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Abstract.
Background: Isolated rapid eye movement sleep behavior disorder (iRBD) is prodromal for Parkinson’s disease (PD) and
dementia with Lewy bodies (DLB).
Objective: We investigated the use of cardiac [123I]meta-iodo-benzyl-guanidine scintigraphy ([123I]MIBG) and olfactory
testing—in comparison to [123I]N-�-fluoropropyl-2�-carbomethoxy-3�-(4-iodophenyl)nortropane single photon emission
computed tomography ([123I]FP-CIT-SPECT)—for identifying iRBD patients as prodromal phenotype of PD/DLB.
Methods: 37 RBD subjects underwent cardiac [123I]MIBG and brain [123I]FP-CIT-SPECT at baseline. Olfactory (Sniffin’
Sticks), cognitive and motor functions were tested annually for ∼4 years.
Results: 29/37 (78.4%) subjects had a pathological [123I]MIBG, of whom 86.2% (25/29) presented at least a moderate
hyposmia at baseline (threshold/discrimination/identification-(TDI-)score ≤25). 20/37 (54.1%) subjects had a pathological
[123I]FP-CIT-SPECT, always combined with a pathological [123I]MIBG. In subjects with pathological [123I]MIBG, olfactory
function worsened (mainly due to threshold and discrimination subscores) from baseline to follow-up (p = 0.005). Olfaction
was more impaired in subjects with pathological [123I]MIBG compared to those with normal [123I]MIBG at baseline (p = 0.001)
and follow-up (p < 0.001). UPDRS-III scores increased in subjects with both pathological [123I]MIBG and [123I]FP-CIT-
SPECT. In this group, seven subjects phenoconverted to PD, all—except for one—presented with at least moderate hyposmia
at baseline.
Conclusion: A combination of the biomarkers “pathological [123I]MIBG” and “hyposmia” likely identifies iRBD patients
in an early prodromal stage of PD/DLB, i.e., before nigrostriatal degeneration is visualized. One-third of the subjects with
pathological [123I]MIBG had a normal [123I]FP-CIT-SPECT. Noteworthy, in iRBD subjects with pathological [123I]MIBG,
olfactory impairment is progressive independent of the [123I]FP-CIT-SPECT status.
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INTRODUCTION

Patients with isolated REM sleep behavior disorder
(iRBD) are at high risk to develop an alpha-
synucleinopathy (aSYN), like Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), and rarely
multiple system atrophy (MSA) [1–4]. iRBD is con-
sidered to be a specific prodromal stage of aSYNs
with a strong peripheral component [5, 6]. Thus,
iRBD patients represent a suitable population to study
disease-modifying therapies, aiming to slow down or
even prevent the conversion to manifest aSYNs.

The crucial prerequisite of such studies is to iden-
tify a cohort of iRBD patients as homogeneous as
possible. The diagnosis of RBD is based on a clin-
ical history of dream enactment during REM-sleep
and the demonstration of REM-sleep without atonia
in the mandatory video-assisted polysomnography
[7]. iRBD has to be distinguished from secondary
RBD which is associated with manifest neurodegen-
erative disorders, narcolepsy type-1, or develops as
a drug adverse effect (e.g., antidepressants) [8]. In
order to reliably identify iRBD, early biomarkers for
prodromal aSYN are needed.

We therefore selected three accepted biomark-
ers for prodromal PD/DLB [9]: reduced car-
diac [123I]meta-iodo-benzyl-guanidine scintigraphy
([123I]MIBG), hyposmia as tested by the full
range Sniffin’ Sticks test (threshold, discrimi-
nation, identification (TDI)-score) and reduced
brain dopamine transporter ligand (DAT)-binding
with [123I]N-ω-fluoropropyl-2�-carbomethoxy-3�-
(4-iodophenyl) single photon emission computed
tomography ([123I]FP-CIT-SPECT) for a three-tiered
phenotyping strategy.

[123I]MIBG visualizes postganglionary sympa-
thetic cardiac innervation. Several studies showed
reduced [123I]MIBG uptake in iRBD compared to
healthy controls [6, 10]. Furthermore, it has been
reported to differentiate between iRBD and sec-
ondary RBD, as the latter group presents with a
normal [123I]MIBG[11, 12].

Hyposmia as demonstrated with the odor identi-
fication test is common in iRBD [2, 13, 14] and is
observed > 20 years before conversion to aSYN [15].
Both pathological [123I]MIBG and hyposmia seem
to occur early in the course of iRBD (Braak stage 1
and 2), and accordingly, pathological [123I]MIBG has
been reported to precede nigrostriatal dopaminergic
deficits [6, 16].

[123I]FP-CIT-SPECT is a biomarker of the
dopaminergic nigrostriatal tract. Reduced striatal

[123I]FP-CIT-binding is associated with subclinical
neurodegeneration of this tract in Braak stage 3 and
during the transition from Braak stage 3 to 4 [17].

By correlating the results of the three-tiered phe-
notyping ([123I]MIBG, olfactory testing, [123I]FP-
CIT-SPECT) at baseline with annual 4-year clinical
follow-up data, we wanted to know if a pathological
[123I]MIBG and hyposmia (TDI-score ≤25) are suit-
able screening tools to identify iRBD patients early in
the prodromal stage of PD/DLB even if [123I]FP-CIT-
SPECT is (still) normal. Furthermore, we wanted to
know whether both markers can select those who will
not phenoconvert. Finally, we investigated whether
the olfactory testing with the full range Sniffin’ sticks
reveals a progressive impairment of olfactory func-
tion in RBD.

MATERIALS AND METHODS

This prospective cohort study included RBD
patients between 2013/01/01 to 2017/04/30 who
underwent annual follow-up as part of the RBD
registry study at the Philipps-University Marburg
(UMR), Germany. The study protocol was approved
by the institutional review board. Voluntary informed
consent was obtained from each subject at baseline
after verbal and written explanation of the study, in
accordance with the Declaration of Helsinki.

