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Abstract.

Background: Idiopathic rapid eye movement sleep behavior disorder (iRBD) is increasingly recognized as a manifestation
preceding the a-synucleinopathies like Parkinson’s disease (PD). Neurofilament light chain (NfL) have been reported to be
higher in synucleinopathies as a sign of neurodegeneration.

Objective: To evaluate whether plasma NfL is valuable in reflecting cognitive and motor status in iRBD and PD with a
premorbid history of RBD (PDRBD), and predicting disease progression in iRBD.

Methods: Thirty-one patients with iRBD, 30 with PDRBD, and 18 healthy controls were included in the cross-sectional
and prospective study. Another cohort from the Parkinson’s Progression Markers Initiative (PPMI) dataset was enrolled for
verification analysis. All patients received evaluations of cognitive, motor, and autonomic function by a battery of clinical
tests at baseline and follow-up. Blood NfLL was measured by the Quanterix Simoa HD-1.

Results: In our cohort, 26 patients with iRBD completed the follow-up evaluations, among whom eight (30.8%) patients
displayed phenoconversion. Baseline plasma NfL cutoff value of 22.93 pg/mL performed best in distinguishing the iRBD
converters from non-converters (sensitivity: 75.0%, specificity: 83.3%, area under the curve: 0.84). Cognitive and motor
function were significantly correlated with NfL levels in PDRBD (correlation coefficients: —0.379, 0.399; respectively).
Higher baseline NfL levels in iRBD were significantly associated with higher risks for cognitive, motor, autonomic function
progression, and phenoconversion at follow-up (hazard ratios: 1.069, 1.065, 1.170, 1.065; respectively). The findings were
supported by the PPMI dataset.

Conclusion: Plasma NfL is valuable in reflecting disease severity of PDRBD and predicting disease progression and
phenoconversion in iRBD.
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INTRODUCTION

Rapid eye movement (REM) sleep behavior dis-
order (RBD) is characterized by dream-enactment
behaviors during REM sleep due to the loss of physi-
ological muscle atonia [1]. Idiopathic RBD (iRBD) is
not merely a parasomnia but also precedes the devel-
opment of a-synucleinopathies, such as Parkinson’s
disease (PD), PD dementia, dementia with Lewy bod-
ies (DLB), and multiple system atrophy (MSA) [2].
The conversion rate of iRBD to neurodegenerative
diseases is 33.5% at 5 years, 82.4% at 10.5 years,
and 96.6% at 14 years [3], representing a huge oppor-
tunity for potential neuroprotective therapies. 43%
iRBD patients would eventually convert to PD, and
25% to DLB [3]. Therefore, an easily accessible
biomarker that can identify iRBD with a high risk
of rapid phenoconversion is needed to improve the
prediction of individual disease progression.

Neurofilament light chain (NfL) is a neuronal
cytoskeletal protein highly expressed in large-caliber
myelinated axons that is released into the cere-
brospinal fluid (CSF) upon neuronal damage or
neurodegeneration [4]. Considering that the correla-
tion coefficients are as high as 0.86 to 0.94 between
CSF and plasma/serum NfL, plasma NfL is sup-
posed to be an easily accessible candidate biomarker
for assessing the extent of neurodegeneration [5].
Recently, neurofilament light protein has been exten-
sively studied in multiple sclerosis [6, 7], inherited
peripheral neuropathy [8], amyotrophic lateral scle-
rosis [9, 10], and neurodegenerative diseases [11],
such as Alzheimer’s disease dementia [12, 13] and
frontotemporal dementia [14]. However, it remains
controversial whether blood NfL levels in patients
with PD are higher than those in healthy controls
[15-18], possibly due to the varieties in age, clini-
cal diagnosis accuracy, proportion of combining with
RBD, disease duration, and Hoehn and Yahr score
of the patients in different studies. Blood NfL lev-
els were found to be significantly higher in MSA
and other atypical parkinsonism syndromes (APS)
compared to PD, which can discriminate APS from
PD with high accuracy [16-18]. Few studies were
reported about NfL levels in PD with RBD, which
represents a more severe subtype of PD. Moreover,
to the best of our knowledge, only one study has
measured the plasma NfL levels in probable iRBD,
but no difference was found in plasma NfL levels
between patients with probable iRBD and healthy
controls [19]. Microstructural changes in the white
matter have been reported in iRBD [20-22], which

may closely correlate with to NfL changes. How-
ever, data on plasma NfL in video-polysomnography
(v-PSG) confirmed iRBD are lacking, and it is
unknown whether plasma NfL is valuable in reflect-
ing cognitive and motor status or predicting disease
progression in iRBD. Based on the above, we hypoth-
esized that iRBD patients with higher plasma NfL.
levels would be more likely to suffer from func-
tion deterioration during follow-up. Plasma NfLL may
be an easily accessible candidate biomarker for pre-
dicting disease conversion in patients with iRBD.
Therefore, this study aimed to 1) compare plasma
NfL levels among iRBD patients, PD patients with
a premorbid history of RBD (PDRBD), and healthy
controls measured by the Quanterix Simoa HD-1;
2) measure whether an baseline plasma NfL cut-
off point could distinguish iRBD converters from
non-converters in the near future; 3) examine the cor-
relations between plasma NfL levels and cognitive
as well as motor function in iRBD and PDRBD; and
4) explore whether plasma NfL levels were corre-
lated with cognitive, motor, and autonomic function
progression in iRBD.

