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Abstract

INTRODUCTION: Isolated/idiopathic rapid eye movement sleep behavior disorder

(iRBD) is a powerful early predictor of dementia with Lewy bodies (DLB) and Parkin-

son’s disease (PD). This provides an opportunity to directly observe the evolution of
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prodromal DLB and to identify which cognitive variables are the strongest predictors

of evolving dementia.

METHODS: IRBD participants (n = 754) from 10 centers of the International

RBD Study Group underwent annual neuropsychological assessment. Competing risk

regression analysis determined optimal predictors of dementia. Linear mixed-effect

models determined the annual progression of neuropsychological testing.

RESULTS: Reduced attention and executive function, particularly performance on the

Trail Making Test Part B, were the strongest identifiers of early DLB. In phenocon-

verters, the onset of cognitive decline began up to 10 years prior to phenoconversion.

Changes in verbal memory best differentiated betweenDLB and PD subtypes.

DISCUSSION: In iRBD, attention and executive dysfunction strongly predict dementia

and begin declining several years prior to phenoconversion.

KEYWORDS
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Highlights

∙ Cognitive decline in iRBD begins up to 10 years prior to phenoconversion.

∙ Attention and executive dysfunction are the strongest predictors of dementia in

iRBD.

∙ Decline in episodic memory best distinguished dementia-first from parkinsonism-

first phenoconversion.

1 BACKGROUND

Isolated/idiopathic rapid eye movement (REM) sleep behavior disor-

der (iRBD) is a parasomnia characterized by loss of REM sleep muscle

atonia and dream-enactment behavior. It is also a powerful indicator

of underlying synucleinopathy: the vast majority (>80%) of individuals

with iRBDwill ultimately develop an overt neurodegenerative disease,

including Parkinson’s disease (PD), dementia with Lewy bodies (DLB),

and multiple system atrophy (MSA), with a phenoconversion rate of

6%-8% per year.1 Those with iRBD are at an approximately equal risk

of developing DLB or PD, and when classified according to the initial

phenoconversion event (parkinsonism-first vs. dementia-first), show

remarkably similar rates of progression in motor and non-motor clin-

ical variables.1–3 In fact, the only robust differentiating clinical marker

between parkinsonism-first and dementia-first phenoconverters is

cognitive dysfunction itself.4,5 Early differentiation between the two

would allow clinicians andpatients to anticipate andplan for the conse-

quences of progressive cognitive decline. Importantly, if the underlying

pathomechanisms that drive neurodegeneration are substantially dif-

ferent between PD and DLB,6,7 reliably distinguishing iRBD subjects

destined to phenoconvert to dementia-first from parkinsonism-first

presentations might enable a more precise selection of subjects for

future targeted therapies.

Patterns of cortical and subcortical brain atrophy can be observed

in iRBD, even among those without mild cognitive impairment

(MCI).8–10 Therefore, the neurodegenerative processes that under-

lie DLB begin well before the time of phenoconversion.11 However,

it is uncertain how early in the prodromal disease course cogni-

tive dysfunction can be detected and consequently, how long before

diagnosis those destined to develop DLB can be identified. More-

over, it remains unclear which specific cognitive tests are most

useful for detecting early cognitive dysfunction, and whether a dis-

tinct and evolving pattern of cognitive dysfunction exists in iRBD.

Previous analyses of neuropsychological testing over the course

of the prodromal disease have been limited to relatively small

or single-center studies with consequent heterogeneity between

results.4,5,12–15

In the present study, we combine the prospective experience of

10 centers of the International RBD Study Group representing six

countries to: (1) determine the predictive value of baseline neuropsy-

chological testing on the development of dementia in iRBD; (2) assess

how neuropsychological testing in iRBD evolves up to the point of

phenoconversion; (3) determine how progression differs between pro-

dromal sub-types; and (4) assess at what timepoint can individual

neuropsychological tests identify an individual destined to develop

dementia.
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2 METHODS

2.1 Study participants

Details of this International RBD Study Group cohort have been

described previously.16 This study included those centers that per-

formed systematic and longitudinal cognitive testing. Baseline and

longitudinal participant data were collected between November 2004

and February 2022, with themajority of participants (77.8%) recruited

after 2014. All study participants were included based on the follow-

ing criteria: (1) polysomnogram-confirmed iRBD according to standard

criteria17; (2) aged 30 years and older; (3) underwent baseline clini-

cal and neuropsychological testing with at least one follow-up; and (4)

were without parkinsonism or dementia at baseline. Parkinsonismwas

defined as bradykinesia plus at least one of rigidity or rest tremor18;

Dementia was defined as cognitive impairment on screening testing

(Mini-Mental State Examination [MMSE] < 28 or Montreal Cognitive

Assessment [MoCA]< 26) with significant functional impact related to

cognitive deficit.19 The baseline timepoint was set to the first visit at

which cognitive testing was performed (8.2% of included participants

had a separate baseline visit at a mean of 1.2 years before neuropsy-

chologic testing, five of whomwere known to have phenoconverted at

a later date). Ethics approval was obtained from the local institutional

boards of each center with participant consent in accordance with the

Declaration of Helsinki.

