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Abstract.

Background: Rapid eye movement sleep behavior di @(R D) may precede or follow motor symptoms in Parkinson’s
disease (PD). While over 70% of idiopathic RBD caffes phgnoconvert within a decade, a small subset develops PD after a more
{

extended period or remains nonconverted. Theg
Premotor RBD may signify “body-first” P
Objective: Explore brainstem and nigri

presence and duration in de novo PD jgfieifg.

Methods: In a cross-sectional anal %novo PD patients (n=150) undergoing FP-CIT PET and RBD Single-Question
Screen, the cohort was categonfZed groups with and without premotor RBD (PDRBP+/7), with further classification
of PDREP* based on a 10- % on of premotor RBD. Analysis of FP-CIT binding in the striatum and pons, striatal
asymmetry, and striatum—t‘—pon?ratios compared patterns of nigrostriatal and brainstem monoaminergic degeneration.
Results: PDREP+ exhibited severe and symmetrical striatal dopaminergic denervation compared to PDRBP~, with the
difference in severity accentuated in the least-affected hemisphere. The PDRBP+<19Y subgroup displayed the most prominent
striatal symmetry, supporting a more homogeneous “body-first” subtype. Pontine uptakes remained lower in PDRBP+ even
after adjusting for striatal uptake, suggesting early degeneration of pontine monoaminergic nuclei.

Conclusions: Premotor RBD in PD is associated with severe, symmetrical nigrostriatal and brainstem monoaminergic
degeneration, especially in cases with PD onset within 10 years of RBD. This supports the concept of a “widespread,
bottom-up” pathophysiological mechanism associated with premotor RBD in PD.

neous manifestations of RBD in PD prompt subtype investigations.
m-up, symmetric synucleinopathy propagation.
noaminergic degeneration pattern differences based on premotor RBD
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disease (PD), with approximately 70% developing
synucleinopathy within 10 years [1-3]. However,
from the PD standpoint, premotor RBD is only
observed in a subset of newly diagnosed patients,
with an estimated prevalence ranging from 25% to
40%, and many PD patients experience RBD after
the onset of motor symptoms [4-7].

The heterogeneous manifestation of RBD in PD
has prompted efforts to subtype the disease based on
its presence. In PD, the co-presence of RBD is asso-

ciated with a ‘diffuse and/or malignant’ subtype of

disease, along with a higher risk of dementia, psychi-
atric comorbidity, and autonomic dysfunction [8—12].
The recent a-Synuclein Origin and Connectome
(SOC) Model of PD suggests that premotor RBD
signifies a “body-first” PD subtype characterized by
a bottom-up spread of peripheral synucleinopathy
through the brainstem [13]. This subtype is expected
to exhibit a more symmetrical nigrostriatal degener-
ation pattern compared to the “brain-first” subtype,
where pathology likely begins at a unilateral site
inside the brain.

Meanwhile, a small yet distinct subgroup of
longstanding iRBD patients, either undergoing phe-

nonconverted for an extended period, is con
tently observed across multiple prospective ie
[14, 15]. However, considering the anatomjeaNgro
imity of RBD’s key brainstem neuron@ork
to nigral dopaminergic neurons [l e Yemark-
ably prolonged lag period betwe and motor
parkinsonism raises questions ab@n er an alter-
native neurodegenerative pa nism should be
contemplated [17] rath aghe straightforward
progression of premoto@’ into “body-first” PD,
at least in some instances among these long-lagged
PD cases.