METHODS
Farticipants

Thirty-one patients with iRBD were enrolled at
baseline from Tianjin Medical University General
Hospital. Overnight v-PSG (Nicolet v32) was con-
ducted in the patients with iRBD at a digital sleep
laboratory. iRBD was diagnosed according to the
criteria in the International Classification of Sleep
Disorders-3 [23]. Clinical interview and neurologi-
cal examination were conducted in the patients with
iRBD to make sure that they had normal pres-
sure changes from the supine to standing position
and did not meet the clinical diagnosis of neurode-
generative diseases at baseline. PD was diagnosed
according to Movement Disorder Society Clinical
Diagnostic Criteria for PD [24]. PDRBD was identi-
fied in patients who had typical self-reported dream
enactment behavior before the diagnosis of PD. The
exclusion criteria include 1) age more than 79 years
and 2) history of stroke, epilepsy, encephalitis, or
any other neurologic disorders, psychiatric disor-
ders, head trauma, unstable hypertension or diabetes,
chronic obstructive pulmonary disease. Fifty-three
patients with PD were screened, 23 were excluded
since they did not have dream enactment behav-
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ior before the diagnosis of PD, and 30 patients
with PDRBD were finally enrolled. The demographic
information and plasma of 59 healthy individuals
aged from 50 to 79 years without neuropsychiatric
diseases history were collected from the hospital
medical examination center. Of those, 18 age- and
gender-matched healthy individuals were enrolled as
the controls of the patients with iRBD and PDRBD in
the comparison of plasma NfL. This study employed
a cross-sectional and prospective design. Twenty-six
patients with iRBD completed the follow-up evalu-
ations of cognitive, motor, and autonomic function.
Due to the limited sample, 32 patients with iRBD,
80 PDRBD, and 83 healthy controls with complete
demographic, clinical information, and serum NfL
from the Parkinson’s Progression Markers Initiative
(PPMI) dataset (https://www.ppmi-info.org/access-
data-specimens/download-data) [25] were included
for verification analysis.

This study was approved by the Ethics Committee
at the Tianjin Medical University General Hospital.
All participants provided informed consent forms.

Clinical evaluation

Clinical evaluations, including RBD symptoms,
mood, and cognitive, motor, and autonomic func-
tion, were performed by trained neurologists in
a quiet environment. The severity of RBD symp-
toms were evaluated by the Rapid Eye Movement
Sleep Behavior Disorder Questionnaire—Hong Kong
(RBDQ-HK). Anxiety and depression were assessed
by Hamilton’s Anxiety and Depression Scales. The
cognitive evaluations include 1) general cognitive
function: Mini-Mental State Examination (MMSE)
[26]; 2) visuospatial function: Rey-Osterrieth Com-
plex Figure Test (ROCF) [27] and Clock Drawing
Test (CDT) [28]; 3) memory function: Auditory Ver-
bal Learning Test (AVLT) [29] and ROCF delayed
recall tests; and 4) attention-executive function:
Stroop Color-Word Test (modified version) (Stroop
A, Stroop B, Stroop C), Symbol Digit Modality
Test (SDMT) [30], and Trail Making Test (TMT)
A, TMT B [31]. The motor function tests include
1) Movement Disorder Society revised Unified
Parkinson’s Disease Rating Scale part III (MDS
UPDRS-III) [32]; 2) Alternate-tap Test [33]; and
3) three-meter Timed Up and Go test [33]. The
autonomic function was evaluated by the Scales
for Outcomes in Parkinson’s disease-autonomic
(SCOPA-AUT) Questionnaire [34] and pressure
changes from the supine to standing position over

3 minutes.

Follow-up plan

Specifically, patients with iRBD were interviewed
by telephone every three months. Face-to-face
interviews, including neurological examination and
clinical tests, were conducted every six months or
whenever they reported complaints of cognitive,
motor, or autonomic function. The face-to-face inter-
view lasted for at least two years from baseline, and
it would be terminated once a neurodegenerative dis-
ease was diagnosed within two years.

Diagnostic criteria for disease progression

Cognitive, motor, and autonomic function progres-
sion were assessed by the changes in MMSE score,
UPDRS part III motor score, and pressure in the
supine and standing positions combined with the
reported decline in cognitive and motor function and
postural dizziness by the subjects themselves or their
caregivers during the follow-up period. In detail, cog-
nitive function progression was defined as a sustained
decrease of at least two points in the MMSE scores
during follow-up [35] as well as complaints of worse
cognitive function than before. Motor function pro-
gression was defined as a sustained increase of at
least two points in the UPDRS part I1I scores [35] as
well as complaints of slower movement than before.
Autonomic function progression was defined as sys-
tolic pressure drop of at least 30 mmHg from the
supine to standing position and complaints of postu-
ral dizziness. General disease progression of iRBD
was defined as any progression in cognitive, motor,
or autonomic function as described above. Phenocon-
version was defined when patients with iRBD meet
the clinical diagnostic criteria of PD [24], DLB [36],
or MSA [37] at follow-up.

Plasma collection and measurement of NfL

Peripheral venous blood samples were obtained
from the participants into EDTA tubes at the first
clinical evaluation. Samples were centrifuged for
3000 x g, Smin, and stored in cryotubes at —80°C
before detection. Plasma NfLL was measured in dupli-
cate using an ultrahigh sensitivity protein molecular
detection instrument (Simoa HD-1, Quanterix, MA,
USA) and a Simoa NfL reagent kit (502153, Quan-
terix, MA, USA), as previously described by Chen
[38], and the mean of the duplicate values was taken
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as the final read out.

