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The phenoconversion trajectory from idiopathic/isolated Rapid eye movement (REM) sleep behavior
disorder (iRBD) towards either Parkinson’s Disease (PD) or Dementia with Lewy Bodies (DLB) is
currently uncertain. We investigated the capability of baseline brain [18F]FDG-PET in differentiating
between iRBD patients eventually phenoconverting to PD or DLB, by deriving the denovoPDRBD-
related pattern (denovoPDRBD-RP) from 32 de novo PD patients; and the denovoDLBRBD-RP from
30 de novo DLB patients, both with evidence of RBD at diagnosis. To explore [18F]FDG-PET
phenoconversion trajectories prediction power, we applied these two patterns on a group of 115 iRBD
patients followed longitudinally. At follow-up (25.6 ± 17.2 months), 42 iRBD patients progressed
through overt alpha-synucleinopathy (21 iRBD-PD and 21 iRBD-DLB converters), while 73 patients
remained stable at the last follow-up visit (43.2 ± 27.6months). At survival analysis, both patternswere
significantly associated with the phenoconversion trajectories. Brain [18F]FDG-PET is a promising
biomarker to study progression trajectories in the alpha-synucleinopathy continuum.

Rapid eye movement (REM) sleep behavior disorder (RBD) is a specific
manifestation of the prodromal stage of α-synucleinopathies. Indeed, dur-
ing follow-up, the vast majority of individuals with isolated/idiopathic RBD
(iRBD) eventually develop parkinsonism and/or dementia1–4. However,
given the heterogeneous nature of iRBD, the time of phenoconversion to a
full-blown α-synucleinopathy is highly diverse, with some patients
remaining “isolated/idiopathic” up to 10 years following diagnosis5–7.
Nevertheless, this population is the ideal target for testing disease-modifying
therapies, once available8.

The increasing interest in determine a biological definition of α-synu-
cleinopathies is highlighting how Parkinson’s disease (PD) and Dementia
with Lewy bodies (DLB) actually belong to the same disease spectrum9.

However, PD and DLB have clear syndromic differences, and the
overall prognosis is not necessarily the same. For example,DLB is associated
with a worst quality of life, higher mortality rates, and caregiver burden10.
Thus, it would be not only important to be able to predict whether iRBD
patientswould eventually phenoconvert on the short-term, but alsowhether
they would develop a parkinsonism or dementia-first phenotype.
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Over the past few years, researchers focused on the identification of
biomarkers able to study disease progression and their association with
phenoconversion in iRBD11. Among these, brain [18F]FDG-PET has shown
to be a valuable biomarker of neurodegeneration in both prodromal and
overt stages of alpha-synucleinopathies, and longitudinal studies showed
that brain [18F]FDG-PET is a reliable predictor of phenoconversion in iRBD
patients12–14. Several cross-sectional studies identified disease-specific pat-
terns of alpha-synucleinopathies, such as PD15,16 and DLB16,17, as well as a
specific iRBD-related pattern (RBD-RP)13,18; interestingly, these patterns
showed a certain degree of spatial overlap. Although, the brain areas
involved slightly change depending on the clinical syndromes. For example,
in PD different brain glucose features are evident based on the presence/
absence of cognitive impairment19, or the disease stage (i.e., de novo versus
overt stage)20.

This suggests that brain [18F]FDG-PET is able to capture the
clinical and severity differences along the same pathological spectrum.
Putting this concept into the prodromal stage’s scenario, we hypothe-
sized that brain [18F]FDG-PET may be able to identify not only iRBD
patients at high risk of short-term phenoconversion, but also to be
associated to the phenoconversion trajectory (i.e., parkinsonism-first
versus dementia-first).

To test this, we hypothesized that the typical brain glucose patterns
seen in patients with overt parkinsonism or dementia may be already pre-
sent in the prodroma stage, i.e., in those iRBD patients that would develop
parkinsonism or dementia, respectively, over time. To note, it has been
demonstrated that the brain glucose pattern of iRBD patients changes
approaching phenoconversion, showing, on the one hand, a reduction of its
expression and, on the other, an increase of the PD-related pattern
expression13. This finding suggests that iRBD patients closer to pheno-
conversion should have higher expression of the respective full-blown
alpha-synucleinopathy patterns, comparedwith iRBDpatients with a lower
likelihood of short-term phenoconversion.

In this prospective longitudinal cohort study, we first studied brain
[18F]FDG-PET of de novo PD patients with evidence of RBD (deno-
voPDRBD) and de novoDLBwith evidence of RBD (denovoDLBRBD) and
then identified the denovoPDRBD-related pattern (denovoPDRBD-RP)
and the denovoDLBRBD-related pattern (denovoDLBRBD-RP). This
choice is led by the idea that de novo patterns are likely to reflect the
metabolic characteristics that iRBD patients would have at the time of
phenoconversion to overt PD or DLB.