Given these considerations, in a cohort of newly
diagnosed PD patients undergoing FP-CIT positron
emission tomography (PET), we aimed to ana-
lyze potential differences in brain monoaminergic
denervation patterns based on the presence and tem-
poral profile of premotor RBD. Specifically, we
hypothesized that, in the premotor RBD group,
the proposed pathomechanism of “body-first” PD
would lead to (i) more symmetrical nigrostriatal
dopaminergic denervation and (ii) more profound
pontine monoaminergic degeneration, both in terms
of absolute values and relative ratios to nigrostri-
atal denervation, as the pathological propagation is

suggested to be ‘bottom-up’ [13]. Furthermore, we
hypothesized that the symmetric nigrostriatal and

noconversion after more than 10 years or remainﬂi&

severe pontine denervation patterns expected for
“body-first” PD would be more pronounced in the
subgroup with a temporal gap of less than 10 years
between the onset of RBD symptoms and motor
parkinsonism compared to the group with an exten-
sive lag period.

MATERIALS AND METHODS

Study participants

The medical records of consecutive patients diag-
nosed with de novo PD at the Movement Disorders
Clinic of Seoul National University Hospital between
pectively reviewed. The
inclusion criteria cgagp¥{sed patients who met the

eNeliability of the PD diagnosis, only
patiem¥ with at least 3 years of disease duration at
jme of chart review were included. Additionally,
der to reflect the neurodegenerative pattern at

@sease onset and to minimize the variability of dis-
ease duration and age among groups, only patients

who had undergone PET scan within 2 years of onset
and were aged 60 to 80 years at scan were included.

The study protocol was approved by the Institu-
tional Review Board (IRB) of the Seoul National
University Hospital (No. 2201-085-1290). Informed
consent was waived by the IRB due to the retrospec-
tive nature of the study.

Clinical information and assessment for
probable premotor RBD

Demographic information on sex, age at PD onset,
and age at PET scan was collected for all partici-
pants. At the time of diagnosis, clinical interview was
conducted to screen for a history of RBD. Specif-
ically, participants and their bed-sharing caregivers
were asked—both of them had to be able to pro-
vide an answer—if they had ever been told that
(or ever appeared to) “act out his/her dreams while
sleeping, i.e., punched or flailed arms in the air,
shouted or screamed [19].” Those who answered
“yes” for the participant were deemed to have proba-
ble RBD and were further questioned about the onset
of such dream enactment behaviors. Participants were
grouped based on the presence or absence of prob-
able RBD at the time of PD onset based on clinical
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history. The duration of probable RBD preceding PD,
i.e., the interval between the onsets of probable RBD
and PD, was calculated in years.

PET acquisition and processing

The participants underwent '8F-FP-CIT PET scans
at drug-naive status. For '8F-FP-CIT PET study,
CT scans were conducted for attenuation correction,
and subsequent PET emission scans were carried
out 120 min after injecting '®F-FP-CIT (185 MBq)
using dedicated PET/CT scanners from Siemens
Healthineers (Biograph true point with true V or
Biograph mCT 40 or Biograph mCT 64; Erlangen,
Germany). The PET images were reconstructed using
the ordered-subset expectation maximization algo-
rithm with 21 subsets and 6 iterations. The finally
reconstructed image matrix size was 400 x 400.

These PET images were spatially registered to a
previously developed in-house MNI FP-CIT PET
template with a voxel size of 2 x 2 x2mm [20,
21]. The nonlinear spatial registration was performed
using rigid and affine transformation followed by
Symmetric Diffeomorphic Registration (SyN) as a
nonlinear registration implemented in Dipy packa,
(version 1.1.1, https://dipy.org/) [22]. The regist
images were smoothed by an additional Gagfssia;
filter with full-width at half maximum of @

For quantification of FP-CIT standard

ratio (SUR) in each volume of S ol),
the standardized uptake value oge ecific VOI
I

uptake

was divided by the value o cipital cor-
tex as the reference region@ s of occipital
cortex as well as put caudate nucleus
were delineated by pred@? anatomic atlas (AAL,
Automated Anatomical eling) [23]. The brain-
stem VOIs for the rostral pons, hereafter pons,
was drawn manually on the FP-CIT PET tem-
plate overlaid with the template MRI according
to the previous literature [24, 25], using MRIcron
(https://www.nitrc.org/projects/mricron). In addi-
tion, to define ventral striatum, additional striatal
predefined VOIs were used [26]. Pons and whole
striatum were extracted as a single region of the entire
corresponding area without distinguishing between
the bilateral hemispheres, respectively. The SUR of
the least-affected hemisphere (LAH) or the most-
affected hemisphere (MAH) was also computed for
each striatal VOI [27]. This involved selecting the
higher value between the bilateral hemisphere values
for LAH and the lower value for MAH in each striatal
VOL