Participants

Thirty-seven subjects fulfilled inclusion criteria
with video-polysomnography confirmed RBD [7].
On purpose, RBD subjects with a history of or
still ongoing antidepressant pharmacological therapy
(ADT) were not excluded. [123I]MIBG and [123 I]FP-
CIT-SPECT were performed within the routine diag-
nostic scheme. Subjects with diseases (heart/kidney
failure, myocardial infarction ≤ five years, diabetes,
amyloid or other neuropathy, pheochromocytoma)
and/or intake of certain medications (reserpine,
opioids, labetalol, phenylpropanolamine, phenyle-
phrine) which may affect [123I]MIBG results were
excluded. Starting at baseline, medical history, clin-
ical testing and neurological examination were
assessed annually. In six RBD subjects, the base-
line visit was more than six months after the time of
diagnosis (range 9–96 months). Four RBD subjects
received the [123I]MIBG scintigraphy more than six
months (15, 22, 60, and 64 months later) after the [123

I]FP-CIT-SPECT and the baseline visit. See Table 1.
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Table 1
Overview of the demographic and clinical data

[123I]MIBG [123I]FP-CIT- No. Gender Age at Duration of Diagnosis TDI TDI UPDRS-III UPDRS-III MoCA MoCA Obstipation ADT/beginning
category SPECT diagnosis symptoms at to last fu or (bl) (fu) (bl) (fu) (bl) (fu) (bl or fu) of ADT in relation to

category years) diagnosis (months) PC (months) start of RBD symptoms
Normal normal 1 f 49 12 65 36.00 32.00 1 3 27 27 No (venlafaxine/in the past)

2# m 57 44 69 33.75 28.50 9 2 25 28 No venlafaxine+agomelatine /after

3 f 68 99 74 33.50 35.25 2 3 23 29 No fluoxetine/before

4# m 58 74 77 29.50 33.50 4 9 26 28 No

5 m 60 14 18 27.75 28.50 0 0 30 30 No duloxetine+trimipramine/before

6 m 62 118 13 23.50 27.50 5 2 24 22 No

7 m 57 9 44 20.50 31.75 6 3 27 29 Yes citalopram+trimipramine/before

8 m 66 257 53 19.50 21.75 0 1 29 29 Yes citalopram/n.a.

Abnormal 9 m 57 120 67 29.00 18.50 2 0 27 29 Yes

10 m 63 21 68 24.25 9.00 2 2 26 28 Yes

11 m 58 39 27 19.50 14.00 0 3 26 28 Yes duloxetine/after

12 m 74 93 41 16.00 13.50 3 2 29 27 Yes

13# f 70 20 91 16.00 8.00 2 3 24 30 Yes

14 m 68 171 54 12.25 12.00 7 3 24 26 No citalopram+quetiapine/after

15 m 57 56 9 9.00 12.75 0 0 30 30 Yes

16 m 73 182 58 2.00 2.00 3 2 24 29 Yes

17 m 66 40 39 0.00 4.00 3 3 – 29 Yes

abnormal 18* m 60 62 115 27.50 18.25 4 3 28 28 Yes

19 f 79 62 36 27.50 25.00 2 7 28 28 Yes duloxetin/n.a.

20* m 66 15 52 24.75 23.50 0 4 28 29 No duloxetine/after

21 m 68 27 49 20.50 16.00 1 3 27 30 Yes venlafaxine/before

22 m 67 59 – 18.25 – 0 – 25 – Yes

23 m 65 44 – 17.75 23.70 0 – 29 – Yes paroxetine/after

24 m 69 363 36 16.50 14.00 1 1 29 30 No

25 m 65 64 68 13.00 11.00 6 3 27 27 No

26 m 66 72 47 13.00 8.00 3 8 27 27 Yes

27 m 61 47 62 12.00 15.50 0 0 26 30 Yes

28* f 63 24 132 10.00 11.50 0 2 26 20 No

29# m 72 14 58 0.00 – 5 4 22 28 Yes

30* m 71 3 36 0.00 0.00 4 4 27 28 Yes

31 m 62 60 50 31.50 26.50 1 6 25 27 No citalopram/after
32 m 72 69 35 22.75 20.50 2 9 30 29 Yes
33* m 56 14 128 21.00 13.50 2 1 29 30 No
34* m 64 104 64 19.50 14.00 0 9 30 28 Yes
35 m 72 123 47 18.50 12.00 5 13 27 29 yes
36 m 49 240 61 2.00 6.00 1 7 24 25 No
37* m 61 12 90 0.00 0.00 1 8 28 28 No

Results are ordered according to [123I]MIBG and [123I]FP-CIT-SPECT results and TDI score. Bold denotes the seven phenoconverted subjects. Bl = baseline. Fu = follow-up. ADT = antidepressant
therapy. PC = phenoconversion. ∗These subjects underwent [123I]FP-CIT-SPECT 16–95 months after PSG-confirmed RBD diagnosis. #These subjects underwent [123I]MIBG scintigraphy more
than six months after the [123I]FP-CIT-SPECT and the baseline visit (15–64 months later).
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Clinical testing

All subjects were evaluated with the motor part of
the Unified PD rating scale (UPDRS-III) [18]; the
Montreal Cognitive Assessment (MoCA) [19]; the
PD Nonmotor Symptoms Questionnaire (PDNMS)
[20] and the Sniffin’ Sticks [21] at baseline and annual
follow-up for ∼4 years. Phenoconversion to aSYN
(PD, DLB, MSA) was diagnosed by a neurologist
(AJ) according to the published diagnostic criteria
[22–24]. The diagnosis of manifest aSYN had to be
confirmed by a second neurological examination after
3 months.

[123I]MIBG

At baseline, all subjects underwent cardiac
[123I]MIBG scintigraphy (performed according to the
standard operating procedures of the Department of
Nuclear Medicine, UMR, Germany): After blocking
of the gastric and thyroid sodium iodide symporters,
images were acquired 4 h after injection of 185
MBq (±10%) [123I]MIBG (AdreView Iobenguane,
GE Healthcare, Braunschweig, Germany) using a
dual-head gamma camera with a low energy high
resolution collimator (Siemens, Symbia, Erlangen,
Germany) at a window setting of 159 keV (±10%).
Regions of interest (ROI) were manually placed on
planar anterior images. A rectangular ROI was used
for the mediastinum and a circular one for the left ven-
tricle of the heart. According to the in-house code, the
heart-to-mediastinum ratio of [123I]MIBG-binding of
< 1.5 was considered to be pathological.