Statistical analysis

The statistical analyses were performed using
SPSS 23.0 (SPSS Inc. Chicago, IL, USA). Numer-
ical variables were expressed as the mean = standard
deviation or median (interquartile ranges) accord-
ing to whether they followed a normal distribution.
The normality of the data distribution was evaluated
with the Shapiro—Wilk test. The differences in gender
distribution among the three groups were explored
using the Chi-square test. For variables that meet the
assumptions of normality and homoscedasticity, the
groups were compared with two-sample independent
t-test (for two groups) and One way ANOVA test (for
three groups). The nonparametric Mann—Whitney
U test (for two groups) and Kruskal-Wallis test
(for three groups) were applied to compared the
variables that violated a normal distribution or
homoscedasticity. For multiple-comparison analy-
ses, the statistical significance value was adjusted
by Bonferroni correction. Considering the limited
sample size, the post-hoc power analyses were per-
formed using G*power to calculate the power (1-B)
for the comparison tests on NfL levels by given o
(0.05), current sample size and effect size. In addition,
the exploratory analyses including correlation and
regression analyses were performed. In detail, NfL
levels were logg-transformed for correlation and lin-
earregression analyses. Correlations among variables
were assessed by Pearson or Spearman coefficients
according to whether they followed a normal distri-
bution. The correlations between plasma NfL levels
and cognitive as well as motor function were assessed
by the multiple linear regression analyses adjusted
for confounding factors. The correlation between
plasma NfL levels and disease progression during
the follow-up period was assessed by the multivariate
Cox regression analyses.

Receiver operating characteristic (ROC) curve
analyses were applied to assess the diagnostic value
of plasma NfL levels. The maximum value of the
Youden J index (sensitivity+specificity - 1.0) was
used as a criterion for selecting the optimal NfL cutoff
value. Kaplan—Meier curves were applied to compare
the cumulative probability risk of disease progression
and phenoconversion between iRBD patients with
NfL levels above and below the cutoff value. Statisti-
cal differences in the Kaplan—-Meier curves between
the groups were determined by the log-rank test.

RESULTS

Demographic and clinical characteristics of the
participants

The demographic and clinical characteristics of the
participants from our cohort and the PPMI dataset
were presented in Tables 1 and 2, respectively. No
significant difference was found in age and gender
among the three groups.

In our cohort, the patients with iRBD had more
severe RBD symptoms than those with PDRBD
(p=0.040). SCOPA-AUT scores were significantly
increased in PDRBD compared with those in iRBD
(p<0.001). The MMSE scores were significantly
lower in PDRBD compared to those in iRBD
(p=0.047), which was also observed in patients
with iRBD compared to age-matched healthy con-
trols (p <0.001). Compared with patients with iRBD,
the patients with PDRBD performed worse on
neuropsychological tests (CDT (p=0.003), ROCF
delayed recall (p=0.016), SDMT (p =0.008), TMT
A (p=0.008)) and motor tests (UPDRS part III
(p<0.001), Alternate-tap test (left, p <0.001; right,
p=0.003; average, p=0.001), and 3-meter Timed Up
and Go test (p =0.002)).

Baseline plasma NfL levels in the participants

In our cohort, the plasma NfL levels were sig-
nificantly higher in patients with PDRBD than
those in the age-matched healthy controls (20.53
(14.93, 32.56) pg/ml vs. 13.97 (10.84,18.18) pg/ml,
p=0.015, 1-=0.759). No difference was found in
plasma NfL levels between the patients with iRBD
and healthy controls (Table 1 and Fig. 1A, 1-
3=0.753). The same outcome was observed in the
PPMI dataset (Table 2 and Fig. 1B). The plasma NfL.
levels (log transformed) were correlated with age
in healthy controls, as well as patients with iRBD
and PDRBD (healthy controls: r=0.395, 95% CI:
0.179-0.598, p=0.002; iRBD: r=0.426, 95% CI:
0.094-0.702, p=0.017; PDRBD: r=0.522, 95% CI:
0.194-0.785, p=0.003; Fig. 1C; Pearson correlation
analyses).

Correlation between plasma NfL levels and
cognitive status/motor severity in iRBD and
PDRBD

No correlation was found between plasma NfL lev-
els and cognitive or motor performance in patients
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Table 1
Clinical characteristics and plasma NfL levels of participants at baseline

Characteristics HC (n=18) iRBD (n=31) PDRBD (n=30) p
Age,y 65.22 £6.20 65.77 £4.38 67.30 £4.54 0.298
Male, % 9 (50.00%) 21 (67.74%) 18 (60.00%) 0.469
Disease duration of RBD, y NA 4.974+4.15 NA NA
Disease duration of PD, y NA NA 3.53+£3.70 NA
RBD-HK NA 52.26 £16.27 42.67+18.52 0.040
SCOPA-AUT NA 10.03 £5.38 20.55+10.85 <0.001
MMSE 30.00 (29.00, 30.00) 28.00 (27.00, 29.00) 25.00 (22.00, 27.25) <0.001%°, 0.047¢
Visuospatial function