2.2 Neuropsychological testing and clinical
measurements

This study combined results frommultiple centers, each of which used

their own specific testing protocols. Therefore, a pragmatic approach

to data collection and harmonization was used. Neuropsychologi-

cal tests were pooled based upon similar testing methodologies; for

inclusion each test had to be administered by at least three study cen-

ters, involve ≥30% of the total study population, and have available

published normative scores to enable comparisons between centers.

Characteristics of the included neuropsychological tests by the study

center are shown in Table S1.

Additional demographic and clinical data included standardized

symptom assessment and motor examination using a harmonized

measurement for the Movement Disorders Society Universal Parkin-

son’s Disease Rating Scale (MDS-UPDRS) part II and III sub-scales.16

The presence of baseline depression as a comorbidity was assessed

either by formal clinical diagnosis, meeting the threshold for mod-

erate depression by standardized questionnaire, or by the use of

antidepressant medication.

3 Statistical analyses

Statistical analyses were performed using R (version 4.2.2).

RESEARCH INCONTEXT

1. Systematic review: The literature was reviewed using

PubMed searches for isolated/idiopathic rapid eyemove-

ment sleep behavior disorder (iRBD) and cognition. Pre-

vious longitudinal analyses of neuropsychological testing

over the course of prodromal dementia with Lewy bodies

(DLB) have been limited to relatively small or single-

center studies.

2. Interpretation: Our findings demonstrate that the

decline in cognitive function in iRBD can be detected

very early in the disease course. The pattern of cognitive

dysfunction begins with attention and executive dysfunc-

tion, followed later by dysfunction in the memory and

visuospatial domains.

3. Future directions: These findings could enable the early

differentiation of iRBD subjects that will go on to develop

dementia. This could form the groundwork for prodro-

mal cognitive screening to identify subjects for targeted

preventative trials in the early stages of the neurode-

generative process, when they are more likely to be

beneficial.

3.1 Data preprocessing

For neuropsychological test comparisons, raw scores were converted

to z-scores using available normative data (Table S1). To minimize the

effect of outliers, z-scores were winsorized to −3.5 and 3.5, which

affected 2.6% of the data. MCI was determined using Level I PD-MCI

criteria: subjective cognitive complaints (Table S1) with either impair-

ment on global cognitive abilities (MoCA cutoff: <26/30 or MMSE

cutoff<28/30) or impairment (z-score≤−1.5) in at least twonot highly

related/correlated tests.20

3.2 Assessment of neuropsychological testing
performance

To combine neuropsychological testing from multiple centers, a meta-

analysis of single means approach was used. The inverse variance

method for pooling and theHartung-Knappmethod for randomeffects

(study center) was used to generate weighted mean z-scores and con-

fidence intervals for each neuropsychological test.21 To determine if

iRBD participants scored below normal performance, normative z-

scores for the entire cohort and stratified by phenoconversion status

were compared to the expected normative means. A negative z-score

with the exclusion of zero from the 95% confidence interval indicated

reduced cognitive performance, whereas a z-score ≤ −1.5 was set as

the threshold for impaired test performance.
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3.3 Survival analysis

To determine the risk of dementia according to baseline performance

on individual cognitive tests or domains, a competing risk regression

analysis was used with dementia-first phenoconversion as the event

of interest and parkinsonism-first phenoconversion as the competing

risk (note that phenoconverters termed “dementia” vs. “dementia-first”

are the same; for readability, we reserve the longer “dementia-first”