As a second step, we applied these patterns (denovoPDRBD-RP and
denovoDLBRBD-RP) in a large group of iRBD patients longitudinally fol-
lowed, to explore their capability in differentiating between iRBD-PD
converters and iRBD-DLB converters (i.e., parkinsonism-first and
dementia-first phenotypes respectively).

Results
Descriptive analysis
De novo PD and DLB patients were older and had lower education and
lower MMSE when compared with HC (Supplementary Table 1).
Moreover, iRBD non-converter patients were younger, had lower
MDS-UPDRS-III scores, and were also less classified as MCI, when
compared with iRBD-converter patients (Table 1). A higher number of
iRBD-DLB converters were also classified as MCI compared to iRBD-
PD converters (Table 2).

When comparing center-specific characteristics, a significant differ-
ence in MDS-UPDRS-III scores in both iRBD-converters and non-
converters (p < 0.001), with lower scores in the Italian centers, was found;
moreover, iRBDnon-converters Seoul patients had a lowerMMSE, a longer
follow-up time and a fewer number of males enrolled compared to Genoa
and Rome Tor Vergata patients (Supplementary Table 2). There were no
significant differences in iRBD-PD converters across centers (p = 0.445);
while Seoul iRBD-DLB converters had a higher MDS-UPDRS-III scores
compared to Genoa and Rome Tor Vergata iRBD-DLB converters (Sup-
plementary Table 2).

denovoPDRBD and denovoDLBRBD-related patterns
For the denovoPDRBD-RP, PCs 1 and 2 were the one that best dis-
criminated between patients and controls, with a cumulative variance of
59%, while the denovoDLBRBD-RP was built on a combination of PCs 1
and 2, which explained the 58.9% of the variance.

Thresholded voxels after bootstrap resembling (2.5%–97.5% CI) were
overlaid on a T1-MRI template for visualization (Fig. 1A, B) and then
topographically overlapped (Fig. 1C).

Both the denovoPDRBD-RP and the denovoDLBRBD-RP showed the
presence of positive voxel weights in the frontal regions, putamen/pallidus,
thalamus, brainstem, pons, and the anterior cingulate cortex, while negative
components were found in parietal and occipital areas (Fig. 1A, B). When

Table 1 | Demographic and clinical characteristics of iRBD
patients

iRBD-converters
patients

iRBD non-
converters patients

p-value

n = 42 n = 73

Age, years 72.23 ± 5.45;
72 [61–84]

68.9 ± 6; 69 [56–82] 0.005

Education, years 10 ± 4.5; 8 [2–18] 9.9 ± 4.37; 8 [0–18] 0.91

Sex, males 31 (73.8%) 50 (68.5%) 0.547

MMSE 27.45 ± 2.24;
28 [22–30]

28.08 ± 1.9;
29 [23–30]

0.12

MDS-UPDRS-III 4.35 ± 4.53;
3.5 [0–17]

2.76 ± 3.64;
1 [0–18.5]

0.04

MCI (Y:N) 28:14 28:45 0.003

Phenoconversion

Survival Time
(months)

25.59 ± 17.17;
23 [3–84]

43.2 ± 27.64;
30 [7–137]

0.0006

PD 21 (50%) /

DLB 21 (50%) /

MSA 0 /

Continuous variables are shown as mean ± standard deviation; median [range]. Categorical
variables are shown as number (percentage). Significant p-values are reported in bold.
DLB Dementia with Lewy bodies,MCI mild cognitive impairment,MDS-UPDRS-III Movement
Disorders Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale, motor
section, MMSEMini-Mental State Examination, PD Parkinson’s Disease, iRBD idiopathic REM
sleep behaviour disorder, REM Rapid eyes movements.

