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Summary

The presence of polysomnography-confirmed REM shedtyavior disorder (RBD) is the stronger
risk factor for having prodromal Parkinson dise@B), followed by abnormal presynaptic
dopaminergic radionuclide neuroimaging. Aim of theiew is to conduct a meta-analysis of
literature data regarding presynaptic dopaminangiroimaging in RBD.

A literature search was conducted, resulting ipdgers that met the inclusion criteria. Clinicadlan
neuroimaging data were extracted. The studiesetsrdygeneous, especially for neuroimaging
methodology. Two mathematical transformations wesed to allow imaging data to be compared
among studies. Tracer uptake progressively dealdeas@ controls to idiopathic RBD and
eventually PD patients with RBD at putamen leveaCEr uptake at caudate level overlapped
between patients with idiopathic RBD and those Wwihwithout RBD. These results support the
hypothesis that idiopathic RBD patients are ongiéith to developing a synucleinopathy. The
receiver operation characteristic analysis founoldgim excellent discrimination capability between
all groups.

Presynaptic dopaminergic neuroimaging may be ddatyre in the stratification of subjects to be
included in neuroprotective trials. However, liter@ data are heterogeneous. Multicentric,
harmonized studies are needed to define the ussilof presynaptic dopaminergic neuroimaging

with the aim of testing neuroprotective trials fdiopathic RBD.



Introduction

REM sleep behavior disorder (RBD) is a parasomo@oing during REM sleep; it is
characterized by the loss of physiological mustbd@ia and is associated with dream-enacted
behaviors [1]. When the sleep disorder is isolamgthout any clinical sign of a neurological
disorder, it is named ‘idiopathic’ (iIRBD). Howevaevjth an adequately long follow-up, more than
80% of IRBD patients will develop a definite neuegénerative disease, mostly a synucleinopathy
[2, 3]. Indeed, the presence of polysomnographyteoad RBD is the stronger risk factor for
having prodromal Parkinson disease (PD) [4]. Actaydo the movement disorder society research
criteria for prodromal PD, the second most releveshtfactor is the presence of abnormal
presynaptic dopaminergic positron emission tomdagydPET) or single photon emission
tomography (SPECT) imaging [4]. Therefore, RBD dongaminergic presynaptic radionuclide
neuroimaging will likely be key features in theatification of subjects to be included in future
neuroprotective trials.

Our aim was to systematically review the availdiddzature data regarding presynaptic
dopaminergic radionuclide neuroimaging in RBD amditcuss its possible utility in the design of

neuroprotective trials.

Methods

Search strategy

A comprehensive electronic literature search ofRbbMed/MEDLINE, Embase and Scopus
databases was conducted to find relevant publiahtedies about the role of presynaptic
radionuclide imaging in RBD. We used a search dlgorthat was based on a combination of the
following medical subject headings (MeSH): a) “REMep behavior disorder” and b) “SPECT”,
“single photon emission tomography”, “PET” or “ptwen emission tomographyThe publication
dates of the articles retrieved ranged from 20020tb7; the search was updated until September

2017. Only articles in English were selected. Tpasd our search, the reference lists of the asticle



retrieved by the electronic searches were reviawatheck for other relevant reports not indexed in
the electronic database. Omtyextens@ublished, peer-reviewed papers (i.e., not petsona

communications) were considered eligible for inidas

Study selection

Studies investigating the role of presynaptic dojpangic imaging in RBD were eligible. Review
articles, editorials or letters, case reports, emarice proceedings and preclinical studies were
excluded from this review. Two researchers (DA BM) independently reviewed the titles and
abstracts of the retrieved articles, applying tidusion and exclusion criteria as above. The same
two researchers then independently reviewed theel version of the remaining articles to

determine their eligibility for inclusion. Disagments were resolved in a consensus meeting.

Data extraction

Two authors (DA and MB) independently extractecadewm each included study. Data extraction
forms were used, and any discrepancies were rasblvenutual agreement. The raw form of the
standardized binding ratio (SBR) SPECT/PET datace#lected. Studies not reporting SBR
SPECT/PET values of the patients were excluded franstudy.