terminology primarily for comparisons against parkinsonism-first phe-

noconversion). A competing risk analysis was selected over traditional

methods since those phenoconverting to a parkinsonism-first phe-

notype were effectively censored at the time of diagnosis (i.e., they

cannot then go on to develop a dementia-first phenotype). Those

without follow-up assessments were excluded. The time of baseline

cognitive testing was used as the start time and the time between

testing and phenoconversion or censoring was used as the follow-up

time. The onset of phenoconversion was estimated to be the half-

way point between the prior ‘disease-free’ assessment and the visit

in which phenoconversion was diagnosed. Those not phenoconverting

to overt synucleinopathy were censored at their last visit. The overall

regression model included covariates for sex, age, years of education,

depression, and study center. The full model was compared to a set

of candidate models created by successively adding covariates on the

basis of their significance in the full model and selecting themodel with

the smallest Bayesian information criteria (BIC) value.22,23 Because of

insufficient sample size, data from follow-up times beyond 10 years

were excluded from the analysis (1.6% of participants had data beyond

10 years, all from the Montreal cohort). An assessment of Schoenfeld

residuals against time did not show violations of the assumption of

locally constant means.
3.4 Progression of cognitive performance

To assess the evolution of cognitive performance, the year of pheno-

conversion was set as Year 0, and all preceding cognitive measure-

ments plotted backward from that point (i.e., Year −1, Year −2, etc. up

toYear−10). For participants not known tohavephenoconverted, Year

0 was set as themost recent cognitive assessment. If a test was admin-

istered only once in a participant, that cognitive test was excluded

from the longitudinal analysis. Linear mixed-effect modeling (LMEM)

fit by restricted maximum likelihood was used to estimate the annual

progression rate of each cognitive test with the participant (random

slopes and intercepts) and study center (random intercepts) as ran-

dom effects, year of assessment, sex, age, education, and depression as

fixed effects, and phenoconversion status as an interacting term.24 Lin-

earity was observed when examining the fitted residuals of the model

for neuropsychological testing. Theestimatedmarginalmeans andesti-

mated marginal trends were calculated and used to determine annual

progression rates for each neuropsychological test subdivided by phe-

noconversion status.25 Contrast comparisons were used to determine

statistical differences in annual progression rate between phenocon-

version types.25 Predictor effects plots were generated to provide

graphical summaries of the fitted LMEMs to the raw data.26

4 RESULTS

4.1 Overall outcomes

Detailed baseline demographics for each center are shown in Table S2

and summarized in Table 1. Data were collected from a total of 948

participants from 10 centers in six countries, from which 191 were

excludeddue to lackof follow-upanda further threewereexcludeddue

to phenoconversion toMSA. Thus, analyses were performed on a total

of 754 participants with a mean follow-up time of 3.3 ± 2.4 years, or a

total of 2488 person-years of follow-up. Themean age at baseline neu-

ropsychological testing was 67.4 ± 8.2 years, 20.3% were female, and

time from iRBD diagnosis was 1.5± 2.6 years.

During follow-up, 170 participants (22.5%) phenoconverted

to a defined neurodegenerative disease, including 96 developing

parkinsonism-first and 74 developing dementia-first phenotypes.

The baseline characteristics of phenoconverted participants are

summarized in Table 1. Dementia-first phenoconverters were sig-

nificantly older than both parkinsonism-first phenoconverters and

non-converters. Similarly, the proportion of participants with MCI at

baseline was greater in those who developed a dementia phenotype

(dementia-first = 58.0%, parkinsonism-first = 30.2%, uncon-

verted=25.3%,p<0.001),withanoverall baseline frequencyof30.2%.

4.2 Baseline neuropsychological performance

Pooled results of baseline neuropsychological testing showed an over-

all high level of between-center variability (Figure 1A and Figure S1),

with the median I2 from all comparisons of 91% (indicating that 91%

of the variability in the final estimate was the result of between-center

variability). Relatively low variability was observed with the Word list

recognition (I2 = 23%) and Digit span backward tasks (I2 = 41%).

Despite an overall high degree of heterogeneity, lower than expected

cognitive performance (i.e., mean and 95% confidence interval [CI] ≤

zero) in the whole iRBD cohort was observed in the Trail Making Test

(TMT) B (z-score=−0.76) and TMTB-A subscore (z-score=−0.67).

When stratifying baseline scores by phenoconversion status

(Figure 1B), a general trend of reduced cognitive performance

was observed in dementia-first phenoconverters relative to

parkinsonism-first and unconverted participants. This was most

clear in tasks of attention, executive function, and learning/memory.

Impaired cognitive performance (i.e., z-score mean and 95% CI ≤

−1.5) was found in dementia-first but not parkinsonism-first and

unconverted participants in the TMT B (dementia-first = −2.27,

parkinsonism-first = −0.84, unconverted = −0.51) and TMT

B-A (dementia-first = −1.98, parkinsonism-first = −1.03, uncon-

verted=−0.37). Likewise, reduced cognitive performance (i.e., z-score

meanand95%CI≤ zero)wasobserved indementia-first participants in

theTMTA (dementia-first=−1.36, parkinsonism-first=−0.21, uncon-

verted = −0.17), Word list immediate recall (dementia-first = −1.06,

parkinsonism-first = −0.21, unconverted = −0.06), and Word list

delayed recall (dementia-first = −0.91, parkinsonism-first = −0.13,

unconverted=−0.24).
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TABLE 1 Baseline demographics and clinical variables by phenoconversion status.