ROCEF score NA 28.31£7.96 24.19+£9.57 0.068

CDT NA 2.70+£0.71 2.04 £0.94 0.003
Memory function

AVLT short delay memory NA 3.63+£2.22 2.85+2.61 0.127

AVLT long delay memory NA 2.87+£2.27 2.26+£2.71 0.178

AVLT recognition NA 18.68 £4.76 19.04 £3.31 0.927

ROCF delayed recall NA 12.57+7.24 8.50+£9.31 0.016
Attention-executive function

Stroop test A NA 19.26 +£8.74 20.15+£7.95 0.512

Stroop test B NA 26.32+£9.78 29.04 £9.11 0.182

Stroop test C NA 43.23 £19.26 41.07+11.98 0.827

SDMT NA 23.46+11.47 13.52 £ 13.66 0.008

TMT A NA 79.34 £48.17 128.88 +69.38 0.008

TMT B NA 21631 +87.18 304.23 +£182.93 0.089
UPDRS part III scores NA 1.50 (0, 6.00) 26.00 (19.50, 41.00) <0.001
Alternate-tap test (Taps/min)

Left NA 180.14 £40.56 137.40 +33.48 <0.001

Right NA 189.24 +£54.73 148.88 £37.99 0.003

Average NA 184.69 +£46.81 143.14 +£34.78 0.001
3-meter Timed Up and Go (s) NA 7.82+1.57 9.36 £1.93 0.002

Plasma NfL, pg/mL 13.97 (10.84,18.18) 17.95 (13.44,30.22) 20.53 (14.93, 32.56) 0.057%, 0.015°, 1.000°

Values represent the mean + SD or median (P,s, P75). *HC vs. iRBD; YHC vs. PDRDB; ¢iRBD vs. PDRBD. For the multiple-comparison,
Bonferroni-corrected p-values are presented. HC, healthy controls; iRBD, idiopathic rapid eye movement sleep behavior disorder; PD,
Parkinson’s disease; PDRBD, Parkinson’s disease with a premorbid history of rapid eye movement sleep behavior disorder; RBD-HK, Rapid
Eye Movement Sleep Behavior Disorder Questionnaire-Hong Kong; SCOPA-AUT, Scales for Outcomes in Parkinson’s disease-autonomic;
MMSE, Mini-Mental State Examination; ROCF, Rey-Osterrieth Complex Figure Test; CDT, Clock Drawing Test; AVLT, Auditory Verbal
Learning Test; SDMT, Symbol digit modalities test; TMT, Trail making test; UPDRS, United Parkinson’s Disease Rating Scale; NfL,
neurofilament light chain; NA, not available.

Table 2

Clinical characteristics and serum NfL levels of participants at baseline in the PPMI dataset
Characteristics HC (n=83) iRBD (n=32) PDRBD (n=380) p
Age,y 68.92 +5.09 68.79 £5.17 67.55+5.86 0.239
Male, % 56 (67.47%) 27 (84.38%) 62 (77.50%) 0.125
Time since RBD symptoms onset, y NA 9.97+6.41 NA NA
Disease duration of PD, month NA NA 7.11£6.96 NA
MoCA 28.00 (27.00, 29.00) 27.00 (24.00, 28.00) 27.00 (25.00, 28.00) <0.001*", 1.000°
UPDRS part III scores 0 (0, 2.00) 3.50 (2.00, 6.75) 21.00 (17.00, 29.75) 0.014%,<0.001>¢

Serum NfL, pg/mL 12.50 (9.91, 16.4) 14.10 (11.53, 17.20) 0.313%, 0.038°, 1.000°

Values represent the mean + SD or median (P,s, P75). *HC vs. iRBD; YHC vs. PDRDB; iRBD vs. PDRBD. For the multiple-comparison,
Bonferroni-corrected p-values are presented. PPMI, Parkinson’s Progression Markers Initiative; HC, healthy controls; iRBD, idiopathic
rapid eye movement sleep behavior disorder; PD, Parkinson’s disease; PDRBD, Parkinson’s disease with a premorbid history of rapid
eye movement sleep behavior disorder; MoCA, Montreal Cognitive Assessment; UPDRS, United Parkinson’s Disease Rating Scale; NfL,
neurofilament light chain; NA, not available.

14.40 (11.30, 19.88)

ate regression analysis simultaneously considered
age, sex, and disease duration of PD, the correla-
tion between NfL levels and severity of cognition
(assessed with MMSE), and the correlation between

with iRBD. Plasma NfL levels were associated with
cognitive and motor function measured by MMSE
and UPDRS part III in patients with PDRBD (Table 3;
Spearman correlation analyses). When the multivari-
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Fig. 1. Blood NfL levels in all participants and their correlation with age. A) Plasma NfL levels in HC, iRBD, and PDRBD in our cohort.
B) Serum NfL levels in HC, iRBD, and PDRBD from the PPMI dataset. C) The correlation between plasma NfL levels (logjo-transformed)
and age in different groups, Pearson correlation analyses. NfL, neurofilament light chain; HC, healthy controls; iRBD, idiopathic rapid eye
movement sleep behavior disorder; PD, Parkinson’s disease; PDRBD, PD with a premorbid history of RBD; PPMI, Parkinson’s Progression

Markers Initiative; *p <0.05; **p <0.01.

NfL levels and disease duration of PD and severity
of motor symptoms (assessed with the UPDRS part
IID) in the patients with PDRBD remained significant
(Table 4). The correlation and multivariate regression
analyses were also conducted in the PPMI dataset
(Supplementary Tables 1 and 2). These findings sug-
gested that higher NfL levels were correlated with
poorer cognitive and motor function in patients with
PDRBD.