Table 2 | Demographic and clinical characteristics of iRBD-
converters patients

iRBD-PD
converters patients

iRBD-DLB
convers patients

p-value

n = 21 n = 21

Age, years 71 ± 5.52; 72 [61–79] 73 ± 5.23;
72 [66–83]

0.235

Education, years 10 ± 4.6; 8 [2–17] 10 ± 4.6; 8 [5–18] 1

Sex, males 14 (70%) 17 (77.2%) 0.726

MMSE 28 ± 2; 28 [23–30] 27 ± 2.4; 28 [24–30] 0.15

MDS-UPDRS-III 5 ± 4.56; 4 [0–17] 4 ± 4.4; 2 [0–17] 0.473

MCI (Y:N) 11:10 17:4 0.53

Survival Time
(months)

29 ± 18.3; 30 [3–84] 22 ± 15.7; 18 [3–60] 0.19

Continuous variables are shown as mean ± standard deviation; median [range]. Categorical
variables are shown as number (percentage)
DLB Dementia with Lewy bodies,MCI Mild Cognitive Impairment,MDS-UPDRS-IIIMovement
Disorders Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale, motor
section, MMSEMini-Mental State Examination, PD Parkinson’s Disease, iRBD idiopathic REM
sleep behaviour disorder, REM Rapid eyes movements.
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overlayed, the denovoDLBRBD-RP showed a wider area of negative com-
ponents, extending to the precuneus, compared to the denovoPDRBD-RP,
as well as a greater involvement of positive components in the cerebellum
and vermis (Fig. 1C).

Given the high rate of overlap, the two patterns were significantly
correlated between each other (p < 0.001).

Phenoconversion prediction ability of the denovoPDRBD-RP
TheANOVAshoweda significant difference (p = 0.003) between thepattern
expression of iRBD non-converters and iRBD-converters (either to PD or
DLB). Indetail, thepost-hoc analysis showeda significantdifferencebetween
iRBD non-converters and iRBD-PD converters (p = 0.042) and iRBD-DLB
converters (p = 0.011), respectively, while there was no difference between
iRBD-PD converters and iRBD-DLB converters (p = 0.947) (Fig. 2A). At
ROC analysis the denovoPDRBD-RP was able to discriminate between
iRBD-PD converters and iRBD-DLB converters with 73% sensitivity and
50% specificity (AUC= 0.61), with a negative predicting value (NPV) of 0.38
and a positive PV (PPV) of 0.64. Time-dependent ROC analyses for the
denovoPDRBD-RP expression revealed an increase in AUC after one year,
with a steady decline frommonth 24 (month 12: AUC0.71;month 24: AUC
0.70; month 36: AUC 0.68; month 48: AUC 0.60; month 60: AUC 0.59;
month 72: AUC 0.59; month 84: AUC 0.59). No significant correlation was
found between the denovoPDRBD-RP expression and MMSE (p = 0.346),
while pattern expression negatively correlated with survival time (p = 0.021)
and positively with the MDS-UPDRS-III score (p = 0.012).

Kaplan–Meier curves are reported in Fig. 2B, the empirical optimal
cut-off chosen as threshold is 1.075. The prediction model was statistically
significant (p = 0.007). OnCox regression analysis, iRBDwho expressed the
denovoPDRBD-RP over 1.075 had a significantly high risk of pheno-
converting to DLB instead of PD (age and center adjusted HR of 3.21,
p = 0.029, C.I.95%: 1.12–9.18).

Phenoconversion prediction ability of the denovoDLBRBD-RP
The ANOVA showed a significant difference (p = 0.001) between the pat-
tern expression of iRBDnon-converters and iRBD-converters (either to PD
or DLB). At post-hoc analysis, a significant difference between iRBD non-
converters and iRBD-PD converters (p = 0.040) and iRBD-DLB converters
(p = 0.002) respectively, while there was no difference between iRBD-PD
converters and iRBD-DLB converters (p = 0.718). (Fig. 3A). At ROC ana-
lysis the denovoDLBRBD-RP was able to discriminate between iRBD-DLB
converters and iRBD-PD converters with 77% sensitivity and 55% specifi-
city (AUC = 0.66), with a NPV of 0.68 and a PPV of 0.65. Time-dependent
ROCanalyses for thedenovoDLBRBD-RPexpression showed that theAUC
remained stable throughout follow-up time, with an increase of the AUC in
the third year (month 12: AUC 0.62; month 24: AUC 0.64; month 36: AUC
0.74; month 48: AUC 0.69; month 60: AUC 0.66; month 72: AUC 0.66;
month 84: AUC 0.66). No significant correlation was found between the
denovoDLBRBD-RP expression and MMSE (p = 0.191), while pattern
expression negatively correlated with survival time (p = 0.034) and posi-
tively with the MDS-UPDRS-III score (p = 0.023).