Olfaction

The olfactory function was assessed with the full
range Sniffin’ Sticks consisting of threshold (T),
discrimination (D), and identification (I) of odors
[21, 25]. Threshold subtest: after learning the odor
n-butanol by presenting the pen with the highest con-
centration, the subjects were repeatedly presented
three pens: two blanks and one with the odor n-
butanol in 16 different concentrations (1 = highest
concentration, 16 = lowest concentration). During the
test, the so-called turning point was determined seven
times, this corresponds to the highest odor dilu-
tion that was correctly detected by the patient twice
in one run. The threshold score was the average
value of the dilution steps of the last four turning
points (range 1–16). Discrimination subtest: three
pens—two with the same and one with a different

odor—were presented. The subject always had to
identify the one different smelling pen. This task was
repeated 16 times in 30 s time intervals. The (D) score
was the sum of correct answers ranging from 0–16.
Identification subtest: subjects were presented 16 dif-
ferent odors and were asked to identify these from a
given choice of four possibilities. The number of cor-
rect answers resulted in the identification score (range
0–16). During the threshold and discrimination tests,
subjects were blindfolded. The sum of the thresh-
old, discrimination and identification subtests results
give a TDI-score that was categorized into: anos-
mia (≤15 points), severe hyposmia (16–20 points),
moderate hyposmia (21–25 points), mild hyposmia
(26–30 points) and normosmia (≥31 points) [26].

[123I]FP-CIT-SPECT

All subjects underwent a [123I]FP-CIT-SPECT at
baseline. Details on scanning, reconstruction, and
analysis methods and protocols have been previously
published [27].

Statistical analysis

All values are given as median and interquartile
range (IQR). Due to the small subject number, non-
parametric tests were used: the Mann-Whitney-U-test
to analyze changes between the subgroups at baseline
and at last follow-up; a one-sample Wilcoxon signed-
rank test for changes within subgroups from baseline
to last follow-up. Values were considered significant
if p < 0.05. To adjust for multiple comparisons the
Bonferroni’s method was performed in the compar-
isons between the three subgroups at baseline and
follow-up (adjusted p value p < 0.017).

For statistical analysis IBM® SPSS® statistics Ver-
sion 27.0 was used.

RESULTS

Overview

Altogether, 37 RBD subjects were included in the
study at baseline. Out of these, 35 subjects were fol-
lowed over 49.1 ± 18.6 months (see Fig. 1, Table 1)
whereas two had no follow-up visits: one died of
cardiac disease, the second one self-reported no cog-
nitive or motor impairment five years after diagnosis.
Another two subjects had only one follow-up visit:
the first had a one-year-follow-up without pheno-
conversion and subsequently died of cardiac disease,
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Fig. 1. Stratification of patients solely based on cardiac [123I]MIBG scintigraphy. Number of RBD subjects with pathological and normal
[123I]MIBG uptake at baseline (n = 37) and phenoconversion rates at follow-up (n = 35) are shown. Marked is also how many subjects with
abnormal cardiac [123I]MIBG uptake had an abnormal [123I]FP-CIT SPECT scan, and how many subjects were on antidepressants (and type
of antidepressant). Of note, only subjects with both a pathological [123I]MIBG scan and [123I]FP-CIT-SPECT phenoconverted to PD (n = 7).

the second one had a 9-months follow-up. For the
demographic and clinical data of the whole group
see Supplementary Table 1.

Stratification according to [123I]MIBG

Subjects were stratified according to [123I]MIBG
results: At baseline, 29/37 (78.4%) subjects had
pathological [123I]MIBG (RBDpMIBG), while 8/37
(21.6%) subjects presented with normal [123I]MIBG
(RBDnMIBG). The RBDpMIBG group was older than
the RBDnMIBG group (RBDpMIBG: 66.0 (62.5–71.5),
RBDnMIBG: 58.5 (53.8–65.0); p = 0.014). There was
no difference in the duration of RBD symptoms at
the time of diagnosis and of the follow-up time. (see
Table 2)

Olfaction
In the RBDpMIBG group, 25/29 (86.2%) sub-

jects had a TDI ≤25 at baseline. The olfactory

function worsened from baseline to follow-up (BL:
16.3 (9.5–21.9), FU: 13.5 (8.0–18.3); p = 0.005). The
threshold and discrimination subscores deteriorated
(T: BL: 2.0 (0.0–4.9), FU: 0.0 (0.0–2.0), p = 0.002;
D: BL 9.0 (6.0–10.0), FU: 7.0 (4.0–9.0), p = 0.009)
while the impaired identification score did not decline
further (I: BL: 5.0 (3.0–8.5; FU: 5.0 (3.0–8.0). In
the RBDnMIBG group, the olfaction was unimpaired
at baseline and remained unchanged throughout the
study. The TDI-score was significantly lower in
the RBDpMIBG group at baseline (RBDpMIBG: 16.3
(9.5–21.9), RBDnMIBG: 28.6 (21.3–33.7), p < 0.001)
and at follow-up (RBDpMIBG: 13.5 (8.0–18.3),
RBDnMIBG: 30.1 (27.8–32.4), p < 0.001) com-
pared to the RBDnMIBG group. The same was
observed for the three odor subscores (T: BL:
RBDpMIBG: 2.0 (0.0–4.9), RBDnMIBG: 6.0 (3.8–7.4),
p = 0.006; FU: RBDpMIBG: 0.0 (0.0–2.0), RBDnMIBG:
5.5 (4.5–7.3), p < 0.001; D BL: RBDpMIBG: 9.0
(6.0–10.0), RBDnMIBG: 11.0 (8.0–13.5), p = 0.029;
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Table 2
A) Overview of the demographic data at baseline and follow-up of the MIBGP and the MIBGN group. B) Results of [123I]MIBG scintigraphy

and [123I]FP-CIT-SPECT

Baseline Follow-up Statistical Analysis
p < 0.05

MIBGP MIBGN MIBGP MIBGN Bl vs. Fu MIBGP vs.
n = 29 n = 8 n = 27 n = 8 MIBGN

MIBGP MIBGN Bl Fu
p p p p

A: Demographic data

Male (%) 26 (89.7) 6 (75.0) 24 (88.9) 6 (75.0)
Age at diagnosis (y) 66.0 (61.0–70.5) 58.5 (53.8–65.0) 0.032
Age (y) 66.0 (62.5–71.5) 58.5 (53.8–65.0) 70.0 (66.0–74.0) 61.5 (60.3–68.3) 0.014 0.020
Fu time (mo) 48.0 (36.0–62.0) 46.5 (22.5–72.8) n.s.
Duration of RBD at

diagnosis (mo)
59.0 (25.5–102.5) 57.0 (12.5–113.3) n.s.

