nitive impairment, and controls (Rahayel, Postuma, Montplaisir, Génier
Marchand, et al., 2018). Results revealed that patients with mild cognitive
impairment had cortical thinning in the frontal, cingulate, temporal, and
occipital cortices compared to the two other groups. Patients without mild
cognitive impairment had cortical thinning restricted to the frontal cortex.
Thinning in the left anterior temporal cortex (optimal cutoff of 2.66 mm)
best discriminated between patients with mild cognitive impairment and
controls, with 76.5% sensitivity and 95.1% specificity (area under the curve
of 0.91). In patients, lower performance in cognitive domains (i.e., attention
and executive functions, learning and memory, and visuospatial abilities) was
associated with cortical thinning in regions underlying these cognitive
functions.

Four studies have investigated subcortical gray matter alterations more
specifically (Ellmore et al.,, 2010; Lee et al,, 2014; Rahayel, Postuma,
Montplaisir, Bedetti, et al., 2018; Rahayel, Postuma, Montplaisir, Génier
Marchand, etal., 2018). Using structure-based volumetric analysis of the stri-
atum, researchers in one study found a lower volume of the bilateral putamen
in five iIRBD patients compared to seven controls (Ellmore et al., 2010).
Another research team also performed volumetric analysis of several subcor-
tical structures, in 15 iRBD patients and 20 controls, and found no difterence
(Lee et al., 2014). More recently, researchers performed vertex-based shape
and structure-based volumetric analysis in a larger group of 41 iRBD patients
and 41 controls (Rahayel, Postuma, Montplaisir, Bedetti, et al., 2018). In
patients, they found extensive surface contraction in the external and internal
segments of the left pallidum (with trends for surface contraction in both
putamina) and a lower global volume in the right putamen. Shape contrac-
tion in the bilateral pallidum and right putamen was associated with
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reduced motor speed (finger tapping task). The last study examined shape
abnormalities related to the presence of mild cognitive impairment in
iRBD patients (Rahayel, Postuma, Montplaisir, Génier Marchand, et al.,
2018). Researchers found contraction in patients with mild cognitive
impairment, compared to patients without mild cognitive impairment (left
putamen and thalamus) and controls (bilateral putamen and thalamus and
left pallidum). Patients without mild cognitive impairment were similar
to controls on subcortical shape measures. Lower performance in visuospa-
tial abilities and verbal learning and memory in patients were associated
with abnormal surface expansion in the right hippocampus.

Taken together, these results highlight the presence of cortical and sub-
cortical gray matter abnormalities in iRBD patients, particularly in patients
with cognitive impairment.

4.2 White Matter

To date, five studies have investigated white matter alterations with diffusion
tensor imaging in iRBD patients compared to controls and reached incon-
sistent results (Mangia et al., 2017; Pyatigorskaya et al., 2017; Rahayel et al.,
2015; Scherfler et al., 2011; Unger et al., 2010). In the first study, researchers
looked at fractional anisotropy, axial diffusivity, and radial diffusivity using
tract-based spatial statistics in 12 iRBD patients and 10 controls (Unger et al.,
2010). They found several alterations in iRBD patients in the brainstem,
right substantia nigra, left temporal lobe, fornix, olfactory region, internal
capsule, corona radiata, and right visual stream. A second study looked at
fractional anisotropy and mean diffusivity in 26 iRBD patients and 14 con-
trols (Scherfler et al., 2011). Researchers reported between-group difter-
ences restricted to the brainstem: increased mean diffusivity and reduced
fractional anisotropy in the pontine tegmentum and midbrain in patients.
In another study, researchers used tract-based spatial statistics in 24 iIRBD
patients and 41 controls (Rahayel et al., 2015). They found no significant
differences in any diffusion tensor imaging metrics between patients and
controls. Other researchers performed diffusion tensor imaging (fractional
anisotropy and mean diffusivity) in subcortical regions in 8 iRBD patients
and 10 controls and found no between-group differences after adjustment
for age (Mangia et al., 2017). In the last study that investigated the substantia
nigra in 19 iRBD patients and 18 controls, the authors found decreased
fractional anisotropy in patients (Pyatigorskaya et al., 2017).
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4.3 Other Techniques

Other studies have used neuromelanin-sensitive, transverse relaxation rate
(R2%), rotating frame relaxation methods, proton magnetic resonance spec-
troscopy, and susceptibility-weighted imaging to detect brain alterations in
1RBD patients.