Baseline plasma NfL predicts cognitive, motor,
and autonomic function progression in patients
with iRBD

In our cohort, twenty-six of 31 patients with iRBD
involved in a follow-up study with a mean period of
2.240.9 years (range 0.5-4 years). Fourteen of 26
patients (53.8%) with iRBD displayed general dis-
ease progression. Among whom twelve (46.2%), 8
(30.8%), and 6 (23.1%) displayed cognitive, motor,
and autonomic function progression, respectively.
Moreover, four were diagnosed with PD, two DLB,
and two MSA. In the PPMI dataset, twelve of 32

(37.5%) patients with iRBD displayed phenoconver-
sion in the following 4.2+ 1.4 years (range 0.5-5
years), eight converted to PD, three to DLB and
one to MSA. The demographic and clinical charac-
teristics of the iRBD converters and non-converters
at baseline from our cohort and the PPMI dataset
were presented in Tables 5 and 6, respectively. In
our cohort, iRBD converters performed worse in the
Symbol digit modalities test and Train making test
B, which indicated that iRBD converters possess
poorer attention-executive function than the iRBD
non-converters at baseline.

The baseline blood NfL levels were significantly
higher in patients with iRBD converters than those
in iRBD non-converters in our cohort (plasma: 33.99
(18.58, 53.04) pg/ml vs. 15.00 (12.12, 20.50) pg/ml,
p=0.005, Fig. 2A, 1-=0.819) and the PPMI dataset
(serum: 16.30 (14.95, 21.45) pg/ml vs. 12.00 (10.65,
14.20) pg/ml, p=0.017, Fig. 2B, 1-f=0.811). The
ROC analysis showed that a plasma NfL cutoff
value of 22.93 pg/mL served to distinguish iRBD
converters from non-converters (sensitivity: 75.0%,
specificity: 83.3%, area under the curve (AUC): 0.84,
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Table 3
Correlations between plasma NfL levels (logjo-transformed) and cognitive/motor function in
patients with iRBD and PDRBD

Variables Correlation Coefficient 95% CI p
iRBD

Cognitive function (defined by MMSE scores) 0.168 -0.229 ~ 0.551 0.375
Motor function (defined by UPDRS part III scores) 0.083 —0.318 ~ 0.435 0.661
PDRBD

Cognitive function (defined by MMSE scores) -0.379 -0.701 ~ 0.025 0.043
Motor function (defined by UPDRS part III scores) 0.399 -0.001 ~ 0.745 0.032

Spearman correlation analysis. iIRBD, idiopathic rapid eye movement sleep behavior disorder; PDRBD, Parkinson’s dis-
ease with a premorbid history of rapid eye movement sleep behavior disorder; MMSE, Mini-Mental State Examination;
UPDRS, United Parkinson’s Disease Rating Scale; NfL, neurofilament light chain; CI, Confidence interval.

Table 4
Multivariate linear regression models for cognitive/motor symptom severity in patients with PDRBD
Independent variables Coefficient Standard T t p
error
Cognitive function (defined by MMSE scores)
Constant 46.329
Age -0.264 0.159 -0.296 -1.657 0.110
Male sex -1.031 1.337 -0.127 -0.771 0.448
Disease duration -0.180 0.178 -0.165 -1.012 0.321
Plasma NfL level (log;o-transformed) -0.083 0.039 -0.392 -2.154 0.041
Motor function (defined by UPDRS part III scores)
Constant -48.373
Age 0.984 0.555 0.302 1.774 0.089
Male sex -0.710 4.730 -0.024 -0.150 0.882
Disease duration 1.304 0.615 0.328 2.120 0.045
Plasma NfL level (logjo-transformed) 0.298 0.134 0.388 2.234 0.035

PDRBD, Parkinson’s disease and premorbid history of rapid eye movement sleep behavior disorder; MMSE, Mini-
Mental State Examination; UPDRS, United Parkinson’s Disease Rating Scale; NfL, neurofilament light chain.

491

p=0.006) (Fig. 2C), and a serum NfL cutoff value of
14.60 pg/mL served to distinguish iRBD converters
from non-converters in the PPMI dataset (sensitivity:
83.3%, specificity: 75.0%, AUC: 0.752, p=0.019)
(Fig. 2C). Compared with iRBD non-converters, the
serum NfL levels in iRBD converters were higher at
the following 1, 2, and 3 years in the PPMI dataset
(Fig. 2D).

As shown in Table 7, Cox regression analyses
showed that higher baseline plasma NfL levels were
associated with higher hazard ratios (HRs) for cogni-
tive progression (after adjustment for age, gender, dis-
ease duration, and baseline MMSE scores; adjusted
HR =1.069, 95% CI: 1.024-1.115, p =0.002), motor
progression (after adjustment for age, gender, disease
duration, and baseline UPDRS III scores, adjusted
HR =1.065, 95% CI: 1.017-1.116, p=0.008), auto-
nomic function progression (after adjustment for age,
gender, disease duration, and baseline SCOPA-AUT
scores; adjusted HR=1.170, 95% CI: 1.010-1.335,
p=0.036), general disease progression and pheno-
conversion (after adjustment for age, gender, disease
duration, and baseline MMSE, UPDRS part III

and SCOPA-AUT scores; adjusted HR =1.056, 95%
CI: 1.013-1.101, p=0.011, adjusted HR=1.065,
95% CI: 1.019-1.113, p=0.005, respectively). Con-
sistently, higher baseline serum NfL levels were
associated with higher HRs for phenoconversion
in the PPMI dataset (adjusted HR=1.153, 95%
CI: 1.015-1.310, p=0.028). In summary, baseline
NfL levels were valuable in predicting the decline
of cognitive, motor, and autonomic function at
follow-up.