The following data were extracted: author(s); y&gsublication; inclusion criteria; number of
subjects; age; gender; diagnosis (i.e., IRBD anéy); disease duration (years); Hoehn and Yahr
stage; Unified Parkinson disease rating scale, nsaction (UPDRS-III) scores; L-dopa equivalent
doses; percentages of REM sleep without atonia (RWatients overlapping between studies;
SPECT or PET device used; tracer administereds pathe striatum evaluated; PET/SPECT
SBRs; scan details; reconstruction algorithm; vawhinterest (VOI) definition method; reference
region used for normalization; formula used formalization; VOI dimension; healthy control

selection criteria; and cut-off used to define pédgical findings.



Statistical analysis

A first, descriptive analysis was performed to stigate whether the study cohorts were clinically
comparable between studies. Age, gender and inclgsiclusion criteria were used for this
purpose. Univariate analysis of variance (ANOVAJ ahi-square tests were used to compare age
and gender, respectively, between studies.

The second analysis was aimed at evaluating doagicPET/SPECT data between studies.
Since we lacked individual measures, the cohouslshbe both statistically and clinically
equivalent among all studies. Under this assumpti@might relate each cohort SBR measure in
different studies as a particular sampling of geéapopulation and regard any major discrepancy as
due to the different acquisition techniques (PEHEEST), tracers used and quantification methods.
However, this assumption was not true, particultotyage, in two studies [5, 6]. Thus, the cohorts
were not equivalent among all studies. However,agaphic data were not different between
groups within all studies. That is, there were igmificant differences in demographic data between
the study groups (iRBD, PD or PDRBD) and the hgatthntrols used in each study. Thus, it is
reasonable to compare imaging data from differemtiss with reference to healthy controls of the
same study. Keeping this limitation in mind, weq@eded with the evaluation of dopaminergic
PET/SPECT data.

Given the large heterogeneity in the reported neaswe considered only the SBR average values
of the two putamen and the two caudate nuclei, ctimg the standard deviation accordingly.
Studies lacking the standard deviation were asdigrfeducially value of x/sqgrt(n), where x is the
bilateral average of SBRs and n is the sample Siaksone et al.’s study [7] was not included i thi
analysis because SPECT data of the whole striatera veported instead of reporting the putamen
and caudate nuclei data separately.

Considering that the studies differed significamtiysample size, number of groups, tracers,

modalities and quantification analyses, they wetecomparable between each other. Therefore,



we attempted to compare them using two approachksive aim of providing an estimate of what
a true multicentric study could deliver, shouldtpamls and analyses be shared.

In the first approach, we normalized each studpéoSBR value of the respective control group
(SBR_patient/SBR_control). Here, we looked at #lative decrease in uptake (%) with respect to
each study’s own reference group. This analysisajpabntrol group values equal to 100% by
construction. This approach made the SBRs in patismmparable among studies, but it
compressed the controls’ natural variability intsirrgle value.

The second approach instead tried to preserveiffieeetices among studies and groups by mapping
each study onto an equivalent SBR, which servescasnmon reference. This latter approach is
based on the assumption that there is a relatiprashong SBRs reported in all studies; that is,
SBRs should be monotonic regardless of the acgunsmethod and analysis technique. The
monotonicity in this context can be exemplified@®ws: suppose, for instance, that there are two
subjects, A and B, who both underwent two differmmalyses (i.e1?3-FP-CIT-SPECT andfF-
DOPA-PET scans). Then, if SBRA-FP-CIT-SPECT_A > SBR#3-FP-CIT-SPECT_B, it implies
that SBRASF-DOPA-PET_A > SBR¥F-DOPA-PET_B.

In addition, semiquantification analysis involvés ratio between an uptake VOI and a reference
VOI. Even though the exact relationship betweerhot and techniques is unknown, it is
reasonable to assume that this relationship saat linear (that is, the first approximation of a
monotonic function). At the least possible orderthwe need to derive a proportionality constant
among studies.

This approach is based on the assumption that #ie source of discrepancy among the respective
groups in different studies is due to technicaéhmjeneity (acquisition technique, radiotracer, and
reconstruction and semiquantification protocol#eathan due to clinical ones (demographics and
pathology severity). In other words, it is assurtieat the respective groups in different studies are

“clinically equivalent”.