To date, three studies have been conducted using neuromelanin-
sensitive imaging in iRBD patients (Ehrminger et al., 2016; Knudsen
etal., 2018; Pyatigorskaya et al., 2017). In one study, researchers investigated
neuromelanin signal intensity in the locus coeruleus/subcoeruleus area in
21 iRBD patients and 21 controls (Ehrminger et al., 2016). Quantitative
analysis showed reduced signal intensities in patients in the left and right
coeruleus/subcoeruleus complexes. In the entire group of subjects (controls
and patients), signal intensity was correlated with both percentage of rapid
eye movement sleep without atonia and severity of RBD symptoms. Visual
analyses of the signal classified patients with 82.5% sensitivity and 81% spec-
ificity. The same research team performed neuromelanin-sensitive imaging
in the substantia nigra and found reduced volume and signal intensity in
patients (Pyatigorskaya et al., 2017). The combination of both measures
(neuromelanin volume and signal) correctly classified patients with 84% sen-
sitivity and 89% specificity (area under the curve of 0.88). In another study,
researchers confirmed the reduction in signal intensity previously reported
in the locus coeruleus (locus coeruleus:pons ratios) in iIRBD patients
(Knudsen et al., 2018). Moreover, the reduction was similar to that found
in PD patients.

In one study, researchers used transverse relaxation rate (R2*) to evaluate
iron concentration in subcortical structures, namely the putamen, pallidum,
caudate, thalamus, hippocampus, amygdala, brainstem, and substantia nigra
(Lee et al., 2014). They found no significant differences between patients
and controls (Lee et al., 2014). Similar results were obtained in the substantia
nigra by Pyatigorskaya et al. (2017).

In a study described above, the authors also used rotating frame relaxa-
tion mapping methods, namely adiabatic Tp and T,p and Relaxation Along
a Fictitious Field in the rotating frame of rank 4, to investigate subcortical
regions (Mangia et al., 2017). After adjusting for age, they identified trends
toward increased T'{p length in the amygdala and toward increased T,p and
Relaxation Along a Fictitious Field in the rotating frame of rank 4 lengths in
the midbrain in patients, as compared to controls, suggesting neuronal loss in
these regions.
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In two studies, researchers performed proton magnetic resonance spec-
troscopy to measure the concentration of metabolites, namely N-acetylaspartate,
creatine, choline-containing compound, and myoinositol, in localized brain
areas, and obtained conflicting results (Iranzo et al., 2002; Zhang et al., 2016).
In the first study, the authors found no significant differences in metabolic peaks
and ratios in the pontine tegmentum and midbrain in 15 patients compared
to 15 controls (Iranzo et al., 2002). In the second study, involving 18 iRBD
patients and 29 controls, researchers investigated metabolite ratios in the pontine
tegmentum (Zhang et al., 2016) and reported a reduction of Cho/Cr and
NAA/Cho ratios in patients compared to controls.

To date, three research teams have reported on their studies using
susceptibility-weighted imaging of the midbrain to visualize substantia nigra
hyperintensity in controls, iIRBD, and PD patients (Bae et al., 2017;
De Marzi et al., 2016; Frosini et al., 2017). All found a loss of dorsolateral
nigral hyperintensity in a significant proportion of patients (60—80% in
iRBD patients; 79-100% in PD patients) compared to controls (0—19%).
Moreover, dorsolateral nigral hyperintensity loss was associated with
hyposmia (De Marzi et al., 2016) and reduced dopamine reuptake in
the striatum (Bae et al., 2017; Frosini et al., 2017).