Total Unconverted (A) Parkinsonism-first (B) Dementia-first (C) p-Value Post-hoc

n 754 584 96 74 –

Baseline age (years) 67.4 (8.2) 66.5 (8.2) 69.0 (7.3) 72.5 (6.8) <0.001 A<B*; B<C**

Female (%) 20.3 19.2 21.9 27 0.263 –

Education (years) 13.2 (4.3) 13.6 (4.1) 12.4 (4) 11.5 (5.1) <0.001 A>B*; B>C**

iRBD duration (years) 1.5 (2.6) 1.2 (2.1) 2.3 (3.0) 2.5 (4.4) <0.001 A<B=C**

Follow-up (years) 3.3 (2.4) 3.4 (2.3) 2.9 (2.6) 2.8 (2.6) 0.030 ns

Depression (%) 26.1 24.0 30.2 37.8 0.018 A<C*

MMSE 27.8 (2.1) 28.0 (1.8) 28.0 (1.8) 26.1 (3.2) <0.001a A=B>C**

MoCA 25.7 (2.9) 26.0 (2.8) 25.7 (2.1) 22.6 (3.3) <0.001a A=B>C**

MDS-UPDRS-I 7.8 (6.2) 7.5 (6.0) 8.1 (5.9) 9.3 (8.2) 0.157a –

MDS-UPDRS-II 2.5 (3.7) 2.3 (3.7) 2.9 (3.5) 3.2 (4.2) 0.029a ns

MDS-UPDRS-III 3.9 (4.5) 3.3 (3.8) 5.4 (5.2) 6.8 (6.4) <0.001a A<B=C**

MCI (%) 29.8 25.3 30.2 58.0 <0.001 A=B<C**

Note: Statistical differences were calculated using analysis of covariance with Tukey post-hoc testing for continuous variables and χ2 test with post-hoc

pairwise testing for categorical variables.

Abbreviations: MCI, mild cognitive impairment; MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; MMSE, Mini-Mental

State Examination;MoCA,Montreal Cognitive Assessment; ns, no significance.
aAdjusted by age, sex, education, and depression.

*p< 0.05.

**p≤ 0.001.

4.3 Predictors of dementia outcome

Survival analysis using baseline neuropsychological testing is illus-

trated in Table 2 and Figures 2 and 3. On competing risk regression

analysis, a variety of cognitive tests had reduced performance at

baselinewhichwere significantly predictive of dementia. The strongest

predictors (tests that predicted dementia with hazard ratio [HR] > 3

and that were more frequently impaired in dementia phenoconvert-

ers) included: (1) attention domain: any impaired test (HR = 4.65),

TMT A (HR = 3.82), Stroop interference (HR = 5.62); (2) executive

domain: any impaired test (HR = 6.05), TMT B (HR = 4.62), TMT B-A

(HR = 7.86), Semantic fluency (HR = 4.14); (3) memory domain: any

impaired test (HR = 3.26), Word list immediate recall (HR = 4.06).

Baseline MCI was associated with a milder increased risk of demen-

tia (HR = 2.74). Although impaired baseline scores in Digit span

backward (HR = 5.14), Phonemic fluency (HR = 2.35), Figure copy

(HR = 2.07), and Naming (HR = 6.17) were all predictive of demen-

tia, no significant difference was found between dementia-first versus

parkinsonism-first phenoconverters.

4.4 Progression of neuropsychological tests over
time

Participantswere examinedup to10years prior to phenoconversionor

censoring (Figure S2A). The progression of neuropsychological testing

is shown in Figure 4 and Table 3.

Dementia phenoconverters demonstrated a broad decline in neu-

ropsychological testing in multiple cognitive domains over time. TMT

B-A and TMT B progressively declined to an impaired range (z-score ≤

−1.5) at 4–6 years prior to dementia, and diverged from normal values

(z-score < zero) as early as 10 years prior to dementia (annual z-score

decline in TMT B-A = −0.27; TMT B = −0.20 points per year). TMT A

similarly diverged from normal values 10 years prior to the onset of

dementia, although at a slower rate (annual z-score decline = −0.12),

with the average test scored as impaired only 2 years prior to phe-

noconversion. Stroop interference and Word list are immediate and

delayed recalls testing diverged from normal values approximately 6–

8 years prior to phenoconversion, and crossed into the impaired range

within the year prior to phenoconversion (annual z-score decline in

Stroop interference = −0.22, Word list immediate recall = −0.25,

Word list delayed recall=−0.20points per year).Other tests, including

Figure copy and Semantic fluency, reached or neared impaired values

at the time of phenoconversion, at rates ranging between −0.17 and

−0.25 points per year. Phonemic fluency and Naming did not change

over time in dementia-phenoconverters.