The asymmetry index and the striatum-to-pons
ratios

The asymmetry index (AI) between the '8F-FP-
CIT PET SURs of bilateral striatum in each VOI
was calculated as in previous studies [28, 29]:
[(@a-b)/(a+b)] x 2 x 100, with a and b represent-
ing the two different sides’ SURs of each VOIL
The striatum-to-pons ratios were calculated as (mean
SUR value of each striatal VOI or the whole striatal
SUR)/(pontine SUR).

Statistical analysis

performed using the sample ¢ test and Pearson

Comparison of meQetween two groups was

chi-squared test a @ pptiate. One-way analysis of
variance (AN # used to compare the mean
levels in thred ore groups. For the correlational
analysis @ gen putaminal SUR and Al, we used
Pear 8Qrrelation analysis. Statistical threshold
was Qat p<0.05 using the false discovery rate

RR) Correction for multiple comparisons across
%’. Statistical analysis was performed using IBM

PSS version 24 (Armonk, NY; IBM Corp) and
Graphpad Prism 10.0.

RESULTS

A total of 150 subjects with de novo PD were
included in this study. The demographics and clini-
cal characteristics are presented in Table 1. The mean
age at PD onset was 66.88 4= 5.667 years, and at PET
scan 67.98 £ 5.536 years. Ninety-eight subjects had
probable RBD at the time of PD onset (PDRBP+), 43
of whom reported that the onset of RBD preceded
that of PD by 10 years or more (PDRBP+=10Y)),

Striatal dopaminergic asymmetry and
striatum-to-pons ratios of monoaminergic
denervation by probable premotor RBD in PD

Although no statistically significant differences
were observed between the PDREP+ and PDRBD-
groups concerning sex, age at PD onset, and age
at PET imaging, distinctions emerged in striatal
and pontine FP-CIT uptakes, demonstrating signif-
icantly lower values in both the striatum VOIs and
the pons in the PDREP+ group (prpr <0.05). Ana-
lyzing striatal asymmetry between groups revealed
a more symmetric pattern of FP-CIT binding in
the putamen (pppr <0.001) and the caudate nucleus
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Table 1

Demographics and '®F-FP-CIT PET findings in patients with de novo PD, with or without
preceding history of probable RBD

PDRBD— PDRBD+ p
Sex 24/28 56/42 0.201
Age at PD onset, y 66.50 (5.338) 67.05 (5.702) 0.544
Age at PET imaging, y 67.67 (5.272) 68.14 (5.691) 0.623
Disease duration, y 1.173 (0.648) 1.061 (0.715) 0.348
18F_FP-CIT SUR
Pons 2.165 (0.470) 1.841 (0.570) <0.001
Caudate, mean 3.537 (0.662) 3.313 (0.536) 0.026
Putamen, mean 3.539 (0.567) 3.275 (0.517) 0.005
Ventral striatum, mean 1.699 (0.303) 1.587 (0.266) 0.021
Whole Striatum 3.536 (0.599) 3.292 (0.510) 0.010
18F.FP-CIT SUR AI’s
Al, caudate 7.221 (4.788) 5.296 (4.696) 0.019
Al, putamen 16.042 (8.523) 10.323 (9.242) <0.001
Al ventral striatum 26.196 (9.591) 24.910 (8.296) 0.394
18 F_FP-CIT SUR striatum-to-pons ratios (
Caudate/Pons 1.723 (0.560) 1.999 (0.767 ™ N’  0.013
Putamen/Pons 1.730 (0.563) 1.966 (0. 0.027
Ventral striatum/Pons 0.832 (0.286) . 0.022
‘Whole Striatum/Pons 1.726 (0.556) . g 0.018