Fig. 1 | Results of the SSM-PCA. A Display of stable voxels of the denovoPDRBD-
RP. Red indicates positive voxel weights (relative hypermetabolism) in deno-
voPDRBD-RP, while Blue indicates negative voxel weights (relative hypometabo-
lism) in denovoPDRBD-RP. B Display of stable voxels of the denovoDLBRBD-RP.
Red indicates positive voxel weights (relative hypermetabolism) in deno-
voDLBRBD-RP, while Blue indicates negative voxel weights (relative

hypometabolism) in denovoDLBRBD-RP.COverlapping of the denovoPDRBD-RP
and denovoDLBRBD-RP. Red indicates positive voxel weights (relative hyperme-
tabolism) in denovoPDRBD-RP, while Blue indicates negative voxel weights (rela-
tive hypometabolism) in denovoPDRBD-RP. Green indicates positive voxel weights
(relative hypermetabolism) in denovoDLBRBD-RP, while Pink indicates negative
voxel weights (relative hypometabolism) in denovoDLBRBD-RP.
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Fig. 2 | Results of the ANOVA and survival analysis in the denovoPDRBD-RP.
A Distribution of subject’s z-scores in iRBD groups, with the optimum dis-
crimination threshold (empirical cut-point = 1.075). (Purple = iRBD non-con-
verters; Green = iRBD-PD converters; Yellow = iRBD-DLB converters) B Results of

the Survival analysis of the denovoPDRBD-RP expression on iRBD-PD and iRBD-
DLB converters. Blue line = denovoPDRBD-RP expression below the empirical
optimal cut-point. Orange line = denovoPDRBD-RP expression above the empirical
optimal cut-point.
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Fig. 3 | Results of the ANOVA and Survival Analysis in the denovoDLBRBD-RP.
A Distribution of subject’s z-scores in iRBD groups, with the optimum dis-
crimination threshold (empirical cut-point = 1.028). (Purple = iRBD non-con-
verters; Green = iRBD-PD converters; Yellow= iRBD-DLB converters) B Results of

the Survival analysis of the denovoDLBRBD-RP expression on iRBD-PD and iRBD-
DLB converters. Blue line = denovoDLBRBD-RP expression below the empirical
optimal cut-point. Orange line = denovoDLBRBD-RP expression above the
empirical optimal cut-point.
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Kaplan–Meier curves are reported in Fig. 3B, the empirical optimal
cut-off chosen as threshold is 1.028. The prediction model was statistically
significant (p = 0.003). On Cox regression analysis, iRBD patients expres-
sing the denovoDLBRBD-RPover 1.028 had a high risk of phenoconverting
to DLB instead of PD (age and center adjusted HR of 3.52, p = 0.034,
C.I.95%: 1.09–11.27).

All the aforementioned analyses (both on the denovoPDRBD-RP
and the denovoDLBRBD-RP) were also performed after applying the
ComBat harmonization toolbox21,22 on the subject scores representing
the pattern expression, to correct for site variability (i.e., scanner-to-
scanner variability, while preserving biological associations). Results
did not substantially change, although the significance of the models
was slightly lower.

Furthermore, when qualitatively investigating both patterns expres-
sion, we found that 25 of the 42 iRBDphenoconverted patients express both
patterns, 64% being iRBD-DLB phenoconverted patients.

Among the 42 iRBD phenoconverted patients, one expressed only the
denovoPDRBD-RP at baseline (and it was an iRBD-PD phenoconverted
subject at follow-up), one expressed only the denovoDLBRBD-RP at
baseline (and it was an iRBD-DLB phenoconverted subject at follow-up),
and 15 patients did not express either pattern, 60% being iRBD-PD phe-
noconverted patients.

Clinical features
As expected, there was a significant difference between iRBD non-
converters and iRBD-converters (both iRBD-PD and iRBD-DLB con-
verters) regarding the presence of baseline MCI (p = 0.003). However, no
significant difference was found between iRBD-PD and iRBD-DLB con-
verters (p = 0.53). Indeed, the presence of MCI showed a sensitivity of 36%,
specificity of 53%, and an accuracy of 38% in discriminating between iRBD-
PD and iRBD-DLB converters. Finally, the presence ofMCI at baseline was
not significantly associated with the phenoconversion trajectory (p = 0.322,
adjusted HR 1.59, C.I.95%: 0.63–3.98).

Considering these results, we performed a further analysis aimed at
investigating whether the presence of MCI combined with pattern
expression characteristics could better discriminate between pheno-
conversion trajectories. We choose to use the denovoDLBRBD-RP
because of the slightly higher adjusted HR at Cox regression analysis;
hence we applied the aforementioned empirical optimal cut-off of 1.028
to identify patients at higher risk of developing a dementia-first phe-
notype. Therefore, we divided the 42 iRBD-converters patients into 4
groups, as follows: phenoconverted patients with MCI at baseline and
above the empirical optimal cut-off (n = 17, PD converters = 6, DLB
converters = 11); phenoconverted patients withoutMCI at baseline and
below the empirical optimal cut-off (n = 7, PD converters = 5, DLB
converters = 2); phenoconverted patients without MCI at baseline and
above the empirical optimal cut-off (n = 9, PD converters=3, DLB
converters = 6); phenoconverted patients with MCI at baseline and
below the empirical optimal cut-off (n = 9, PD converters = 6, DLB
converters = 3). No significant difference was found amongst the four
groups (p = 0.197). It is interesting to notice that, in the group of
patients without MCI at baseline but above the empirical optimal cut-
off, the majority phenoconverted to DLB, which could be unexpected.