With respect to unconverted and parkinsonism-first phenocon-

verted participants, a more modest decline in cognitive testing

was observed up until the point of phenoconversion or censor-

ing. In fact, certain tests (including Stroop interference, Digit span

forward, and Phonemic fluency) subtly improved in unconverted

participants over time, perhaps consistent with practice/learning

effects. In parkinsonism-first participants, a significant decline was

seen in TMT B-A (decline in z-score = −0.15 points/year), TMT B

(−0.13 points/year), TMT A (−0.07 points/year), and Figure copy

(−0.09 points/year). When comparing between phenoconversion

types, although overall mean scores on the TMT subtests were signif-

icantly lower in dementia-first participants versus parkinsonism-first
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F IGURE 1 Neuropsychological testing in iRBD at baseline. (A) Pooled results for each neuropsychological test in all iRBD participants using a
meta-analysis of single means. Detailed results by study center are shown in Figure S1. (B)Mean testing results sub-grouped by phenoconversion
status. TMT, trail making test.

participants, the rates of decline were not significantly different. By

contrast, both mean overall scores and rates of decline were signif-

icantly worse in dementia-first participants on Stroop interference,

Figure copy, and Word list immediate and delayed recall. When

comparing the progression of unconverted andparkinsonism-first phe-

noconverters, only the trajectories of the TMT subscores, figure copy,

and digit span forward were significantly different.

Given that neuropsychological testing methods and procedures dif-

fered among centers, we examined the progression of sub-scores in the

MoCA and MMSE, which were two standardized cognitive screening

methods used by themajority of study centers. TotalMoCA andMMSE

raw scores crossed into impaired ranges (MoCA < 26; MMSE < 28)

in dementia phenoconverters at 5–6 years prior to phenoconver-

sion, while scores of parkinsonism-first and unconverted participants

remained stable, or in the case of MoCA scores in unconverted partic-

ipants, subtly improved (Figure S3 and Table S3). Similar to the overall

trends observed in detailed cognitive testing, the decline in total scores

was driven primarily by dysfunction in subtests assessing attention,

executive, visuospatial and memory functions, with general stability

observed in language, naming, and orientation (data not shown).

MCI frequency in dementia participants progressively increased

over time between approximately 25%–75% (Figure S2B). By con-

trast, MCI frequency in unconverted and parkinsonism participants

fluctuated over time between approximately 25%–45%. Since almost

one-third of all iRBD participants had MCI at baseline, we con-

ducted a secondary analysis of the data that included only those

who did not have baseline MCI (Table S4). Overall longitudinal trends

remained consistent between groups, although there was a general

increase in the rates of decline in the dementia-first group, which

may reflect the removal of a floor effect in those with baseline

MCI.

5 DISCUSSION

This multicentric study is the largest prospective longitudinal anal-

ysis of neuropsychological testing in iRBD. We confirmed numerous

predictors of dementia, and demonstrate several important findings:

(1) reduced baseline cognitive performance in iRBD is most evident

on tests of attention and executive function; (2) impaired cognitive

performance in multiple domains predicted dementia, with atten-

tion and executive dysfunction demonstrating the strongest predictive

value; (3) cognitive changes in iRBD begin up to 10 years prior

to phenoconversion, starting with a decline in executive function
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TABLE 2 Baseline prediction of dementia phenoconversion in iRBD.

Percent abnormala

Test HR (95%CI) Parkinsonism-first Dementia-first p-Value

Attention domain (any test) 4.65 (2.49, 8.7) 26.5 64.1 <0.001

TMTA 3.82 (1.91, 7.64) 15.2 42.1 0.003

Stroop interference 5.62 (2.29, 13.82) 6.1 35.0 0.003

Digit span backward 5.14 (1.38, 19.17) 0.0 9.4 0.073

Digit span forward 1.93 (0.97, 3.85) 12.1 22.6 0.245

Executive domain (any test) 6.05 (2.97, 12.33) 36.2 73.1 <0.001

TMTB 4.62 (2.32, 9.21) 33.3 64.8 0.003

TMTB-A 7.86 (3.19, 19.41) 17.9 59.4 0.003

Phonemic fluency 2.35 (1.06, 5.19) 9.4 19.0 0.189

Semantic fluency 4.14 (2.19, 7.84) 8.6 28.6 0.004

Memory domain (any test) 3.26 (1.81, 5.86) 16.4 53.3 <0.001

Word list immediate recall 4.06 (2.01, 8.16) 11.0 35.0 0.003

Word list delayed recall 2.18 (1.08, 4.39) 11.3 36.8 0.003

Word list recognition 1.88 (0.84, 4.19) 4.5 20.5 0.073

Visuospatial domain – – – –

Figure copy 2.07 (1.06, 4.03) 14.3 31.5 0.064

Language Domain – – – –

Naming 6.17 (1.83, 20.79) 6.9 17.4 0.460

MCI 2.74 (1.42, 5.3) 30.2 58.0 0.001

Note: Hazard ratios with 95% confidence intervals are presented according to competing risks regression analysis adjusting for age, sex, education, depres-