ADT (%) 7 (24.1) 5 (62.5) 7 (24.1) 5 (62.5)
UPDRS-III 2 (0–3) 3 (0–6) 4 (2–7) 3 (1–3) 0.002 n.s.∗ n.s. n.s.
TDI 16.3 (9.5–21.9) 28.6 (21.3–33.7) 13.5 (8.0–18.3) 30.1 (27.8–32.4) 0.005∗ n.s.∗ < 0.001 < 0.001
(T) score 2.0 (0.0.–4.9) 6.0 (3.8–7.4) 0.0 (0.0–2.0) 5.5 (4.5–7.3) 0.002∗ n.s.∗ 0.006 < 0.001
(D) score 9.0 (6.0–10.0) 11.0 (8.0–13.5) 7.0 (4.0–9.0) 11.5 (10.0–13.0) 0.009∗ n.s.∗ 0.029 < 0.001
(I) score 5.0 (3.0–8.5) 11.5 (9.5–13.0) 5.0 (3.0–8.0) 13.0 (12.3–13.8) n.s.∗ n.s.∗ < 0.001 < 0.001
MOCA 27.0 (25.3–28.8) 26.5 (24.3–28.5) 28.0 (27.0–29.0) 28.5 (27.0–29.8) 0.076 n.s. n.s n.s
PDNMS 7.0 (4.0–8.0) 10.0 (6.0–13.8) 8.0 (5.0–11.0) 8.5 (4.8–15.5) 0.004 n.s. 0.019 0.637
PD Converter (%) 7 (26) 0 (0)

B: Results of [123I]MIBG scintigraphy and [123I]FP-CIT-SPECT

MIBG value (n = 28) 1.15 (1.10–1.26) 1.7 (1.6–1.9) < 0.001
Caudate nucleus right 2.2 (1.7–2.5) 2.9 (2.7–2.9) 0.001
Caudate nucleus left 2.2 (1.8–2.4) 2.8 (2.5–3.0) < 0.001
Putamen right 1.9 (1.4–2.1) 2.5 (2.2–2.6) 0.001
Putamen left 1.8 (1.4–2.0) 2.5 (2.2–2.5) < 0.0001

Values are shown as median (IQR). Non-parametric Mann-Whitney-U-test was used to compare both subgroups. Wilcoxon-test was used
to compare baseline and follow-up results within each group. ∗If the question was one-sided, the medians were compared. If the observed
tendency corresponded to the null hypothesis, the test was evaluated as not significant.

FU: RBDpMIBG: 7.0 (4.0–9.0), RBDnMIBG: 11.5
(10.0–13.0), p < 0.001; I: BL: RBDpMIBG: 5.0
(3.0–8.5), RBDnMIBG: 11.5 (9.5–13.0), p < 0.001;
FU: RBDpMIBG: 5.0 (3.0–8.0), RBDnMIBG: 13.0
(12.3–13.8); p < 0.001).

[123I]FP-CIT-SPECT
Putaminal and caudatal DAT-binding showed

lower values in the RBDpMIBG group compared to
the RBDnMIBG group (putamen right: RBDpMIBG: 1.9
(1.4–2.1), RBDnMIBG: 2.5 (2.2–2.6), p = 0.001; left:
RBDpMIBG: 1.8 (1.4–2.0), RBDnMIBG: 2.5 (2.2–2.5),
p < 0.0001; caudate nucleus right: RBDpMIBG: 2.2
(1.7–2.5), RBDnMIBG: 2.9 (2.7–2.9), p = 0.001; left:
RBDpMIBG: 2.2 (1.8–2.4), RBDnMIBG: 2.8 (2.5–3.0),
p < 0.001) (see Table 2).

Motor, nonmotor, and cognitive function
At baseline and follow-up, there was no difference

in the motor and cognitive functions between the two
groups. In the RBDpMIBG group, the motor function

worsened at follow-up compared to baseline (BL: 2
(0–3), FU: 4 (2–7); p = 0.002) whereas the cognitive
function tended to improve (BL: 27.0 (25.3–28.8);
FU: 28.0 (27.0–29.0), p = 0.076). In the RBDnMIBG

group, motor and cognitive functions remained
unchanged (see Table 2). Only at baseline, the score of
the PDNMS was higher in the RBDnMIBG group com-
pared to the RBDpMIBG group (RBDnMIBG group:
10.0 (6.0–13.8), RBDpMIBG group: 7.0 (4.0–8.0),
p = 0.019). The nonmotor symptoms based on the
PDNMS increased in the RBDpMIBG group from
baseline to follow-up (BL: 7.0 (4.0–8.0), FU: 8.0
(5.0–11.0), p = 0.004). For the separate description of
motor function (UPDRS-III) of phenoconverted and
nonconverted subjects in the RBDpMIBG group, see
below.

Antidepressant pharmacological therapy (ADT)
In the RBDnMIBG group, 5/8 (62.5%) subjects had

ADT at baseline: 3/5 subjects before and one after
the start of RBD symptoms. In the 5th subject, the
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beginning of ADT remained unclear. One additional
subject of the RBDnMIBG group had ADT before
the onset of RBD symptoms that had already been
stopped before the RBD diagnosis. In the RBDpMIBG

group, 7/29 (24.1%) subjects had ADT, one subject
started ADT before and 5/7 subjects after the onset
of RBD symptoms. In one subject, the beginning of
ADT remained unclear. 5/7 subjects with ADT of the
RBDpMIBG group had a pathological [123I]MIBG and
[123I]FP-CIT-SPECT.

Stratification according to [123I]MIBG and
[123I]FP-CIT-SPECT

Stratifying the subjects according to [123I]MIBG
and [123I]FP-CIT-SPECT results identified three sub-
groups: The first group with normal [123I]MIBG and
[123I]FP-CIT-SPECT is identical with the above char-
acterized RBDnMIBG group. The second group (n = 9)
had abnormal [123I]MIBG but normal [123I]FP-CIT-
SPECT, whereas the third group (n = 20) had both
pathological [123I]MIBG and [123I]FP-CIT-SPECT.
No subject with normal [123I]MIBG showed an
abnormal [123I]FP-CIT-SPECT. Subjects with patho-
logical [123I]MIBG and [123I]FP-CIT-SPECT were
older than subjects with normal [123I]MIBG and
[123I]FP-CIT-SPECT (p = 0.016). The duration of
RBD symptoms and the follow-up time was not dif-
ferent in the three groups. 7/20 (35.0%) subjects with
pathological [123I]MIBG and [123I]FP-CIT-SPECT
at baseline phenoconverted to PD during follow-up
time.