Overall, these results suggest that patients with a higher expression of
the denovoDLBRBD-RP have a high likelihood of developing DLB
regardless the baseline MCI status.

Finally, we also explore Cox regression models on the expression of
both patterns, separately, adjusting for age, center, MDS-UPDRS-III, and
MMSE scores.When includingMDS-UPDRS-III andMMSE to themodel,
iRBD patients who expressed the denovoPDRBD-RP over 1.075 had a
significantlyhigh risk of phenoconverting toDLB insteadofPD(HRof 5.44,
p = 0.006, C.I.95%: 1.59–18.59), while iRBD patients who expressed the
denovoDLBRBD-RP over 1.028 had a significantly high risk of pheno-
converting to DLB instead of PD (HR of 7.58, p = 0.003, C.I.95%:
1.78–32.19).

Discussion
In the present study, we identified two different brain metabolic patterns
able to discriminate iRBD phenoconversion trajectories, either PD or DLB.
Our a priori hypothesis was that disease-specific related patterns (i.e., PD-
related and DLB-related) would have been able to identify PD converters
and DLB converters, respectively. Instead, we found that baseline high
expression of both the denovoPDRBD-RP and denovoDLBRBD-RP sig-
nificantly identified iRBD-DLB over iRBD-PD converters with similar
performances, even if the denovoDLBRBD-RP showed slightly higherAUC
and hazard ratio values. This finding may be counterintuitive, since it may
be expected that patients with a high denovoPDRBD-RP expression would
develop a parkinsonism-first phenotype, instead of the dementia-first one.
The reason of this finding may be explained looking in details at the char-
acteristics of the two overt stages brain glucose patterns.

As a matter of fact, despite an expected partial overlap, the
denovoDLBRBD-RP appears to express amore severe and wider metabolic
pattern, with the extension of the impairment to the precuneus and the
cerebellum, compared with the denovoPDRBD-RP. The spatial covariance
analysis applied to identify the patterns allows to highlight voxels that either
positively or negatively covary together, thus, from a clinical standpoint we
could speculate that the positive and negative components represent rela-
tively higher and lower metabolism, respectively.With this being said, both
the denovoPDRBD-RP and the denovoDLBRBD-RP showed the presence
of positive voxel weights in the putamen/pallidus, thalamus, pons, and the
anterior cingulate cortex, while negative components were found in parietal
and occipital areas, with a more pronounced metabolic decrease in the
precuneus in the denovoDLBRBD-RP. This evidence is not only in linewith
the more widespread involvement of the cortex in DLB compared to PD
patients but, more interestingly, it points out how these two patterns are
placed on the same pathological continuum. Specifically, denovoDLBRBD-
RP seems to represent a more severe expression of the Lewy body disorders
continuum.

From a clinical standpoint, DLB patients usually show signs and
symptoms negatively impacting the quality of life, since the earlier phases of
the disease10. Conversely, de novo PD patients may preserve most of their
social andworking functioning, showing a limited impact on their quality of
life in the early stages of the disease. This may reflect a higher burden of
disease in de novoDLB patients compared with de novo PDpatients. Thus,
it may be speculated, that iRBDdeveloping a dementia-first phenotypemay
have a more aggressive disease, likely paralleled by a more severe neuro-
degeneration, compared with iRBD patients developing a parkinsonism-
first phenotype. This is in line with a recentmulticentric study showing how
iRBD patients developing a dementia-first phenotype had more severe
baseline neurodegeneration of the dopaminergic nigro-striatal system23.
Following this concept, it is not surprising that iRBDpatients showingmore
impaired brain glucose metabolism (i.e. higher expression of either
denovoPDRBD-RP or the denovoDLBRBD-RP) develop a dementia-first
phenotype. Indeed, brain [18F]FDG-PET, as a well-known biomarker of
neurodegeneration, has been suggested to be used for staging neurode-
generation, in the recent proposal for a new staging system in PD24.

Interestingly, in our study, both patterns were significantly correlated
with motor but not cognitive scores. This supports the concept that the
MDS-UPDRS-III is a better disease marker than MMSE in alpha-
synucleinopathies. Indeed, despite it is widely used both in clinical and
research settings, MMSE has several limitations, especially in alpha-synu-
cleinopathies, possibly related to floor or roof effects25.