18E_FP-CIT SUR in the most- and least-affected-hemi

Putamen
MAH 3.252 (0.532) 3.101 (0.484) 0.083
LAH 3.825 (0.643) 3.448 (0.597) <0.001

Caudate

MAH 3412 59) 3.226 (0.530) 0.063
LAH 3.608/(0. 3.400 (0.554) 0.011
Ventral Striatum

MAH M.279) 1.389 (0.244) 0.053
LAH -992 (0.348) 1.785 (0.304) 0.013

SUR, standardized uptakegati
for multiple comparis

ighlighted in bold.
(pFDR < 0.05) in the PDRBD @ ompared to the
PDRBD= group, while Musfliatal Als did not
exhibit significant differ&ceg(Fig. 1a). Furthermore,
the PDRBP+ group exhibifed a higher striatum-to-
pons ratio of FP-CIT binding in all striatal VOIS,
i.e., putamen/pons, compared to the PDRBP~ group
(prpR <0.05; Fig. 1b), indicating a relatively pro-
nounced decrease in pontine SURs over the striatum

in the PDRBD+ group.

Comparison of striatal dopaminergic
denervation in the MAH and LAH by premotor
RBD

Analysis of the MAH and LAH striatal SURs of
the subjects revealed further distinctions between
the PDRBP+ and PDRBP~ groups (Table 1). The
PDRBP+ group exhibited significantly lower SURs
in the LAH putamen, caudate, and ventral striatum
compared to the PDRBP~ group, while SURs in the

!symmetry index p-values that remained < 0.05 after correction

MAHs within each striatal VOI did not differ signifi-
cantly between the two groups. Further comparisons,
controlling for individual MAH SURs in each VOI,
continued to demonstrate lower LAH uptakes in the
putamen (p =0.0002) and caudate (p =0.005) in the
PDRBP+ group. A significant positive correlation was
identified between the putaminal Al and the putam-
inal FP-CIT SUR in the LAH (Pearson’s r=0.451,
p<0.001; Fig. 1c), but not with the MAH.

Comparison of striatal degeneration and
asymmetry based on the duration of premotor
RBD

The PDRBP+ group was further categorized based
on the duration of premotor RBD, including the
PDRBD+<10Y oroup with less than 10 years of pre-
motor RBD duration and the PDRBP+Z10Y groyp
with longstanding premotor RBD of 10 years or
more (Supplementary Table 1). Both groups exhib-
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to-pons ratios of monoaminergic degeneration in drug-naive Parkinson’s disease stratified

by premotor RBD. The PDREP+ gmup displays (a) a more symmetric nigrostriatal degeneration and (b) higher striatum-to-pons ratios of

al
FP-CIT binding, indicating a

pontine monoaminergic degeneration compared to the P

DRBD= group. (c) Putaminal asymmetry is

primarily driven by the severity of least-affected hemisphere (LAH) degeneration. (d) The symmetric degeneration pattern of the striatum is
more pronounced in the subgroup of PDRBP* with less than 10 years of premotor RBD history.

ited lower pontine FP-CIT uptakes compared to the
PDRBP= group (post hoc pppr =0.022 for both).
However, putaminal FP-CIT binding was reduced
only in the PDRBP+<10Y oroup compared to the
PDRBD= group (post hoc prpr =0.048). No signifi-
cant differences were found in caudate uptake among
the three groups.