Olfaction
The olfaction scores did not change from baseline

to follow-up in the RBDnMIBG group (see above).
The second subgroup with abnormal [123I]MIBG and
normal [123I]FP-CIT-SPECT worsened in the TDI-
score and the threshold subscore, but this failed to
reach significance (TDI: BL: 16.0 (5.5–21.9), FU:
12.0 (6.0–13.8), p = 0.074; T: BL: 1.5 (0.0–5.5), FU:
0.0 (0.0–1.5), p = 0.063). In the third group with
pathological [123I]MIBG and [123I]FP-CIT-SPECT,
the olfactory function and discrimination subscore
worsened from baseline to follow-up (TDI: BL: 17.4
(10.5–22.3), FU: 14.0 (10.3–21.3), p = 0.022; D: BL:
9.0 (6.3–10.8), FU: 8.0 (4.0–9.0), p = 0.029) but was
not significant after Bonferroni correction for mul-
tiple testing. Only the threshold subscore worsened
significantly in these subjects (T: BL: 2.4 (0.0–5.0),
FU: 1.5 (0.0.–2.3), p = 0.009). When comparing
olfactory function between the three subgroups

at baseline, subjects with abnormal [123I]MIBG
combined either with normal or abnormal [123I]FP-
CIT-SPECT had significantly lower TDI-scores and
identification subscores compared to those with a
normal [123I]MIBG (see Table 3). In subjects with
both, an abnormal [123I]MIBG and [123I]FP-CIT-
SPECT, the threshold subscore was significantly
lower compared to subjects with normal [123I]MIBG.
At follow-up, the TDI-score and all subscores were
significantly lower in both groups with abnor-
mal [123I]MIBG (combined either with normal or
abnormal [123I]FP-CIT-SPECTs) compared to the
RBDnMIBG group. There was no statistical difference
in the TDI-score and the subscores between the sub-
jects with abnormal [123I]MIBG and either normal or
abnormal [123I]FP-CIT-SPECT. (see Table 3, Fig. 2A,
B).

At baseline, 7/9 subjects with abnormal
[123I]MIBG and normal [123I]FP-CIT-SPECT
were diagnosed with severe hyposmia (3/9 (33.3%))
or anosmia (4/9 (44.4%)). At follow-up, all subjects
in this group had severe hyposmia (1/9 (11.1%))
or anosmia (8/9 (88.9%)). In the subjects with
pathological [123I]MIBG and [123I]FP-CIT-SPECT,
13/20 had severe hyposmia (5/20 (25.0%)) or
anosmia (8/20 (40.0%)) at baseline. At follow-up
the number of anosmic subjects increased (severe
hyposmia: 3/18 (16.7%); anosmia: 10/18 (55.6%)).
In contrast, subjects with normal [123I]MIBG and
[123I]FP-CIT-SPECT showed only mild hyposmia
or normosmia (baseline: 5/8 (62.5%); follow-up: 7/8
(87.5%)).

Motor and cognitive function
At baseline, no difference of the UPDRS-

III between the three subgroups was observed.
Throughout the study, the motor function only wors-
ened significantly in the subjects with pathologcial
[123I]MIBG and [123I]FP-CIT-SPECT (UPDRS-III:
BL: 1 (0–4), FU: 5 (2–5), p = 0.001). At follow-up,
the UPDRS-III in this group was higher compared
to both other groups (abnormal [123I]MIBG/normal
[123I]FP-CIT-SPECT UPDRS-III (FU): 3 (1–3),
p = 0.009; RBDnMIBG group UPDRS-III (FU): 3
(1–3), p = 0.041). The UPDRS-III of the seven sub-
jects who converted to PD worsened from 1 (1–2)
at baseline to 9 (7–10) at phenoconversion while the
non-converters of this group changed from 1 (0–4) to
4 (2–4) throughout the study. At baseline and follow-
up, there was no difference in cognitive functioning
between the three subgroups. (see Table 3, Fig. 2C).
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Table 3
Overview of the demographic, clinical and imaging data at baseline and follow-up of the three subgroups

Demographic data Baseline (Bl) Follow-up (Fu) Statistical Analysis p < 0.017

1: 2: 3: 1: 2: 3: Bl vs. Fu 1 vs. 2 1 vs. 3 2 vs. 3
MIBGN MIBGP MIBGP MIBGN MIBGP MIBGP p p p p

FP-CITN FP-CITN FP-CITP FP-CITN FP-CITN FP-CITP

n = 8 n = 9 n = 20 n = 8 n = 9 n = 18

1 2 3 Bl Fu Bl Fu Bl Fu

Male (%) 6 (75.0) 8 (88.9) 18 (90) 6 (75.0) 8 (88.9) 16 (88.9)
Age at diagnosis (y) 58.5 (53.8–65.0) 66.0 (57.5–71.0) 65.0 (61.0–68.5) 0.078 0.047 n.s.
Age (y) 58.5 (53.8–65.0) 66.0 (57.5–71.0) 66.0 (62.3–70.5) 61.5 (60.3–68.3) 69.0 (61.0–77.0) 70.5 (67.8–74.0) 0.070 n.s. 0.016 0.012 n.s. n.s.
Fu time (mo) 46.5 (22.5–72.8) 48.0 (33.0–63.0) 48.5 (36.0–62.3) n.s. n.s. n.s.
RBD Duration at diagnosis

(mo)
57.0 (12.5–113.3) 55.0 (29.5–151.0) 60.0 (24.8–71.3) n.s. n.s. n.s.