5. TRANSCRANIAL SONOGRAPHY

Researchers have conducted cross-sectional studies using transcranial
sonography to estimate echogenicity of the substantia nigra in iRBD patients
compared to controls (Iranzo et al., 2010; Iwanami, Miyamoto, Miyamoto,
Hirata, & Takada, 2010; Li, Xue, et al., 2017; Shin, Joo, Kim, Dhong, &
Cho, 2013; Stockner et al., 2009; Vilas et al., 2015). Several authors reported
substantia nigra hyperechogenicity in patients compared to controls (Iranzo
et al., 2010; Iwanami et al., 2010; Shin et al., 2013; Stockner et al., 2009;
Vilas et al., 2015), which was lower or of similar amplitude than in PD
patients (Iwanami et al., 2010; Shin et al., 2013). The proportion of patients
with pathological substantia nigra hyperechogenicity was higher in iRBD
patients (32—63%) than in controls (5—29%) (Iranzo et al., 2010; Iwanami
et al.,, 2010; Li, Xue, et al.,, 2017; Rupprecht et al., 2013; Shin et al.,
2013; Stockner et al., 2009; Vilas et al., 2015).

One study assessed presynaptic dopaminergic function with 6-['°F]
fluoro-meta-tyrosine PET in 19 iRBD patients, including 9 patients with
abnormal substantia nigra hyperechogenicity (Miyamoto etal., 2012). These
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researchers found lower fluoro-mefa-tyrosine uptake in the caudate and
putamen in patients with abnormal substantia nigra hyperechogenicity com-
pared to patients with normal values. However, in another study researchers
reported no difference in ['*’IJFP-CIT SPECT uptake in striatal regions
between patients with increased (n=14) and normal (n=25) substantia
nigra echogenicity (Iranzo et al., 2010). Moreover, another study reported
higher prevalence of motor impairment in iIRBD patients with substantia
nigra hyperechogenicity (Rupprecht et al., 2013), but most studies have
failed to find associations between substantia nigra hyperechogenicity and
other clinical symptoms.

Researchers also found hyperechogenicity in the basal ganglia in 50%
(11 out of 22) of iRBD patients compared to 10% (2 out of 21) of controls
(L1, Xue, et al., 2017). In another study, researchers reported on their inves-
tigation of echogenicity in the brainstem raphe nuclei in relation with depres-
sion in 72 iRBD patients (Vilas et al., 2015). Thirty-two patients (44%) were
diagnosed with depression. Brainstem raphe hypoechogenicity was more
frequent in patients with depression than those without (32% versus 11%).

One research team conducted two longitudinal studies to examine the
predictive value of abnormal substantia nigra hyperechogenicity for
synucleinopathy in iRBD patients (Iranzo et al., 2010; Iranzo, Stockner,
et al., 2014). In the first study, 43 patients and 18 controls were followed
tor 2.5 years (Iranzo etal., 2010). At follow-up, eight patients had developed
a synucleinopathy (PD in five, dementia with Lewy bodies in two, and mul-
tiple system atrophy in one) and five had substantia nigra hyperechogenicity
at baseline. In a subsequent study, they followed 55 iRBD for 5 years
(Iranzo, Stockner, et al., 2014). At follow-up, 21 patients had developed
a neurodegenerative disease (PD in 11, dementia with Lewy bodies in 9,
and multiple system atrophy in 1). No differences in measures of substantia
nigra echogenicity were reported between the baseline and follow-up
examination, nor between patients who converted compared to those
who remained disease-free, suggesting that substantia nigra echogenicity
is not a sensitive progression biomarker in iIRBD.

6. CARDIAC "23I-METAIODOBENZYLGUANIDINE
SCINTIGRAPHY

Four cross-sectional studies have been conducted to investigate
cardiac ['*IJmetaiodobenzylguanidine (‘*’I-MIBG) scintigraphy in iRBD
patients compared to controls to assess cardiac sympathetic nerve endings



Neuroimaging in RBD 201

(Kashihara, Imamura, & Shinya, 2010; Knudsen et al., 2018; Miyamoto
et al., 2006, 2008). These studies consistently revealed a reduced heart/
mediastinum (H/M) ratio or ['*’IJmetaiodobenzylguanidine washout rate
in patients compared to controls. The proportion of patients with abnormal
values varied from 82% to 100% (Knudsen et al., 2018; Miyamoto et al.,
2006, 2008). Moreover, the results were similar to those of PD and dementia
with Lewy bodies patients (Kashihara et al., 2010; Knudsen et al., 2018;
Miyamoto et al., 2006, 2008). A single longitudinal study has been conducted
using ['*Imetaiodobenzylguanidine scintigraphy in iRBD patients. In
another study, researchers followed 15 iRBD patients for a mean of 2.5 years,
and found no significant differences between ['*I|metaiodobenzylguanidine
scintigraphy measures at baseline and follow-up (Miyamoto, Miyamoto,
[wanami, & Hirata, 2011). Taken together, these results suggest that cardiac
sympathetic denervation is abnormal early in the course of the disease, but is
likely not a sensitive progression biomarker in iRBD.