First, we noted that we could cluster studies basegroups’ value compatibility. That is, there are
studies for which results for the respective groagsgenerally within the confidence limits (+/- 3
standard deviations). This rule allowed us to partiall the studies into five clusters: a refer@nc
cluster consisting of six studies (hereafter naRetkrence) [8-13] and four others clusters (A, B,
C and D) containing one to two studies (Figure 1).

For each cluster and cohort, we computed the weitg8BR average. We then fitted the proportion
parameter k_[i,Ref] that mapped the SBRs averalyesaf the cluster i onto those of the reference
cluster SBRs, effectively leading to an equivaleBR whose range is approximately equal to that
of the reference cluster (SBR_i_equiv = k_[i,ReBBR_i). A graphical representation of the
proportionality constant is provided in Figure 2.

With this simple proportional approach, we couldonall studies onto the same (equivalent) SBR
range. The potential of this approach is thatesprves the variability of the control cohort and
allows receiver operator characteristic (ROC) csiteebe computed.

For this latter task, we observed that each pantes with a standard deviation (also linearly
mapped together with the average value). Thereteeesould estimate the general cohort
distribution as the weighted sum of the Gaussiatridutions from each study, the weights being
the study’s number of subjects in that cohort. Ctheeoverall cohort distribution is found, we can

easily apply the ROC analysis.

Results

The search strategy yielded 88 studies. Among tli®nstudies were selected according to the
preliminary inclusion and exclusion criteria. Thistadies were excluded due to the absence of PET
or SPECT data. Thus, 16 studies contributed toréview [5-20] (Figure 3), the earliest was
published in 2000, and the most recent, in 201 Tailzel characteristics of the included studies are
reported in Table 1 and Table 2. It has to be ggited that there is a significant cohort overlap

between studies of the same group, as seen in Tallnen the overlap was complete, we



analyzed only the largest studies (for instanceinekeided in the analysis only study number 16
and not study numbers 6 and 8). In other studiegas not possible to know the exact study
overlap; thus, including some duplicated data wwasitable. Indeed, we analyzed data from 191
subjects, but we estimated that the real numberlgto® approximately 180 subjects, with
approximately 11 subjects with duplicated data.r&vé is a small proportion, these duplicated

data may have biased our results. Only a true cauftric study would allow a correct estimation.

Statistical analysis

Age was significantly different between studiesq®9001 for healthy controls, iRBD and PD;
p<0.05 for PD patients with RBD (PDRBD)) in all diucohorts mostly because of Wing et al.’s

[5] and Zoetmulder et al.’s [6] studies. Indeedthiase studies, the mean age was significantly
lower compared with those in the other studiesadsrchined by post hoc comparisons (p<0.01).
The gender of controls was significantly differeetween studies (p=0.007). This is mostly
because in Arnaldi et al.’s [9] and Zoetmulderlés §6] studies, healthy controls were balanced
between males and females, while in the other e dnales were predominant. Indeed, excluding
those two studies, gender was not significantlfedent between the remaining studies.

Inclusion and exclusion criteria, as well as diegjiwocriteria, were homogeneous between studies.
The only meaningful difference was that considethmgstudies involving PD patients, in Arnaldi

et al. 2015a [8] and 2016 [10], only drug naivendeo PD patients were enrolled, while in the
other studies, PD patients were under dopaminémegtment and at different stages of the disease.
Figure 4 shows PET/SPECT data as they were repdktednd of decreased putaminal and
caudate uptake is seen in the four study groupsa/eder, the studies are not comparable among
each other due to methodological differences.

Figure 5 shows PET/SPECT data using the first aggtrehowing the relative decrease in uptake,

expressed as a percentage of each study’s owemnetegroup. A clear trend of decreased basal



ganglia uptake in the four groups is noticeabldhis approach. However, the natural variability
of the controls is compressed into a single value.

Figure 6 shows PET/SPECT data using the seconagropal approach, showing again a clear
trend of decreased putaminal uptake in the foudystmoups. Caudate uptake also progressively
decreased from healthy controls to iRBD patientsfaom PD to PDRBD patients but without
differences between iRBD and PD patients. Thisifigds also evident looking at the
caudate/putamen ratio representation (Figure @olmosquare).

Figure 7 shows the ROC curves, and Table 3 shosvarée under the curve (AUC) obtained from

the ROC analysis.