ADT (%) 5 (62.5) 2 (22.2) 5 (25.0) 5 (62.5) 2 (22.2) 4 (22.2)
UPDRS-III 3 (0–6) 2 (1–3) 1 (0–4) 3 (1–3) 3 (1–3) 5 (2–5) n.s.∗ n.s.∗ 0.001∗ n.s. n.s. n.s. 0.041 n.s. 0.009
TDI 28.6 (21.3–33.7) 16.0 (5.5–21.9) 17.4 (10.5–22.3) 30.1 (27.8–32.4) 12.0 (6.0–13.8) 14.0 (10.3–21.3) n.s.∗ 0.074∗ 0.022∗ 0.004 < 0.0001 0.001 < 0.0001 n.s. n.s.
(T) score 6.0 (3.8–7.4) 1.5 (0.0–5.5) 2.4 (0.0–5.0) 5.5 (4.5 –7.3) 0.0 (0.0–1.5) 1.5 (0.0.–2.3) n.s.∗ 0.063∗ 0.009∗ 0.046 0.003 0.008 < 0.0001 n.s. n.s.
(D) score 11.0 (8.0–13.5) 7.0 (3.0–9.0) 9.0 (6.3–10.8) 11.5 (10.0–13.0) 5.5 (1.3–7.8) 8.0 (4.0–9.0) n.s.∗ n.s.∗ 0.029∗ 0.018 0.001 0.083 < 0.001 n.s. n.s.
(I) score 11.5 (9.5–13.0) 4.0 (2.5–9.0) 5.5 (3.0–8.8) 13.0 (12.3–13.8) 5.0 (3.5–7.8) 6.0 (3.0–9.0) n.s.∗ n.s.∗ n.s.∗ 0.007 < 0.001 0.001 < 0.0001 n.s. n.s.
MOCA 26.5 (24.3–28.5) 26.0 (24.0–28.5) 27.0 (26.0–28.8) 28.5 (27.0–29.8) 28.0 (27.0–29.0) 28.0 (27.0–29.0) n.s. 0.094 n.s. n.s. n.s. n.s. 0.685 n.s. n.s.
PDNMS 10.0 (6.0–13.8) 6.0 (4.0–8.0) 7.0 (4.0–8.0) 8.5 (4.8–15.5) 10.0 (6.0–14.5) 8.0 (4.8–10.0) n.s. 0.047 0.035 n.s. n.s. 0.019 n.s. n.s. n.s.
PD conv (%) 0 (0) 0 (0) 7 (38.9)

Results of [123I]MIBG scintigraphy and [123I]FP-CIT-SPECT

[123I]MIBG value 1.7 (1.6–1.9) 1.2 (1.1–1.3) 1.1 (1.1–1.2) < 0.001 < 0.0001 0.077
lowest caudatal value 2.8 (2.5–2.9) 2.2 (2.0–2.8) 1.9 (1.5–2.2) 0.097 < 0.0001 0.031
lowest putaminal value 2.4 (2.2–2.5) 2.0 (1.8–2.4) 1.5 (1.2–1.8) 0.145 < 0.00001 < 0.001

All values are shown as median (IQR). Non-parametric Mann-Whitney-U-test was used to compare subgroups. Wilcoxon-test was used to compare baseline and follow-up results within each
group. ∗If the question was one-sided, the medians were compared. If the observed tendency corresponded to the null hypothesis, the test was evaluated as not significant. ADT, antidepressant
pharmacological therapy. (T) threshold. (D) discrimination. (I) identification. Conv, converter.
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Fig. 2. Olfactory and motor functions of the three subgroups according to [123I]MIBG and [123I]FP-CIT-SPECT status (N = normal,
P = pathological) at baseline and follow-up (fu). A) TDI-score at baseline and follow-up. B) Threshold (T), discrimination (D) and iden-
tification (I) subscores at baseline and follow-up. C) UPDRS-III score at baseline and follow-up. p values < 0.017 were considered to be
significant.

PD phenoconversion
Throughout the study, 7/35 subjects converted to

PD within 4.2 (3.7–5.3) years after RBD diagnosis
and 11.8 (8.8–14.8) years after the patient-reported
start of RBD symptoms. One of these fulfilled the
criteria of mild cognitive impairment (MCI) but not
the consensus criteria of DLB and had a family his-
tory of PD. At baseline, 6/7 phenoconverted subjects
had hyposmia with TDI ≤25 and all had patholog-
ical [123I]MIBG and [123I]FP-CIT-SPECT. Annual
conversion rates (CRs) according to different strat-
ifying conditions are shown for the diagnosis RBD
(i.e., including the seven subjects with ADT before
or unknown relation to start of RBD symptoms)
and iRBD in Supplementary Table 2. Stratifying
(i)RBD according to [123I]FP-CIT-SPECT results
leads to the highest annual CR (RBD: 9.7%; iRBD:
10.2%) whereas the CR is 6.5%/year (RBD) and
6.7%/year (iRBD) if stratifying subjects according to
[123I]MIBG results—both without missing any phe-
noconverters.

A too strict stratification according to baseline
olfactory dysfunction with TDI < 18 (previously
described to be associated with increased risk of phe-
noconversion within 5 years[28]) would miss 5/7
(71.4%) phenoconverted subjects, whereas the com-
bination of “hyposmia with TDI ≤25” and “iRBD”
results in a CR of 6.7%/year but would miss 1/7
phenoconverter.

DISCUSSION

In this study, we investigated the role of three
biomarkers of prodromal PD/DLB in RBD: cardiac
sympathetic denervation ([123I]MIBG), olfactory
impairment and reduced DAT-binding ([123I]FP-CIT-
SPECT). A pathological [123I]MIBG was not only
associated with hyposmia in 86.2% (25/29) of RBD
subjects but, most importantly, with a progression of
olfactory dysfunction based on the subscores thresh-
old and discrimination in the full range Sniffin’
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Sticks test. Vice versa hyposmia was most frequently
associated with an abnormal [123I]MIBG, as 89.3%
(25/28) of the hyposmic RBD subjects at baseline
had a pathological [123I]MIBG, in contrast to 78.4%
(29/37) of all subjects independent of the olfactory
function (see also ROC analysis in the Supplementary
Material). Additionally, 69.0% (20/29) of the subjects
with a pathological [123I]MIBG had an abnormal
[123I]FP-CIT-SPECT. Only of these, seven converted
to PD during the 4-year follow-up—all except one
presenting with hyposmia at baseline.

The single parameter “pathological [123I]FP-CIT-
SPECT” provided an annual CR in all, i.e., RBD and
iRBD patients of ∼10% and identified all phenocon-
verters. To select iRBD patients in the late prodromal
stage, i.e., with an already affected dopaminergic
nigrostriatal pathway, [123I]FP-CIT-SPECT appears
to be the best single parameter, which is in agreement
with earlier studies [29, 30]. However, it fails to detect
iRBD patients at risk with a still intact nigrostriatal
pathway, i.e., who are in the prodromal “prenigral”
stage. In this stage, pathological [123I]MIBG and
hyposmia with TDI ≤25 as single indicators seem
to be of similar quality in screening and preselect-
ing iRBD patients at risk. However, combining the
biomarker pathological [123I]MIBG with hyposmia
provides additional strong support that the particular
iRBD patient suffers from aSYN with a peripheral
component and at the same time argues against the
presence of a prodromal MSA [31, 32].