7. GUT IMAGING

Researchers hypothesize that alpha-synuclein aggregates form in
nerve terminals of the gastrointestinal lining many years before the appari-
tion of PD motor symptoms (Borghammer, 2018; Braak et al., 2003;
Stokholm, Danielsen, Hamilton-Dutoit, & Borghammer, 2016). In one
study, researchers used [''C]donepezil PET and computed tomography
to assess cholinergic parasympathetic innervation of the gut in 20 iRBD
patients and 16 controls (Knudsen et al., 2018). They reported decreased
[''C]donepezil uptake in the small intestine and colon in patients compared
to controls. They observed a similar reduction in 18 PD patients. Interestingly,
as mentioned previously in this chapter, these researchers also performed mul-
timodal imaging of the cardiac sympathetic innervation, locus coeruleus
(pigmented neurons and thalamic noradrenergic nerve terminals), and
nigrostriatal (dopamine storage capacity) functions. They calculated pathology
indices across the five imaging modalities according to controls (set at 0%)
and PD (set at 100%) average values. Globally, among iRBD patients,
they found severe neural alterations (between 100% and 150%) in the periph-
eral autonomic system (gut and cardiac innervation) and locus coeruleus
(neuromelanin-sensitive), followed by noradrenergic thalamic denervation
(73%), and putaminal dopaminergic storage capacity (21%). Their findings
support the caudorostral staging system of neuropathology in PD and demen-
tia with Lewy bodies (Adler & Beach, 2016; Braak et al., 2003).
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8. SLEEP IMAGING

The polysomnographic characteristics of RBD are the loss of normal
rapid eye movement sleep muscle atonia and the presence of abnormal and
undesirable motor activity during this sleep stage. In two studies, researchers
performed ictal ["”™Tc]ECD SPECT during episodes of RBD in a total of
five RBD cases 1RBD in one, PD associated with RBD in one, narcolepsy
associated with RBD in two, and multiple system atrophy associated with
RBD in one) (Dauvilliers et al., 2011; Mayer, Bitterlich, Kuwert, Ritt, &
Stefan, 2015). A common finding showed activation of the cortical
premotor supplementary area during dream-enactment episodes compared
to wakefulness. Interestingly, structures in the basal ganglia were not acti-
vated during RBD episodes in either study. This result confirms the hypo-
thesis that movements during RBD episodes are generated by the motor
cortex and follow the pyramidal tract, bypassing the extrapyramidal system
(De Cock etal., 2007). Indeed, in PD patients, researchers have observed that
RBD episodes during rapid eye movement sleep are characterized by jerky
but fast and coordinated movements, which contrast with the bradykinesia
due to parkinsonism typically observed during the waking state.