sion, and study center. Hazard ratios for which the confidence intervals do not cross one (i.e., p< 0.05) are highlighted in bold. Values for the Visuospatial and

Language domains are not shown since only one test was available for each domain.

Abbreviations: iRBD, isolated/idiopathic rapid eyemovement sleep behavior disorder;MCI, mild cognitive impairment; TMT, Trail Making Test.
aImpaired testing based on a z-score cutoff of−1.5.

F IGURE 2 Cumulative incidence of dementia phenoconversion in iRBD stratified by impaired baseline testing (tests of attention and executive
domains). Results are presented according to baseline neuropsychological test (impaired z-score ≤−1.5). Hazard ratios according to competitive
risk regression are shown, adjusting for age, sex, education, depression, and study center, with 95% confidence intervals in parentheses. TMT, trail
making test.
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F IGURE 3 Cumulative incidence of dementia phenoconversion in iRBD stratified by impaired baseline testing (tests of memory, language,
visuospatial domains, andMCI). Results are presented according to baseline neuropsychological test (impaired z-score ≤−1.5). Hazard ratios
according to competitive risk regression are shown, adjusting for age, sex, education, depression, and study center, with 95% confidence intervals
in parentheses. MCI, mild cognitive impairment.

followed by attention, then memory and visuospatial dysfunction

closer to time of phenoconversion; and (4) among specific tests, the

TMT B and B-A were particularly useful as both the most sensi-

tive tests for early DLB with the highest amplitude of change over

time and on longitudinal analysis, progression of episodic memory

impairment best-distinguished dementia-first from parkinsonism-first

phenoconversion.

5.1 Cognitive performance in iRBD at baseline
and longitudinally

Despite high inter-center variability, reduced baseline performance

was consistently observed in tests of attention and executive function.

In dementia phenoconverters, TMT B and TMT B-A were impaired at

baseline, and reductionswere observed in TMTA,Word list immediate

recall, and Word list delayed recall. Moreover, impaired baseline test-

ing in the attention or executive domains was highly predictive of the

eventual development ofDLB. ImpairedWord list immediate recallwas

also highly predictive of dementia, whichmay relate to its sensitivity to

attentional and executive capacity.27

Overall, TMT B and B-A were optimal tests for use in iRBD, as they

were themost sensitivemarkers of early cognitive dysfunction (declin-

ing up to 10 years prior to dementia then becoming clearly impaired

5 years prior), and demonstrated a high degree of progression. Early

decline inTMTsub-scoreswas alsoobserved inparkinsonism-first phe-

noconverters, which suggests a similar degenerative process affect-

ing processing speed/attention/executive function. Indeed, impaired

scores on TMT A and B are frequently observed in early PD, even

among those that remain dementia-free at follow-up28 and impaired

TMT B is a strong predictor of phenoconversion.29 This makes the

TMT subtests sensitive earlymarkers of cognitive dysfunction in iRBD,

with the advantages of wide international use and limited language

dependency.30 By contrast, longitudinal evaluation of verbal memory

(Word list immediate and delayed recalls), and to a lesser extent Stroop

interference, may be a method of differentiating between the two

phenoconversion subtypes over time.

That attention and executive dysfunction were the earliest signs

of cognitive decline in iRBD may not be surprising, giving that these

domains are frequently impaired at the time of PD diagnosis,31,32 with

pathological correlates in the fronto-striatal network.8,33 Our results

indicate that this dysfunction occurs earlier/more accelerated for cer-

tain tests (e.g., TMT) and in a different pattern in others (e.g., Stroop)

in those with DLB versus PD. By contrast, visuospatial and episodic

memory impairments, reflective of posterior cortical degeneration, are

highly sensitive in detecting the transition to PDwith dementia.34 Sim-

ilarly, in this study, longitudinal changes in verbal episodicmemory best

distinguished between types of phenoconversion. Our observations

support the “dual syndrome hypothesis” inwhich two partially overlap-

ping cognitive syndromesoccur inPDwith dementia: (1) fronto-striatal

deficits common in PD; and (2) a posterior cortical syndrome that

results in symptoms of DLB.35
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F IGURE 4 Annual progression of neuropsychological testing in iRBD. Neuropsychological testing and assessed up to 10 years prior to
phenoconversion or censoring. Individual dots represent each participant; solid lines represent estimated progression by linear mixed-effect
modeling; shaded areas represent 95% confidence intervals; horizontal dotted lines indicate thresholds for reduced cognitive performance
(z-score< zero) and impaired performance (z-score≤−1.5). MMSE,Mini-Mental State Examination;MoCA,Montreal Cognitive Assessment; TMT,
Trail Making Test.