ROC analyses were performed in iRBD to identify
cutoff values based on the highest Youden J index.
Kaplan—-Meier analyses showed clear divergence
between iRBD with baseline plasma NfL levels above
and below the cutoff value (log-rank test, Fig. 3A, B).
The cutoff values of plasma NfL were 20.61 pg/ml for
cognitive, motor function progression, and general
disease progression (p=0.029, p=0.027, p=0.043,
respectively), 24.15 pg/mL for autonomic function
progression (p=0.001), and 22.93 pg/mL for pheno-
conversion (p =0. 009), respectively. The cutoff value
of serum NfLL was 14.60 pg/ml for phenoconversion
in the PPMI dataset (p =0.001).
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Table 5
Clinical characteristics and plasma NfL levels of the iRBD converters and non-converters at baseline

Characteristics iRBD converters (n=8) iRBD non-converters (n = 18) p
Age,y 67.63 £4.75 65.22 +£4.02 0.196
Male, % 4 (50.00%) 12 (66.67%) 0.664
Disease duration of RBD, y 6.00 +£4.96 4.89+4.01 0.550
Follow-up duration, y 1.70 (0.90, 2.00) 2.00 (2.00, 3.00) 0.019
RBD-HK 46.00 +9.49 51.33£16.64 0.328
SCOPA-AUT 10.88 £9.16 10.44 £4.89 0.879
MMSE 28.00 (27.00, 28.00) 28.00 (22.75, 29.00) 0.790
Visuospatial function

ROCEF score 27.93+2.92 28.91+7.13 0.732

CDT 2.86+0.38 2.63+0.81 0.479
Memory function

AVLT short delay memory 2.71+£1.70 4.18£2.48 0.170

AVLT long delay memory 2.29+1.80 3.19+£248 0.398

AVLT recognition 19.57£2.76 19.31 £3.68 0.870

ROCEF delayed recall 11.93+11.64 11.94+4.41 0.998
Attention-executive function

Stroop test A 22.00£11.89 18.44+7.76 0.385

Stroop test B 27.57+£10.88 26.56 £10.50 0.831

Stroop test C 46.57 +24.29 4472 +19.29 0.843

SDMT 16.00 £ 7.46 27.00£11.41 0.015

TMT A 102.00 +73.70 71.71£34.93 0.190

TMT B 285.33 £91.11 193.65 £80.49 0.030
UPDRS part III scores 6.00 (1.00, 8.00) 1.00 (0, 4.00) 0.055
Alternate-tap test (Taps/min)

Left 152.71 £40.23 186.13 £39.01 0.075

Right 161.14 £48.51 196.63 £+ 55.08 0.157

Average 156.93 +£43.75 191.38 £45.99 0.109
3-meter Timed Up and Go (s) 7.66+1.63 7.76 £1.62 0.897
Plasma NfL, pg/mL 33.99 (18.58, 53.04) 15.00 (12.12, 20.50) 0.005

Values represent the mean £ SD or median (P,s5, P75). iRBD, idiopathic rapid eye movement sleep behavior disorder;
RBD-HK, Rapid Eye Movement Sleep Behavior Disorder Questionnaire-Hong Kong; SCOPA-AUT, Scales for
Outcomes in Parkinson’s disease-autonomic; MMSE, Mini-Mental State Examination; ROCF, Rey-Osterrieth
Complex Figure Test; CDT, Clock Drawing Test; AVLT, Auditory Verbal Learning Test; SDMT, Symbol digit
modalities test; TMT, Trail making test; UPDRS, United Parkinson’s Disease Rating Scale; NfL, neurofilament

light chain.
Table 6
Clinical characteristics and serum NfL levels of the iRBD converters and non-converters at baseline in
the PPMI dataset
Characteristics iRBD converters (n=12) iRBD non-converters (n=20) P
Age,y 67.33 £3.09 69.05 £5.40 0.269
Male, % 7 (58.33%) 20 (100.00%) 0.004
Time since RBD symptoms onset, y 11.08 £7.06 8.47+£4091 0.233
Follow-up duration, y 2.00 (2.00, 4.00) 5.00 (5.00, 5.00) <0.001
MoCA 26.50 (24.00, 27.75) 27.0 (24.00, 28.00) 0.646
UPDRS part III scores 6.08 +4.87 3.79+3.38 0.132
Serum NfL, pg/mL 16.30 (14.95, 21.45) 12.00 (10.65, 14.20) 0.017

Values represent the mean &= SD or median (Ps, P75). iRBD, idiopathic rapid eye movement sleep behavior disorder;
MoCA, Montreal Cognitive Assessment; UPDRS, United Parkinson’s Disease Rating Scale; NfL, neurofilament light

chain.