Over the last decade, researchers have been focusing on the identifi-
cation of robust, reliable, and replicable biomarkers able to mark disease
progression and predict the type of phenoconversion at baseline. Although,
this is not an easy task, given the high heterogeneity in the time of pheno-
conversion, symptoms manifestation, and the well-known similarities
between de novo PD with RBD and de novo DLB with RBD. In literature,
clinical data have shown only moderate ability in predicting the outcome
diagnosis, with the most promising marker being the presence of MCI1.
However, in the present study, we showed that the presence of MCI at
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baseline, both alone and combined with brain glucose characteristics, was
not significantly associated with phenoconversion over time. On the other
hand, it has been shown that combination of MCI and the presence of
linguistic abnormalitiesmight provide a predictor of phenoconversion from
iRBD to dementia-first phenotype26. Moreover, we showed that when
combining neuroimaging with clinical data, such as MDS-UPDRS-III and
MMSE, the association with phenoconversion from iRBD to dementia-first
phenotype is stronger, compared to neuroimaging or neuroimaging and
MCI alone.

Within this scenario, [18F]FDG-PETmay be a good biomarker of both
phenoconversion and clinical outcome. Indeed, it has been already
demonstrated that brain [18F]FDG-PET, assessed with spatial covariance
analysis18,27, is a strong biomarker of phenoconversion. However, iRBD
patientsmay phenoconvert to PD, DLB, and aminority of them tomultiple
system atrophy. Therefore, to enlarge the prediction power ability of the
brain [18F]FDG-PET, we recently identified a pattern of brain glucose
metabolism associated with phenoconversion in iRBD (iRBDconvRP),
regardless the final diagnosis12. This pattern showed to be a robust and
reliable biomarker for identifying iRBD phenoconverters, and it was sub-
sequently replicated in an independent cohort of patients, confirming its
reliability12,28.

In summary, our data suggest that having an increased expression of
the overt PD/DLB-related patterns, especially the denovoDLBRBD-RP,
already in the iRBD stage, may be considered as a predictor of the
“dementia-first” phenotype, with a probability of 68% and a hazard ratio of
3.52, while patterns’ lower expression in the prodromal phase as a predictor
of the “parkinsonism-first” syndrome. To note, both patterns were sig-
nificantly correlated with survival time, confirming previous longitudinal
data suggesting that brain [18F]FDG-PET may be a candidate surrogate
disease progression biomarker13,15. This result should be combined with the
notion that iRBD patients with a more severe baseline brain glucose
metabolism pattern are at high risk of short-term phenoconversion12,13,20.

From a practical point of view, these findings suggest that neurode-
generation biomarkers, especially brain [18F]FDG-PET, may show different
levels of abnormalities, likely related with different prognosis. That is, iRBD
patients with normal brain [18F]FDG-PET might have a lower risk of phe-
noconversion on the short-term, iRBDpatientswithmild tomoderate brain
glucose metabolism impairment have a high risk of short-term pheno-
conversion, likely a parkinsonism-first phenotype, while iRBD patients
showing a severe brain glucose metabolism impairment might have a high
risk of developing a dementia-first phenotype at short-term. The optimal
cut-points to identify those neurodegeneration levels need to be identified in
larger longitudinal studies. This may be relevant in a clinical trial setting, in
which using the same biomarker (i.e., brain [18F]FDG-PET), it may be
feasible to both apply a phenoconversion pattern (i.e., the iRBDconvRP) to
select patients to be enrolled, and to stratify them using a trajectory pattern
(i.e., the denovoDLBRBD-RP) for secondary analyses.

This study has some limitations and strengths. Firstly, while the link
between brain glucose metabolism and iRBD phenoconversion seems
promising, several challenges need to be addressed, such as the need for
larger longitudinal studies, and multi-center collaborations to confirm and
validate the present results, always taking into account the standardization
of imaging protocols. In this light, the present study is multicentric and
includes patients with different ethnicities (i.e., Caucasian and Asian).
However, it must be highlighted that both the denovoPDRBD-RP and the
denovoDLBRBD-RP were derived in a Caucasian cohort of patients, and
they were subsequently applied also on an Asian cohort of patients. On one
hand, this may have contributed to lowering the prediction ability of the
patterns. On the other hand, the results found in the present study, suggest
that thosemeasurementsmight be broadly applicable. Addressing this issue
will be of utmost importance for future clinical trials. Secondly, the [18F]
FDG-PET protocol used in the three centers was not a-priori harmonized.
Notably, after harmonizing the data by correcting for site variability the
results did not change, thus suggesting the solidity of the data. Moreover,
given the rising importance on the biological definition of Lewy body