A pathological [123I]MIBG alone identified RBD
subjects with a cardiac sympathetic denervation
even though the nigrostriatal pathway was still
intact and/or the patient belonged to the few cases
with a normal or only mildly impaired olfaction.
However, a longer follow-up period with serial
[123I]FP-CIT-SPECTs in subjects with an abnormal
[123I]MIBG and a normal DAT-binding is neces-
sary, to demonstrate the conversion of a normal to
an abnormal [123I]FP-CIT-SPECT in time. In con-
trast, and as important for selecting iRBD subjects
for disease-modifying therapy, subjects with nor-
mal findings in [123I]MIBG, [123I]FP-CIT-SPECT,
and olfactory testing likely are not prodromal to
PD/DLB. Thus, for initial screening and phenotyping
of a polysomnography-confirmed RBD subject the
sequence of the easy to perform olfactory testing fol-
lowed by [123I]MIBG appears to exclude those who
will hardly or not progress or might present the rare
case of a prodromal MSA (see Fig. 3). Furthermore,
in iRBD subjects with an abnormal [123I]MIBG the
repeated assessment of the olfactory function with the

full range Sniffin’ Sticks test (TDI-score) establishes
a potential progression marker for neuroprotective
trials.

Progressive hyposmia and pathological
[123I]MIBG

In contrast to subjects with normal [123I]MIBG,
subjects with pathological [123I]MIBG showed olfac-
tory dysfunction already at baseline that worsened
throughout the study. Further stratifying the sub-
jects with an abnormal [123I]MIBG based on the
[123I]FP-CIT-SPECT results demonstrated that olfac-
tory function was similarly impaired in subjects with
normal or reduced DAT-binding. Thus, in concor-
dance with the results of other groups [6], impaired
olfaction can occur before nigrostriatal degeneration
is detectable.

Of note, normal or only mildly impaired olfac-
tion at baseline did not exclude an underlying aSYN
as observed before [28]: 4/9 subjects with mild
hyposmia/normosmia at baseline had pathological
[123I]MIBG, three of them had a reduced striatal
DAT-binding, of those, one phenoconverted to PD.
Hyposmia is a common and early symptom in iRBD
and is the risk factor with the highest hazard ratio in
respect to phenoconversion among non-motor symp-
toms [2, 28, 33], preceding phenoconversion > 20
years [15]. Only slight or no decline of olfactory
function was described in iRBD [15, 33, 34]. There-
fore, hyposmia was considered a non-progressive,
although important prodromal biomarker for iRBD
[9]. However, these studies employed the University
of Pennsylvania Smell Identification Test or only the
odor identification part of the Sniffin’ Sticks test. In
contrast, we used the full range odor test (thresh-
old, discrimination, identification) to assess olfactory
function at baseline and at annual follow-up visits.
Compared to the RBDnMIBG group, in subjects with
pathological [123I]MIBG the TDI-score and all three
subscores were impaired throughout the study. How-
ever, and most relevant, a decline was observed in
the subscores “threshold” and “discrimination” in all
subjects with abnormal [123I]MIBG during follow-up
time, but not in the identification subscore—resulting
in a progressive decline of the TDI-score. After the
stratification according to DAT-binding only subjects
with abnormal [123I]FP-CIT-SPECT had a signifi-
cant decline in threshold subscore and a trend to
a decrease in discrimination subscore and in TDI,
whereas in those with normal [123I]FP-CIT-SPECT
only a trend was seen for progressive deterioration of
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Fig. 3. Algorithm for selecting patients with prodromal Parkinson’s disease in clinical trials with disease-modifying therapy based on the
results of this study. Subjects with video-polysomnography confirmed RBD should be screened with olfactory testing (Sniffin’ Sticks,
to determine TDI score) and [123I]MIBG scintigraphy. In the RBD subjects with abnormal [123I]MIBG scintigraphy, only four subjects
presented with TDI > 25 at baseline. In all of these, the olfactory function deteriorated from baseline to follow-up to TDI ≤25 – except for
one. Two RBD subjects with normal [123I]MIBG scintigraphy had a TDI ≤25 at baseline: one stayed below TDI < 25, one improved to
normosmia at follow-up. In case of abnormal [123I]MIBG scintigraphy, this should be followed by [123I]FP-CIT-SPECT. RBD subjects with
both, abnormal [123I]MIBG scintigraphy and [123I]FP-CIT-SPECT show an annual conversion rate between ∼9–10%.

TDI and threshold scores. This could be explained by
the small number of subjects in this group as well as
by the observation that in the latter group 7/9 (77.8%)
subjects already presented with at least severe hypos-
mia at baseline in contrast to 13/20 (65%) subjects
with both pathological [123I]MIBG and [123I]FP-
CIT-SPECT. Nevertheless, these data demonstrate
that the repeated use of the full range Sniffin’ Sticks
test over time in iRBD qualifies the biomarker olfac-
tory dysfunction as a progression marker in iRBD. In
contrast the identification odor test alone does not
appear to be suitable to detect the progression of
olfactory dysfunction.

Subjects with normal [123I]MIBG did not dete-
riorate in motor and cognitive function, whereas
subjects with a pathological [123I]MIBG worsened
in motor functioning over time. However, significant
worsening of UPDRS-III from baseline to follow-
up was only observed in subjects with pathological

[123I]MIBG and [123I]FP-CIT-SPECT and in partic-
ular, “per definition”, in the group of PD converters.

[123I]MIBG: Pros and contras for identifying
prodromal PD/DLB

Our results are in agreement with several stud-
ies describing pathological [123I]MIBG in iRBD
[10, 35, 36]. These studies showed that the major-
ity of iRBD patients already have a pathological
[123I]MIBG, even though a nigrostriatal dopaminer-
gic deficit could not yet be detected [6, 16]. Thus,
[123I]MIBG could be a suitable marker to identify
subjects in the prodromal stage of PD/DLB earlier
than [123I]FP-CIT-SPECT.