Discussion

Several studies have investigated presynaptic dogagic imaging in RBD, either idiopathic or
associated with PD. Brain radionuclide dopaminepgesynaptic imaging techniques allow in vivo
assessment of the nigro-striatal pathway integpiigying a crucial role in the clinical diagnosis o
PD [21]. Almost twenty years ago, the first studpaorted decreased dopaminergic innervation in
IRBD [14]. Since then, this finding has been repdht confirmed in several independent cohorts
and with different tracers. Indeed, the presenabobrmal presynaptic dopaminergic PET/SPECT
imaging and of RBD are now considered the two nmpbrtant risk factors for prodromal PD [4].
Substantia nigrampairment has been subsequently confirmed in iRBDents by structural
neuroimaging techniques [22-24]. Moreover, two ne&udies have shown that iRBD patients
with reduced nigro-striatal dopaminergic functioe at high risk for short-term conversion into a
synucleinopathy [20, 25]. Thus, RBD diagnosis aresypnaptic dopaminergic dysfunction are
likely to be two key markers able to identify patie eligible for neuroprotective trials. To thisnai
markers should be feasible for application acroghkipte centers and thus need to be harmonized.
The available literature data of presynaptic dopengic imaging in RBD are largely

heterogeneous. First, a limited number of subjeat® been investigated so far. Taking into



account all the studies included in the presenaraatlysis, there are data available for only 191
iIRBD subjects. However, considering that the stsidieerlap, the real number is even smaller.
Although the exact overlap between studies canaabinputed, a rough estimation suggests that
approximately 180 subjects have been investigdtedeover, in addition to basic
inclusion/exclusion criteria, the clinical charattéics of the subjects are largely unknown, assee
in Table 1. Furthermore, both age and gender @arbamogeneous among studies.

Both neuroimaging techniques and tracers are widiiable between studies, withi-FP-CIT-
SPECT being the most common. The normalization atstlused for data semiquantification are
heterogeneous. Five of 16 studies have adoptedaaiomatic quantification software [5, 6, 8-10].
The normalization reference region widely varietihgen studies, with the occipital cortex being
the most common. Moreover, the normalization foaeulsed were heterogeneous. Finally, the
VOI dimension was largely heterogeneous or notntedaat all.

In summary, the published works appeared bothaallyi and technically heterogeneous. Thus, the
harmonization needed for considering the use cfypraptic dopaminergic imaging in the design of
neuroprotective trials in iIRBD has not been achieyet. Effort in conducting large, multicentric
studies with shared clinical and technical paramagestrongly encouraged.

Keeping in mind the aforementioned limitations, ateempted to compare neuroimaging results
between studies with two different methods. Thigrapch would provide an estimate of what a
true multicentric study could deliver if protoc@sd analyses were shared. SBRs progressively
decreased from healthy controls to IRBD, PD andhiaadly PDRBD patients with both methods
used (Figures 5 and 6), especially at the putaeesl.I This result supports the hypothesis that
IRBD patients are on the path to developing a sigmugpathy.

Interestingly, SBR values at the caudate leveldigrgverlapped between iRBD and PD without
RBD patients. Indeed, caudate SBRs poorly diffeaged between iRBD and PD without RBD
patients at ROC analysis, while it efficiently eiféntiated iRBD from healthy controls (Figure 7

and Table 3). This finding is in line with the réswof a previous study [8] in which the nigro-



caudate dopaminergic deafferentation was propcsedn@arker of RBD. Indeed, iRBD patients as
a group show a nigro-caudate dopaminergic impaitrte is comparable to the one in patients
with full-blown PD, despite the absence of anyicihneurological sign.

With the exception of the comparison between iRBD BD, the ROC analysis found good to
excellent discrimination capability between all theluded groups, achieving nearly to perfect
discrimination between healthy controls and PDegrasi with RBD (Table 3). It has to be
highlighted that the presented analysis needefica@atimathematical transformation to allow the
imaging data to be compared with each other.