The PDRBP+<10Y group also displayed a promi-
nently symmetric denervation pattern in the putamen
and the caudate nucleus compared to the PDRBP—
group (post hoc prpr =0.003 and 0.021, respectively;
Fig. 1d). In contrast, the PDRBP+=10Y oroyp dis-

played relative symmetry only in the putamen than
the PDRBP~ group (post hoc prpr =0.028), with-
out a significant symmetry difference in the caudate
nucleus. No additional differences in the striatum-
to-pons ratios were found among the PDRBP~, the
PDRBD+Z10Y "3 the PDRBP+<10Y groyps.

When comparing asymmetry between the two
groups, arithmetically higher asymmetries were
noted in the PDRBP+Z10Y thap the PDRBD+<I0Y
group in all striatal VOIs, but these differences
did not reach statistical significance (Supplementary
Table 1).
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DISCUSSION

In this cohort of de novo PD patients, our investiga-
tion reveals that individuals with probable premotor
RBD (PDRBDPT) exhibit significantly more symmet-
rical striatal dopaminergic denervation than those
without premotor RBD (PDRBP™). The relatively
higher severity of LAH denervation in PDRBD+,
compared to PDRBD— contributes to the symme-
try, while MAH severity is comparable between
the two groups. Within the PDRBP* subgroups,
individuals with a premotor RBD duration of less
than 10 years exhibit a particularly more symmet-
rical pattern than the PDRBP= group. Additionally,
the PDRBP+ group shows lower pontine FP-CIT
uptake than the PDRBP~ group, even after adjust-
ing for striatal uptake (i.e., a higher striatum/pons
ratio), suggesting a link between premotor RBD and
early degeneration of the pontine monoaminergic
nuclei.

We observe profound degeneration of the striatal
LAH in the de novo PDRBP+ group, despite com-
parable severity in the MAHs when compared to
the PDRBP= group. This aligns with the expecta-
tions for “body-first” PD: a symmetric and higher
overall burden of nigrostriatal degeneration at

time of diagnosis [13, 30]. The SOC mod
tulates that the initial gastrointestinal pat
the “body-first” subtype ascends via bil do sal

motor nuclei of the vagus, resulting nded
prodromal phase and a more exte %nulatlon
of bilateral pathology until mot 13]. Given
the relatively stereotyplcal y of dopamine

degeneration once initia 4], the compara-
ble severity in the MAHs igdicates that the initial
dopamine degeneration 1t started at similar time-

points in the past across the PDRBP+ and PDRBD-
groups. However, in the PDRBP+ group, it may
have progressed more symmetrically, leading to a
greater involvement of the LAH at the diagnostic
stage. Previous research reported symmetric degener-
ation in the PDRBP+ group compared to the PDREP—
group, but as the groups significantly differed in
ages [35], the ability to compare the absolute sever-
ity of neurodegeneration in the LAH or the MAH
was constrained. Our cohort, comprising age- and
disease-duration-matched groups, each with over
40 subjects, enabled a quantitative comparison of
dopaminergic neurodegeneration and symmetry in
the postulated “body-first” and “brain-first” groups
of de novo patients. Our findings also align with the
pathological observation that the extent and density

of synuclein pathology are higher in PD patients with
probable RBD [36].

The extrastriatal investigation of FP-CIT binding
reveals reduced pontine SURs in the PDRBP+ group,
further supporting the assumptions in the SOC model
that “body-first” PD has more damage in the pon-
tine modulatory neurotransmitter systems, such as the
raphe nucleus (RN) or the locus coeruleus (LC), in
the early stages [13]. FP-CIT has affinity for sero-
tonin (SERT) and noradrenaline transporters (NAT)
in addition to dopamine transporters (DAT) [37].
Therefore, its binding at the pons level, where DAT's
are scarce, mainly reflects the somatodendritic avail-
ability of SERTs in the RN or the NATs in the LC,
while at the striatal lg#el, it reflects the predomi-
nant DATs at the pigra nerve terminals [37-39].
The higher striat pons ratio of SURs in the

PDRED+ groupfides€lipports the notion that degen-
eration of RO Q

monoaminergic nuclei is more
severe, © @ after adjusting for the degree of nigros-
triat pagiinergic degeneration. Apart from the