Additionally, [123I]MIBG can differentiate
between secondary RBD and RBD as prodromal
stage of PD/DLB [11]. However, false abnormal
[123I]MIBG results can be caused by several diseases
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or medication, including different antidepressants
(tricyclic antidepressants, serotonin-norepinephrine
reuptake inhibitors) and antipsychotic drugs (cloza-
pine, olanzapine, quetiapine) [37]. Depressive
symptoms are common in prodromal PD stages [38].
ADT can cause RBD or trigger it in patients who have
prodromal aSYN [39, 40]. Thus, in clinical practice,
it can be challenging to figure out if RBD preceded
ADT or not, and/or if RBD is exclusively caused
by ADT. In our study, up to seven RBD patients
fulfilled criteria of secondary RBD. Five of these
presented with normal [123I]MIBG. The other two
had abnormal [123I]MIBG combined with abnormal
[123I]FP-CIT-SPECT at baseline. So [123I]MIBG
correctly recognized the subjects in prodromal stage
of PD/DLB. At time of [123I]MIBG acquisition, eight
subjects had ADT possibly influencing [123I]MIBG
results: three presented with normal [123I]MIBG and
TDI > 25 at baseline and/or follow-up; five subjects
with abnormal [123I]MIBG presented with TDI ≤25
either at baseline or follow-up, three of those already
had reduced DAT-binding. Thus, we propose that the
combination of abnormal [123I]MIBG and impaired
olfactory function is able to identify “isolated” RBD
in prodromal stages of PD/DLB even in patients
with ADT.

Of note, RBD patients with normal [123I]MIBG
and normosmia could be in the prodromal stage of
MSA. The vast majority of MSA patients have nor-
mal [123I]MIBG [31, 32], and most of them have RBD
[41]. However, the statistical risk to phenoconvert to
MSA is very low in the prospective iRBD cohort stud-
ies [2]. We postulate that RBD patients with normal
[123I]MIBG and normosmia are not in the prodromal
stage of PD/DLB and should be carefully assessed for
autonomic dysfunctions in the search for prodromal
MSA. However, as recently reported, no pronounced
autonomic symptoms were detectable in four MSA-P
converters of a large cohort of iRBD subjects before
phenoconversion [42].

There is ongoing discussion if a PD subgroup with
less autonomic symptoms has normal sympathetic
cardiac innervation at diagnosis [5, 43, 44]. One study
revealed normal [123I]MIBG in 44/160 de novo PD
subjects, and orthostatic hypotension, olfactory dys-
function and probable RBD were associated with
abnormal [123I]MIBG [43]. Nomura et al. described
reduced [123I]MIBG uptake in PD with RBD com-
pared to PD without RBD, and RBD was associated
with reduced [123I]MIBG uptake in PD [44]. Other
studies showed reduced [123I]MIBG uptake in iRBD
compared to PD [10, 36]. Horsager et al. described

a similarly and more severely reduced [123I]MIBG
in PD with RBD and iRBD than in PD without
RBD [5]. Moreover, PD patients without RBD were
less hyposmic than those with RBD [5]. They pro-
pose that PD plus RBD reflects a “body-first” PD
subtype, of which iRBD is the premotor pheno-
type [5]. Our findings could further support this
statement.

Generally, hyposmia and pathological [123I]MIBG
seem to precede nigrostriatal degeneration. However,
RBD patients with pathological [123I]FP-CIT-
SPECT have the highest risk of conversion to
manifest aSYN within 3–5 years [29]. As a disease-
modifying therapy could be more effective if started
as early as possible, [123I]MIBG is a promising diag-
nostic tool to identify iRBD patients in prodromal
stages of PD/DLB before nigrostriatal pathology
has occurred. Because of the expected long con-
version time, especially in iRBD in a “prenigral”
stage, longitudinal studies are necessary that prove
the “conversion” from a normal to a pathological
[123I]FP-CIT-SPECT. Of course, there are limitations
of using [123I]MIBG that can lead to false abnormal
results: Our proposed two-tiered strategy with com-
bined [123I]MIBG and olfactory testing is expected to
result in a higher safety: First both biomarkers when
reduced, were highly associated with each other, and
secondly olfactory dysfunction was already impaired
at baseline (even to the level of anosmia) and qualified
in the follow-up period as a prodromal progres-
sion marker only in the subjects with a pathological
[123I]MIBG, independent of a normal or reduced
DAT-binding. Still, there is need of additional mark-
ers reflecting prodromal disease progression in iRBD:
a promising candidate could be the assessment of the
“PD related pattern”-expression in [18F]FDG-PET as
recently published [45].

This prospective cohort study has several limita-
tions. The sample size is small, especially in the
subgroups. Because of the relatively short follow-up
time, only seven subjects phenoconverted to PD. This
leads to a low specificity and positive predictive value
of [123I]MIBG (29%, 0.26) as well as olfactory test-
ing (29%, 0.27), although the sensitivity (100% and
86% respectively) and negative predictive value (1
and 0.89 respectively) are high. Increasing the follow-
up time will most likely result in a growing number
of phenoconverters in the RBDpMIBG group. Fur-
thermore, [123I]FP-CIT-SPECTs were not repeated
to evaluate progression of nigrostriatal degeneration.
Neither early images were performed nor washout
rates determined in [123I]MIBG scintigraphy. For the
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in-house threshold of “HMR < 1.5 = pathological” no
normal data set is available.

In summary, in our study, reduced cardiac
[123I]MIBG uptake and hyposmia with TDI ≤25
seem to be suitable diagnostic findings to identify
iRBD subjects in prodromal stages of PD/DLB before
nigrostriatal degeneration has occurred. iRBD sub-
jects with a pathological [123I]MIBG presented with
hyposmia at baseline and showed a progression of the
olfactory impairment and an increase in motor symp-
toms over time mainly due to the manifestation of PD
motor symptoms in the subgroup of PD converters.
Thus, olfactory function is a prodromal progression
marker in iRBD with a pathological [123I]MIBG. This
could be independent of whether the [123I]FP-CIT-
SPECT is normal or abnormal. Further longitudinal
studies are needed to assess conversion time in iRBD
subjects in the “prenigral” prodromal stage of aSYN,
i.e. who present at baseline a normal [123I]FP-CIT-
SPECT, into the “nigral” stage with a pathological
[123I]FP-CIT-SPECT.
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