disorders, not every patient enrolled in this study had neuronal synuclein
diseases defined biologically on the basis of an in-vivo biomarker, namely
CSFor skinbiopsy9. Lastly, amore in-depthviewof the relationshipbetween
cognitive performance and the brain metabolic pattern expressed by these
patients might help in differentiating the phenoconversion trajectories.
Although often the neuropsychological batteries used across centers are not
harmonized this issue highlights the need of joined effort from different
centers specialized in iRBD to provide soon a harmonized neuropsycho-
logical battery, so to increase quality in the sharingprocess anddata analysis.

Methods
Patients
From the Genoa center, we enrolled 32 de novo PD patients (mean age:
73.12 ± 5.86 y.o; 22 males) and 30 de novo DLB patients (mean age
78 ± 4.4 y.o, 18males) with evidence of RBD, as well as 44Healthy Controls
(HC, mean age: 69 ± 6 y.o; 16 males). Diagnosis was performed following
current criteria29,30 and confirmed by the evidence of presynaptic dopami-
nergic deficit on [123I]FP-CIT SPECT and by at least two years of follow-up.
Diagnosis of RBD was confirmed by video-polysomnography (vPSG),
according to current criteria31, in all PD patients and in thirteen DLB
patients (43.3%). In the remaining seventeenDLBpatients, a suggestive and
persistent clinical history of RBD presence was reported. Brain MRI or CT
was used to rule out brain diseases32,33. The presence of white matter
hyperintensities was not an exclusion criterion if theWahlund scale was not
>1 for eachbrain region34.At baseline, all patients underwent theMovement
Disorder Society Unified Parkinson Disease rating scale, the third part
(MDS-UPDRS-III) to quantify motor impairment, the Mini-Mental State
Examination (MMSE), as a measure of global cognitive functioning, as well
as a comprehensive neuropsychological assessment of the main cognitive
domains (verbal memory, executive functions, attention, and working
memory, visuospatial abilities and language)32. Presence of mild cognitive
impairment (MCI)wasdefinedas the significantdeclineonat least two tests,
either within a single cognitive domain or across different cognitive
domains35.

Furthermore, from two Italian centers, Genoa and Rome Tor Vergata,
and a South-Korean one (Seoul)we enrolled 115 iRBDpatients, ofwhom42
iRBD patients (mean age: 72.2 ± 5.4, 31 males, follow-up time:
25 ± 17 months) subsequently phenoconverting to an overt alpha-
synucleinopathy (iRBD-converters, 21 PD and 21 DLB), and 73 iRBD
patients (mean age: 68.9 ± 6 y.o, 50males, follow-up time: 43 ± 27 months)
not showing phenoconversion at follow-up (iRBD non-converters). To
note, follow-up time refers to survival time, and it indicates the interval,
expressed in months, between the date of [18F]FDG-PET acquisition and
either phenoconversion date in converter patients, or the last follow-up visit
in non-converter patients.

Diagnosis of RBD was confirmed by vPSG, according to current
criteria31.

All iRBD patients underwent the same neurological and neu-
ropsychological workup described above, following center-specific
assessment32,33,36. To note, the diagnosis of MCI was carried out following
the same diagnostic criteria across each center35.

Phenoconversion to overt alpha-synucleinopathy (i.e., PD, DLB, or
MSA) was assessed using current diagnostic criteria for each neurodegen-
erative disorder29,30,37.

[18F]FDG-PET and video-polysomnographic recording
All patients underwent [18F]FDG-PET to investigate brain glucose meta-
bolismwithin 12months from diagnosis, in accordance with the guidelines
of the European Association of Nuclear Medicine in use at the time of
acquisition38,39.

Sleep scoring was performed following the current criteria40. PSG
derivations were placed according to recommended rules40 to evaluate sleep
features, respiratory, cardiac, and limb events. Patients were asked to
withdraw melatonin, hypnotic medications, and antidepressant drugs for
two weeks before the recording.
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Center-specific acquisition and reconstruction protocols are described
in detail elsewhere12,13,33,41.

denovoPDRBD-RP and denovoDLBRBD-RP derivation and
application
Fromthe32denovoPDand30denovoDLBpatients, bothwith evidenceof
RBD, along with 44 HC in the same age range, we derived the
denovoPDRBD-RP and a denovoDLBRBD-RP by applying an automated
algorithm, based on the SSM-PCA method42 implemented in Matlab
(version 2020a; MathWorks, Natick, MA), to their [18F]FDG-PET data.
Briefly, SSM-PCAwas firstly applied on the [18F]FDG-PET images of 32 de
novoPDpatients and 44HC. The resulting denovoPDRBD-RPwas applied
to the scans of 115RBDpatients (both converters and non-converters). The
same analysis was performed on the [18F]FDG-PET images of 30 de novo
DLB patients and 44 HC, to derive and apply the denovoDLBRBD-RP. For
each subject, a score was calculated on each selected principal component
(PC). The components that could best discriminate between controls and
patients were linearly combined to form the disease-related pattern43. The
identification method is described in detail elsewhere12,44.