DISCUSSION

This study demonstrated that plasma NfL levels
were valuable in reflecting the severity of cogni-
tive and motor impairment in patients with PDRBD,
but not in iRBD. Baseline plasma NfL cutoff value
of 22.93 pg/mL performed best in distinguishing the

iRBD converters from non-converters. Higher base-
line plasma NfL levels could predict a higher risk
of cognitive, motor, autonomic function progres-
sion, and phenoconversion after a mean interval of
2.2 +0.9 years in patients with iRBD. Data from the
PPMI dataset also supported that serum NfL levels
were correlated with cognitive and motor perfor-
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Fig. 2. Blood NfL levels in iRBD converters and non-converters. A) Baseline plasma NfL levels in iRBD converters and non-converters in
our cohort. B) Baseline serum NfL levels in iRBD converters and non-converters from the PPMI dataset. C) Receiver operating characteristic
curve analyses for differentiating iRBD converters and non-converters from our cohort and the PPMI dataset. D) The dynamic changes of
serum NfL in iRBD from the PPMI dataset. iRBD-C, iRBD converters; iRBD-NC, iRBD non-converters; *p < 0.05; **p <0.01.

mance in PDRBD and could predict phenoconversion
at follow-up in patients with iRBD. Overall, this
study indicated that plasma NfL may serve as a
valuable biomarker for disease severity in patients
with PDRBD, and for cognitive, motor, or auto-
nomic function progression and phenoconversion in
patients with iRBD. Plasma NfL detected by the
Simoa technique might assist clinicians in assessing

disease severity in PDRBD and identifying patients
with iRBD at high risk of rapid disease progression.

Plasma NfL changes in patients with iRBD and
PDRBD

No difference was found in blood NfL levels
between patients with iRBD and healthy controls,
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Table 7
Cox regression analysis of baseline NfL levels and function progression in patients with iRBD

Variables HR (95% CI)

Univariate p Multivariate p
Higher risk of cognitive function progression 1.069 (1.024, 1.115) 0.002 1.069 (1.024, 1.115)* 0.002
Higher risk of motor function progression 1.067 (1.018, 1.118) 0.006 1.065 (1.017, 1.116)° 0.008
Higher risk of autonomic function progression 1.083 (1.020, 1.149) 0.009 1.170 (1.010, 1.355)C 0.036
Higher risk of progression in any function above 1.057 (1.016, 1.100) 0.006 1.056 (1.013, 1.101)¢ 0.011
Higher risk of phenoconversion 1.068 (1.022, 1.117) 0.004 1.065 (1.019, 1.113)¢ 0.005
Higher risk of phenoconversion in the PPMI dataset 1.171 (1.047, 1.309) 0.006 1.153 (1.015, 1.310)¢ 0.028

CI, confidence interval; HR, hazard ratio; NfL, neurofilament light chain; PPMI, Parkinson’s Progression Markers Initiative. HRs represent
the risk of cognitive, motor, and autonomic function progression within 2.2 years of follow-up. *The multivariable analyses were adjusted
for age, gender, disease duration, and baseline Mini-Mental State Examination (MMSE) scores. PThe multivariable analyses were adjusted
for age, gender, disease duration, and baseline United Parkinson’s Disease Rating Scale part III (UPDRS III) scores. “The multivariable
analyses were adjusted for age, gender, disease duration, and baseline Scales for Outcomes in Parkinson’s Disease-Autonomic questionnaire
(SCOPA-AUT) scores. dThe multivariable analyses were adjusted for age, gender, disease duration, and baseline MMSE, UPDRS III, and
SCOPA-AUT scores. °The multivariable analyses were adjusted for age, gender, disease duration, and baseline MoCA, UPDRS 111, and

SCOPA-AUT scores.

which is consistent with a previous study [19]. How-
ever, a high blood NfL at baseline was found in the
iRBD patients who converted to clinically established
neurodegenerative disease in the limited follow-up
period. Considering that the increase of blood NfLL
occurs during the conversion from prodromal period
to clinically established PD [19], this study indicated
that baseline blood NfL is a potential marker for
identifying iRBD with high risk of conversion in the
near future. In addition, this study found that plasma
NfL levels were significantly higher in patients with
PDRBD than those in healthy controls. Blood NfL
levels in PD patients remain controversial [15-18].
Plasma NfL levels were related to disease severity
in patients with PD [17]. Thus, patients with PD of
varying severity may contribute to the inconformity in
different studies. As it has been reported that symp-
toms in PD with RBD are more severe than those
in PD without RBD [39], plasma NfL levels in PD
with RBD may be higher in comparison with those in
PD without RBD. However, previous studies did not
consider whether PD patients had prodromic RBD
symptoms. Since about half of iRBD would convert
to PDRBD, our study highlighted the role of blood
NfL changes in monitoring disease progression.

Correlation between NfL and clinical features in
iRBD and PDRBD patients

In this study, we first focused on the correlation
between plasma NfL and clinical features in patients
with iRBD, but no correlation was found between
baseline plasma NfL levels and cognitive or motor
function in the patients with iRBD in the cross-
sectional analysis. The result was supported by the

PPMI dataset. Plasma NfL levels in patients with
MSA were reported to be higher than those in patients
with PD [17]. Thus, we speculated that plasma NfL.
levels may be higher in patients with iRBD who con-
vert to MSA, whereas cognitive or motor function
may be preserved in the early stage. However, the
statistical power was limited in the correlation anal-
ysis due to the small sample size in our study, further
research with large sample is needed to evaluate the
value of baseline plasma NfL in reflecting the cogni-
tive or motor status in patients with iRBD.