9. METHODOLOGICAL CONSIDERATIONS

It is important to highlight several methodological concerns regard-
ing the studies described above. First, most were performed on relatively
small cohorts of iIRBD patients, which may limit the statistical power to
detect alterations or relationships with other markers of neurodegeneration
in this population. Future studies should therefore consider a multicentric
approach to generate larger samples (Bauckneht et al., 2018). However, such
studies present technical challenges, due to differences in neuroimaging
modality acquisition and clinical assessment of patients. Discrepancies
between neuroimaging studies also stem from both statistical and method-
ological considerations. Indeed, the parameters used during neuroimaging
processing are highly inconsistent between studies, which may limit repro-
ducibility of results. Second, RBD has a heterogeneous clinical presentation
and progression, which could also account for some of the discrepancies
reported in the literature. This clinical heterogeneity is also evident in most
of the studies described above that use PD as a comparison group. Indeed,
these studies compared iIRBD patients to PD patients as a whole group
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(for example, without separating PD patients on the basis of the presence or
absence of mild cognitive impairment or RBD). Yet, researchers have now
documented that PD patients with RBD have a more severe clinical presen-
tation and progression (including cognitive decline, autonomic dysfunction,
motor symptoms, and extensive brain alterations) (Fereshtehnejad &
Postuma, 2017; Jozwiak et al.,, 2017; Pagano et al, 2018; Zhu,
Xie, Hu, & Wang, 2017). The lack of comparison to this particular subtype
of PD is important, as PD patients with concomitant RBD will be the
clinical phenotype exhibited by RBD patients converting to PD. Third,
in several of the studies, researchers used a single neuroimaging technique
to investigate peripheral and central brain alterations in iRBD patients;
future multimodal approaches, combining several techniques in a single
study, may reveal how structural and functional abnormalities associate with
each other. In addition, several of the studies discussed above were designed
as cross-sectional; despite being of interest for understanding the neuro-
pathological mechanisms of iIRBD and identifying potential biomarkers,
the intrinsic nature of RBD, as a neurodegenerative disease, demands that
researchers follow patients longitudinally in order to better assess the predic-
tive value of the different neuroimaging modalities (Heller et al., 2017).
However, we recognize the importance of cross-sectional findings, espe-
cially in future meta-analyses. With this in mind, it is also important to recall
that several of the neuroimaging studies published to date were conducted on
the same iIRBD cohorts; consequently, replication in independent cohorts is
crucial to ensure that abnormal findings can indeed be attributed to RBD
pathology rather than to peculiarities of the samples.

10. CONCLUSION

Neuroimaging modalities reveal numerous structural and functional
brain alterations in iIRBD patients that mirror and precede those found in
synucleinopathies (Table 1). These findings confirm iRBD as a prodromal
stage and the presence of ongoing peripheral and central neuronal dysfunc-
tion in these patients. Moreover, iRBD patients who present cognitive
impairment appear to be at a more advanced stage of neurodegeneration,
as revealed by reports of more extensive cortical and subcortical neuroim-
aging alterations in these patients. To date, dopaminergic function in the
striatum as measured using SPECT seems to be the most promising bio-
marker for predicting the development of PD in iRBD. However, future
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Table 1 Main Finding for Each Neuroimaging Technique
Technique Main Finding

Molecular radiotracer imaging

Dopaminergic Presynaptic striatal dopamine binding in the putamen is
a potential biomarker of neurodegeneration

Serotoninergic and Inconsistent results depending on the radiotracers used
noradrenergic

Perfusion and Pattern of cortical and subcortical increased and
metabolism decreased perfusion/metabolism similar to that

reported in Parkinson’s disease

Functional magnetic Perturbed basal ganglia connectivity network
resonance imaging

Structural magnetic resonance imaging

Gray matter Reduced thinning, volume, and shape in cortical and
subcortical regions related to motor and cognitive
functions

White matter Inconsistent results

Other techniques Reduced signal in the substantia nigra and locus

(neuromelanin) coeruleus

Transcranial sonography  Hyperechogenicity in the substantia nigra

Cardiac ['*°1]- Cardiac sympathetic denervation early in the course of
metaiodobenzylguanidine the disease

scintigraphy

Gut imaging Severe decreased [''C]-donepezil uptake in the small

intestine and colon

Sleep imaging Activation of the premotor supplementary area during
dream-enactment episodes

studies will have to determine whether this modality allows us to predict
which synucleinopathy an iRBD subject is most likely to develop (i.e.,
PD versus dementia with Lewy bodies versus multiple system atrophy). Fur-
ther neuroimaging studies are therefore needed so that researchers can
develop and validate biomarkers that would facilitate more accurate identi-
fication of the phenotypic entities that iRBD subjects are likely to develop.
Several neuroimaging modalities (perfusion imaging, metabolic imaging,
functional and structural magnetic resonance imaging) have biomarker
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potential but still need validation from prospective and longitudinal studies.
In the future, combining complementary imaging approaches with clinical
measures in a multimodal approach would be an interesting avenue of
research to identify patients at high risk of synucleinopathy.
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