On other tests of attention (Stroop interference), memory (Word

list immediate and delayed recalls), and visuospatial function (Figure

copy) scores of dementia phenoconverters deviated from normal 6–

8 years prior to phenoconversion and reached or neared impaired

values much closer to time of phenoconversion. While visuospatial

dysfunction is a prominent feature of DLB,36,37 it was not a strong

baseline predictor of dementia. This is likely due to similar degrees of

baseline prevalence in both dementia-first and parkinsonism-first phe-

noconverters, and the fact that visuospatial testing declined in both,

although at different rates. Finally, some tests improved in those that

remained unconverted, as observed in longitudinal testing in normal

aging.38,39 This could indicate a learning effect in the cognitively well

that becomes lost as cognition becomes increasingly impaired; alterna-

tively, this could reflect factors that influence testing, such as anxiety

or depression (although these tend to be stable in iRBD40,41).

The neuropsychological profiles in this study are in keeping with

previous single-center iRBD studies,4,5,13,14 and retrospective stud-

ies examining pre-diagnostic PD without selecting for iRBD.37,41 We

demonstrate here that the onset of cognitive decline occurs earlier

than previously reported and emerges in a temporal pattern, in which

executive and attentional domains are first affected, followed bymem-

ory and/or visuospatial domains. Cognitive screening in combination

with neuroimaging or fluid biomarkers could improvemodel prediction

and identify subjects for targeted preventative trials early in the neu-

rodegenerative processwhen they aremore likely to be beneficial. This

is important if the pathomechanisms that drive neurodegeneration are

substantially different between PD andDLB.6,7

5.2 MCI in iRBD

MCI in iRBD demonstrates selective neuroimaging and neu-

rophysiological abnormalities,8,10,12,42 is a risk factor for

phenoconversion,1,5,12,13 and may identify a subset of iRBD par-

ticipants with a malignant phenotype.2 In this study, however, the

presence of baseline MCI conferred comparatively moderate demen-

tia risk (HR = 2.7), which reflects its high overall frequency in iRBD.

Additionally, in contrast to an increasing frequency in dementia

phenoconverters, MCI frequency fluctuated in parkinsonism-first and

unconverted participants over time, similar to fluctuations in cognitive

ability observed in PD patients with MCI and patients with MCI that

later developAlzheimer’s disease.43,44 Although fluctuationsmay have

been resultant from learning effects in the unconverted, no learning

effect was seen in parkinsonism-first participants. Therefore, although

MCI may confer a higher risk of phenoconversion and may reflect

a malignant iRBD subtype, a sizeable number of iRBD participants
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TABLE 3 Annual progression of neuropsychological testing in iRBD.

Annual progression—z-scores [95%CI] Contrast p-values

Unconverted (A) Parkinsonism-first (B) Dementia-first (C) A vs. B A vs. C B vs. C

Attention

TMTA 0.03 [−0.01, 0.06] –0.07 [−0.13, 0.00] –0.12 [−0.21,−0.03] 0.030 0.006 0.588

Digit span backward –0.01 [−0.03, 0.02] –0.03 [−0.08, 0.03] –0.07 [−0.15, 0.00] 0.751 0.183 0.554

Digit span forward 0.03 [0.00, 0.06] –0.04 [−0.09, 0.01] –0.07 [−0.14, 0.00] 0.046 0.019 0.743

Stroop interference 0.04 [0.01, 0.07] –0.03 [−0.09, 0.02] –0.22 [−0.31,−0.13] 0.057 <0.001 0.002

Executive

TMTB 0.04 [−0.01, 0.09] –0.13 [−0.23,−0.04] –0.20 [−0.34,−0.07] 0.004 0.002 0.660

TMTB-A 0.03 [−0.02, 0.07] –0.15 [−0.24,−0.06] –0.27 [−0.4,−0.14] 0.001 <0.001 0.282

Phonemic fluency 0.03 [0.01, 0.05] –0.01 [−0.06, 0.04] –0.06 [−0.13, 0.01] 0.225 0.033 0.488

Semantic fluency 0.00 [−0.03, 0.02] –0.05 [−0.10, 0.01] –0.17 [−0.25,−0.10] 0.272 <0.001 0.025