PD with RBD symptoms represents a subtype with
a longer disease duration and more severe motor and
nonmotor symptoms than PD without RBD symp-
toms [39]. In this study, higher baseline plasma NfL.
levels were correlated with worse performance on
cognitive and motor tests in patients with PDRBD,
which is consistent with previous studies in patients
with PD [17, 40, 41]. It has been reported that
blood NfL was associated with white matter damage
in Alzheimer’s disease [42] and multiple sclerosis
[43] and could also reflect cortical neurodegener-
ation from the very early stages of PD [44]. An
eight-year longitudinal study showed that blood NfL.
levels predicted progression of motor impairment
and reduction in putamen dopamine transporter bind-
ing ratios in de novo PD [45]. Blood NfL levels
were strongly correlated with CSF NfL levels in
patients with PD and APS as well as healthy con-
trols [16]. Higher CSF NfL levels reflected more
sever neuroaxonal damage [11] and were correlated
with striatal dopamine transporter uptake deficits and
lower fractional anisotropy in diffusion tensor imag-
ing of several axonal tracts in patients with PD [46].
From these observations, it seems that blood NfL. may
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Fig. 3. Disease progression and phenoconversion in patients with iRBD with high or low plasma NfL levels in the follow-up study. A)
The Kaplan-Meier plots showed outcomes for cognitive, motor, autonomic function progression and general disease progression in patients
with iRBD who had baseline NfL concentrations above or below the cutoff levels determined by receiver operating characteristic curve
analyses in our cohort. B) The Kaplan-Meier plots showed outcomes for phenoconversion in patients with iRBD who had baseline blood
NfL concentrations above or below the cutoff levels determined by receiver operating characteristic curve analyses in our cohort and the

PPMI dataset.

be an easily accessible biomarker to reflect striatal
dopamine transporter uptake deficits, white matter
damage and cortical neurodegeneration, which con-
tribute to cognitive or motor impairment in patients
with PD. Our study confirmed that plasma NfL is a
valuable biomarker for monitoring severity in both
motor and cognitive impairment of patients with
PDRBD.

Plasma NfL and disease progression in patients
with iRBD

Our study showed that higher baseline plasma NfLL
levels above a specific cutoff value were associated

with higher HRs for cognitive, motor, autonomic
function progression, and phenoconversion during
follow-up in patients with iRBD. In our study, some
patients with iRBD displayed deterioration in cog-
nitive, autonomic, or motor function at follow-up,
but did not evolve towards more definitive, clini-
cally overt synucleinopathy subtypes, such as DLB,
MSA, PD, or PD dementia. Thus, we considered the
decline of cognitive, motor, or autonomic function
along with phenoconversion as the outcome events
in our cohort. We found that patients with iRBD
whose plasma NfL >20.61 pg/ml at baseline were
more likely to suffer from cognitive or motor pro-
gression, whereas those with higher plasma NfL



496 X. Zhang et al. / Plasma NfL and Disease Progression in iRBD

(>24.15 pg/ml) at baseline were more likely to suffer
from autonomic progression in the follow-up period.
Generally, deterioration in different clinical mani-
festations, including cognitive, motor, or autonomic
impairment, in iRBD indicates different phenotypic
conversion to synucleinopathies. Patients with iRBD
who progress in cognitive, motor, or autonomic func-
tion may convert to DLB, PD, or MSA in follow-up,
respectively. It has been reported that blood or CSF
NfL serves as a promising biomarker to discriminate
patients with MSA from PD [16, 17, 47], and blood
NfL predicts the progression of motor or cognitive
impairment in PD [17, 45] and disease progression in
MSA [48] and frontotemporal dementia [14]. Imag-
ing research has confirmed that patients with MSA
showed more extensive white matter involvement,
notably descending tracts from the primary motor
cortex to the corona radiata and cerebral peduncle,
than those with PD [49]. Considering that higher
plasma NfL may represent more extensive white mat-
ter damage and cortical neurodegeneration, as we
mentioned above, our study indicated that baseline
plasma NfL measurements may be useful for pre-
dicting phenotype conversion. Furthermore, in our
cohort, baseline plasma NfL >22.93 pg/ml in the
patients with iRBD predicted conversion to the clin-
ical diagnosed PD, DLB, and MSA in the near
future, which was supported by the findings from the
PPMI dataset (baseline cut-off value in serum NfL:
14.60 pg/ml). Variations of race and blood species
(serum or plasma) may contribute to the different cut-
off values in blood NfL. Further research with large
sample is needed to confirm the association between
baseline blood NfL levels and risk of disease pro-
gression in iRBD, considering the limited power in
the exploratory regression analyses. In conclusion,
our study demonstrated the potential value of blood
NIfL in predicting disease progression and phenocon-
version in the patients with iRBD.

Limitations

There were some limitations in our study. First,
we enrolled PD by the clinical diagnosis, which was
not confirmed by postmortem pathological confirma-
tion, and RBD symptoms in patients with PD were
defined by clinical diagnosis but not PSG, which
may have resulted in misclassification. However, the
enrolled patients with PDRBD were all clinical typi-
cal. Second, the results may be not persuasive enough
due to the small sample size. However, the diag-
nosis of all patients with iRBD in this study was

confirmed by medical history, magnetic resonance
imaging and PSG, and face-to-face clinical evaluation
was conducted at follow-up. Moreover, we included
the cohort from the PPMI dataset to verify the find-
ings.

CONCLUSION

The cross-sectional and prospective follow-up
study showed that plasma NfL served as a valuable
biomarker in identifying iRBD with high risk of con-
version in a short time, and reflecting disease severity
of PDRBD, and predicting cognitive, motor, auto-
nomic function progression and phenoconversion in
iRBD. Future studies with a larger sample of partic-
ipants and longer follow-up period are warranted to
support our findings and to confirm the role of plasma
NfL in predicting disease progression in iRBD.
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