SOC del, this aligns with classical evidence that
W stem serotonergic and noradrenergic alterations
ibute to RBD pathogenesis, along with cholin-

@ ic systems [16].
Our results illustrate that the striatal DAT sym-

metry of PDRBPT is particularly pronounced in
the PDRBP+<10Y guboroup. Large-scale multicen-
ter studies on iRBD report overall phenoconversion
rates of 70-75% after 10-12 years [1, 3], indicating
that at least 10% may remain nonconverted after a
decade. We specifically focused on this minority of
RBD patients with a prolonged lag period between
the RBD and motor parkinsonism [17]. We hypothe-
sized that this group may comprise a mix of patients,
including 1) those with a markedly gradual progres-
sion of prodromal body-first parkinsonian pathology,
and 2) those with non-progressive RBD and an inde-
pendent development of brain-first PD. The results,
indicating the most prominent “body-first-like” stri-
atal symmetry trend in the PDRBDT<10Y oroup may
support this hypothesis. Our findings suggest a possi-
bility that a subset of these patients may experience a
predominant “brain-first” pathomechanism indepen-
dently occurring from RBD, because otherwise the
PDRBD+210Y oroup should show reduced putaminal
FP-CIT binding and symmetry as in the PDRBP+<10Y
group. As part of ongoing efforts to subtype PD
based on premotor RBD, considering the duration of
preceding RBD may prove beneficial in identifying
patient subgroups at a higher risk of faster progression
and/or dementia.
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Some limitations of our study should be addressed.
Firstly, the absence of video polysomnography (PSG)
confirmation of RBD poses a limitation. The RBD
Single-Question Screen, the RBDI1Q, is a versatile
tool to screen for RBD in the clinics and poses an
estimated specificity of 87% and sensitivity of 94%
for PSG-confirmed RBD [19]. Still, the proportion
of RBD-positive cases at diagnosis in our study was
relatively higher than previously reported figures [4].
This could have been influenced by the questionnaire-
based nature of the data and our requirement for
both the patient and the bed partner to be present to
answer the questionnaire. In other words, the inclu-
sion of false-positive cases with secondary RBD
and exclusion of cases without a bed partner, with
or without RBD, might have impacted the rate in
either way. We speculate that future investigations
in a PSG-confirmed cohort may settle these limi-
tations, providing valuable insights and validating
our findings. Additionally, the inclusion criteria for
PD duration and age at scan, implemented to con-
trol group differences, might have unintentionally
affected the positivity rate. Second, the accuracy
of the reported time of RBD onset may have been

that 1) bed partners confirmed the onset of RB
all cases, enhancing the reliability of reporte
times, and 2) the majority of cases (87.3%,
ing an RBD-PD interval of less than 10 ye
that it fell within the 1-5-year range. S
lower likelihood of confusion bety rations less
patients and
their bed partners. Thirdly, t| of quantitative
evaluation data for mot Fnmotor symptoms
at the time of PET scaf hinflers the exploration of
clinical correlations. Lastly;, as the VOIs were delin-
eated on the PET images using the template, and
individual MRIs were not available, unrecognized
atrophy could have influenced the FP-CIT SURs,
particularly in the brainstem. A structural evalua-
tion combined with PET analysis in the future is
warranted.

In conclusion, our study highlights the association
between premotor RBD and pronounced, symmet-
ric degeneration of nigrostriatal dopaminergic nerve
terminals in de novo PD, particularly evident in indi-
viduals developing PD within 10 years of RBD onset.
Furthermore, premotor RBD is correlated with sig-
nificant degeneration of the pontine monoaminergic
nuclei. These findings indicate that premotor RBD in
PD is linked to a subtype of the disease characterized
by a more profound neurodegeneration, potentially

suggesting a “widespread, bottom-up” pathophysio-
logical mechanism.
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