In conclusion, considering the excellent resultthefROC analysis performed with the mentioned
limitations, large, multicentric studies shoulddseouraged to harmonize acquisition and
reconstruction protocols as well as semi-quantificeprocedures of presynaptic dopaminergic
imaging in RBD. In the previous decade, the neuagiimg committee of the European Association
of Nuclear Medicine launched a large European stadi?3l-loflupane SPECT acquisition
harmonization, the ENC-DAT study [26]. This effbds generated calibration coefficients to be
used with several of the gamma cameras on the m&Keas well as normal reference data with
some free or commercial software [26, 28]. Thigdastudy has shown the reduced variability
among centers provided that harmonized acquis#ir@hreconstruction protocols are used [29-31];
however, not all centers use these procedures.

This approach would allow, for instance, the aatjois of clear cut-off values that are able to
discriminate iIRBD patients from healthy controlslgossibly the accurate identification of those
IRBD patients at high risk of conversion into a sgteinopathy. It has to be highlighted that
approximately half of iRBD patients who eventualbnvert into a neurodegenerative disease, will
develop dementia with Lewy bodies (DLB) insteadP@f [32]. This is particularly relevant
considering that DLB and PD patients exhibit digietr patterns of presynaptic dopaminergic
SPECT alteration. Indeed, DLB patients show moversenigro-caudate deafferentation than PD

patients [33]. Thus, comparable caudate SBR in iRBD PD groups as well as the flat



caudate/putamen ratio in the iRBD group (Figuren@y indicate that a substantial number of RBD
patients might be on the path toward prodromal iddead of prodromal PD. A harmonized,
large, multicentric study may provide informatidiowing the identification of different patterns of
presynaptic dopaminergic SPECT alteration possd#ibted to different iRBD clinical phenotypes.
This approach may lead to better stratificatiosudfjects to be included in future neuroprotective

trials.



Practice points

1. Presynaptic dopaminergic radionuclide neuroimagnay be a key feature in the
stratification of subjects to be included in neudipctive trials.

2. Available literature data on presynaptic radiondelhneuroimaging in patients with REM
sleep behavior disorder are largely heterogenasgcially for neuroimaging
methodology.

3. Patients with idiopathic REM sleep behavior disomhibits decreased nigro-striatal
dopaminergic functioning in comparison with healtdoytrols, especially at the putamen
level.

4. Patients with idiopathic REM sleep behavior disom®d patients with Parkinson disease
without REM sleep behavior disorder exhibit a sandlegree of nigro-caudate

dopaminergic deafferentation.

Resear ch agenda

Large, multicentric studies are needed to harmoaczgiisition and reconstruction protocols 3

well as semi-quantification procedures of presyicagpaminergic radionuclide imaging in

REM sleep behavior disorder. This approach maynethe following to occur:

1. Identification of clear cut-off values able to disainate patients with idiopathic REM slee
behavior disorder from healthy controls.

2. ldentification of those patients with idiopathic REleep behavior disorder at high risk of
conversion into a synucleinopathy.

3. Identification of different patterns of presynapdicpaminergic radionuclide neuroimaging
alterations able to differentiate those patienth wdiopathic REM sleep behavior disorder
who will eventually develop Parkinson disease ftbiwse who will more likely develop

dementia with Lewy bodies.




Figurelegends

Figure 1. Clustering patterns of studies based on groupgevampatibility. The first cluster
represents the Reference group. The red horiziimésl show the weighted SBR average (per

cohort and study cluster).

Figure 2. Graphical representation of the proportionalitpgtant across clusters. The gray dotted
line represents the k_[i,Ref] =1 reference linearction obtained from the Reference cluster
(corresponds to no adjustment). The red line rgmtsghe linear function that is used to map each
cohort of clusters A-D onto the reference one. dindes represent the weighted SBR averages for

each groups and cluster.

Figure 3. Flow chart of the search strategy, retrieval sgldction process.

Figure 4. Box plots of PET/SPECT presynaptic dopaminergadardized binding ratios (SBRS)

of the selected studies as they were reported.

Figure 5. Box plots of PET/SPECT presynaptic dopaminergadardized binding ratios (SBRS)
of the selected studies, expressed as percentaterespect to each study’s own healthy control

cohort.

Figure 6. Box plots of PET/SPECT presynaptic dopaminergadardized binding ratios (SBRS)

of the selected studies after proportional mapping.

Figure 7. Receiver operation characteristic (ROC) curvesvaing the estimated discrimination

capability between groups of caudate and putamd®sSB
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