Memory

Word list immediate recall –0.02 [−0.06, 0.02] –0.07 [−0.14, 0.00] –0.25 [−0.35,−0.16] 0.461 <0.001 0.009

Word list delayed recall 0.00 [−0.04, 0.04] 0.02 [−0.06, 0.09] –0.20 [−0.3,−0.10] 0.935 <0.001 0.001

Word list recognition –0.03 [−0.07, 0.01] –0.01 [−0.08, 0.07] –0.12 [−0.23,−0.01] 0.834 0.272 0.206

Visuospatial

Figure copy 0.00 [−0.03, 0.04] –0.09 [−0.15,−0.02] –0.25 [−0.34,−0.15] 0.038 <0.001 0.012

Language

Naming –0.01 [−0.05, 0.03] –0.03 [−0.11, 0.05] –0.09 [−0.23, 0.05] 0.909 0.533 0.736

Note: The annual progression of neuropsychological tests of interest stratified by phenoconversion status are described as rate of decline in z-score [95%

confidence interval], with significant rates of change (i.e., rates of change different from zero) bolded. Contrast p-values for detecting significant differences
in rate between phenoconversion types are shown.

with MCI do not imminently develop dementia or phenoconvert. By

contrast, impaired executive and attentional dysfunction specifically

appear to bemore sensitive markers of eventual dementia.

We confirmed a high baseline frequency of 30% MCI in iRBD by

Level I PD-MCI criteria. Previous single-center studies using Level

II PD-MCI criteria showed a similar frequency of between 30% and

55%.5,12,13 However, MCI in dementia-first participants specifically

was lower than previously reported,5 which likely reflects the reduced

sensitivity of Level I PD-MCI criteria.45

5.3 Strengths and limitations

Strengths include a relatively large and international iRBD popula-

tion, prospective follow-up at up to 10 years prior to phenoconversion,

neuropsychological testing in multiple domains, and large numbers of

phenoconverters, allowingmore precise estimates of the cognitive tra-

jectories of early DLB. However, several limitations should be noted.

First, each center used its own testing protocol and not every cen-

ter performed every test. Therefore, a pragmatic approach to data

harmonization was required. To mitigate variation, the harmonization

procedures used normatives based upon the specific test and local-

ized to country, if possible, while analyses incorporated covariates to

account for age, sex, education, depression, and study center. Never-

theless, the high degree of inter-center variability highlights the need

for establishing study protocols for testing in iRBD. The source of vari-

ability likely arises from differences in the specific test, administration,

environmental, cultural, and sociodemographic factors.46 Notably, high

variability was also observed in a large multicenter study of non-

demented PD subjects despite the use of normatives and stricter pool-

ing criteria.47 Second,we used a broad indicator of depression (namely,

clinical diagnosis, screening questionnaire, or the use of antidepres-

sants). As antidepressants have many indications besides depression,

this may have overestimated its frequency, although excluding depres-

sion as a covariate had a minor impact on the results (Table S5). Third,

we could not assess the impact of other medications as this informa-

tion was not systematically collected. Fourth, since motor dysfunction

is strongly correlated with progression and phenoconversion,1,41 we

did not include standardized motor scores (i.e., MDS-UPDRS-III) in the

statistical models, since the absence of collinearity is a fundamental

assumption of linear modeling. As such, subclinical motor dysfunction

may have influenced cognitive tests with motor demands or timed

components, such as the TMT, although notably, the TMT B-A sub-

score is insensitive to motor dysfunction as the motor components for

TMT B and TMT A are identical. Fifth, we did not incorporate imag-

ing, fluid, or tissue biomarkers as complementary measures of disease

progression. Neuroimaging, in particular has demonstrated patterns of

degeneration that correlate with cognitive dysfunction and progres-

sion in iRBD,9,10 and in combination with clinical markers may predict

the timing of phenoconversion to overt disease.12 Such patterns may



JOZA ET AL. 101

explain the sequenceof cognitive declineon specific tests and cognitive

domains we observed. Moreover, since dementia-first phenoconvert-

ers were older, the degree to which other degenerative processes (e.g.,

other proteinopathies or vascular disease) contributed toward cog-

nitive dysfunction is unclear. Finally, although this study involved six

countries andparticipants in a rangeof ages and levels of education, the

majority were Caucasian and/or from countries of high socioeconomic

status, whichmay limit generalizability.

To conclude, we analyzed the evolution of neuropsychological

testing in prodromal synucleinopathy.We demonstrate that the patho-

logical processes that underly cognitive dysfunction in iRBDbegin very

early in the disease course and follow a domain-specific pattern of

decline in prodromal DLB.
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