For validation, we performed a leave-one-out cross-validation
(LOOCV)12, and to enhance the stability of the results, we performed a
bootstrap resampling (1000 repetitions) to extract themost stable regions in
the patterns obtained.

Standard protocol approval
All patients providedwritten informed consent before the enrolment in this
study, in compliance with the Helsinki Declaration of 1975.

Study overview and statistical analysis
Oncewederived thedenovoPDRBD-RPand thedenovoDLBRBD-RP,both
patterns’ expression was then computed, separately, on the [18F]FDG-PET
scans of the 115 iRBD (both converters and non-converters) from Genoa,
Rome Tor Vergata and Seoul. Subject scores of the iRBD-converters and
non-converters patients, representing respectively the denovoPDRBD-RP
and the denovoDLBRBD-RP expression, were z-transformed with respect
to the corresponding center’s HC group (the aforementioned 44 HC from
Genoa, 11 HC from Rome Tor Vergata -mean age: 71 ± 3 y.o; 6 males- and
24 HC from Seoul -mean age: 69 ± 5 y.o; 7 males-).

Between-group differences in clinical characteristics were compared
using unpaired t-test (normally distributed) or the Wilcoxon-
Mann–Whitney test (non-normally distributed). Categorical variables were
compared using χ2 or Fisher’s exact tests. Normal distribution of variables
was checked using Shapiro–Wilk test.

A one-way analysis of variance (ANOVA) was performed on
z-transformed subject scores to test patterns’ ability to discriminate among
groups, followed by Tukey-Kramer post hoc for pairwise-multiple
comparison.

To determine the sensitivity and specificity of the patterns, a receiver
operating curve (ROC) was plotted based on z-transformed subject scores
from both patterns. The cut-off that gave optimum sensitivity and specifi-
city, calculated with the Youden Index method45, was chosen as the
threshold.Moreover, time-dependent ROC curveswere performed for each
pattern and the Area Under the Curves (AUC) of each timepoint was
compared (one-timepoint every twelve months, until month number 84).

Then, Kaplan–Meier survival analyses were performed to estimate the
risk of phenoconversion from iRBD to either PD or DLB (in our sample,
none of the iRBD converted to MSA) using the two separate patterns
expression values (represented by the subject scores obtained), categorized
as below or above the threshold previously computed by the Youden Index
method. The survival time was set as the interval (expressed in months)
between the date of [18F]FDG-PET acquisition and the date of pheno-
conversion in iRBD-converter patients.

In detail, the survival analyses were first performed using the subject
scores obtained by applying the denovoPDRBD-RP on all iRBD-converters
patients, then, the sameanalysiswas runusing the subject scoresobtainedby

applying the denovoDLBRBD-RP on the same cohort of iRBD-converters.
In both cases, the two possible outcomes were the phenoconversion to PD
and the phenoconversion to DLB, and the phenoconversion to DLB was
arbitrary set as the failure event for computing the model. The adjusted
hazard ratio (aHR) was calculated with a Cox regression, using age and
center as covariates.

Partial Pearson’s correlation analysis was performed between
denovoPDRBD-RPanddenovoDLBRBD-RPexpression, separately, and (i)
survival time, (ii) MDS-UPDRS-III score, (iii) MMSE score, and (iv)
between one another, using age and center as a nuisance variable.

For comparison, we finally investigated differences in the presence of
MCI amongst iRBD-PD and iRBD-DLB converters with Fisher’s exact test
and, using a Cox regression analysis, we saw whether the presence of MCI
was associated with the risk of phenoconversion.

Statistical thresholdwas set at .05 and p-valueswere reported corrected
for multiple comparisons using the Bonferroni approach.

All analyses were performed using MatLab (version 2020a; Math-
Works, Natick, MA), Stata software (StataCorp. 2013. Stata Statistical
Software: Release 13. College Station, TX: StataCorp LP) and R (R Core
Team, 2020)-RStudio (Rstudio Team, 2020).

Data availability
The datasets used and/or analyzed during the current study available from
the corresponding author on reasonable request.
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