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Abstract
To delineate the impact of non-motor markers (REM sleep behavior disorder (RBD), orthostatic hypotension (OH), cardiac 
sympathetic denervation, hyposmia) on neuronal injury in early-stage Parkinson’s disease (PD), we measured the plasma 
neurofilament light chain (NFL) level of PD patients and evaluated its relationship with these markers. The study popula-
tion comprised a cohort of 77 patients with PD and 54 controls. OH was assessed using 5-min head-up tilt-table test. Other 
clinical parameters such as RBD, Unified Parkinson’s Disease Rating Scale (UPDRS), cognition, Cross‐Cultural Smell 
Identification Test (CCSIT), white matter hyperintensity (WMH), cardiac metaiodobenzylguanidine (MIBG) and striatal 
dopamine transporter (DAT) uptake were assessed. Plasma NFL levels were measured using Simoa platform. During mean 
24.8 months of follow-up, 70 patients remained PD, 5 patients converted to Parkinson-plus syndrome (P + converter), and 
2 were lost to follow-up. NFL level did not differ between PD and control groups (age-adjusted means 10.40 pg/mL vs 
9.51 pg/mL, p = 0.151), but PD patients with OH (median 15.31 pg/mL) had higher levels compared with those without 
OH (median 9.2 pg/mL, p = 0.008), as well as the control group (median 9.7 pg/mL, p = 0.002). P + converter group had 
the highest plasma NFL level (38.17 pg/mL, p < 0.001). In a multiple regression analysis, OH, age, and disease duration 
independently correlated with plasma NFL level. This finding adds biomarker-based evidence for poor clinical outcomes 
associated with OH in patients with PD.
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Introduction

The neurofilament light chain (NFL) is gaining increasing 
attention as a disease progression biomarker in Parkinson’s 
disease (PD). NFL, a protein subunit of the neurofilaments 

that constitute the neuronal cytoskeleton, is abundant in 
large myelinated axons and is released into the interstitial 
space upon axonal injury or degeneration (Parnetti et al. 
2019). Recent studies have shown that serum or cerebrospi-
nal fluid (CSF) levels of NFL are correlated with cognitive 
decline and motor severity in patients with PD, confirm-
ing the potential of NFL as a marker of disease progression 
(Backstrom et al. 2020; Lin et al. 2019; Mollenhauer et al. 
2020).

PD is a neurodegenerative disorder with heterogene-
ous phenotypes. Many studies have reported poor clinical 
outcomes associated with the non-motor markers, such as 
orthostatic hypotension (OH), REM sleep behavior disorder 
(RBD), and lower cardiac MIBG uptake. OH strongly cor-
related with reduced survival and increased risk of demen-
tia (De Pablo-Fernandez et al. 2017; Goldstein et al. 2015; 
Pilotto et al. 2019); RBD increased the risk of dementia, 
synergistically acting with OH (De Pablo-Fernandez et al. 
2019; Fereshtehnejad et al. 2017); lower cardiac MIBG 
uptake correlated with the prevalence and severity of 
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non-motor symptoms, such as RBD, cognitive impairment, 
and OH (Kim et al. 2017).

In this study, using plasma NFL as a disease progression 
marker, we aim to investigate its correlation with these non-
motor markers, while controlling for age, motor severity, 
cognitive function, white matter hyperintensities, and striatal 
dopamine transporter uptake.

Methods

Study participants

The study population comprised a cohort of 77 patients with 
PD and 54 control subjects, from the Parkinson Center at 
Ajou University Hospital, a tertiary referral center in Suwon, 
South Korea. The subjects were enrolled between October 
2018 and October 2019. The diagnosis of PD was based on 
the clinical diagnostic criteria of the UK Parkinson’s Dis-
ease Society Brain Bank (Hughes et al. 1992). All patients 
were examined by movement disorder specialists and were 
excluded if they showed signs of atypical parkinsonian syn-
dromes. Only patients aged 40–85 years and with disease 
duration ≤ 3 years were enrolled. All patients were sched-
uled for regular follow-up in the outpatient clinic every 
2–3 months for at least 1 year, and those lost to follow-up 
were excluded in the analyses.

The control group consisted of the spouses of patients or 
other patients with minor neurological conditions such as 
headache, dizziness, or non-parkinsonian tremors. All the 
participants in the control group were examined by move-
ment disorder specialists (DGP and JHY) for any signs of 
parkinsonism, and went through screening for OH, RBD, 
and hyposmia.

For both groups, we excluded those who had either abnor-
mal focal neurological signs (other than tremor and parkin-
sonism) or cognitive dysfunction (Mini-Mental State Exam 
[MMSE] score less than 24). We also excluded those with 
medical conditions including diabetes mellitus, renal insuf-
ficiency, cancer, and symptomatic vascular disease.

Standard protocol approvals, registrations, 
and patient consent

Written informed consent was obtained from all participants, 
and the study was approved by the Institutional Review 
Board of Ajou University Hospital.

Assessment of OH

All subjects in the study underwent a head-up tilt-table test. 
After resting in the supine position for at least 15 min, sys-
tolic and diastolic blood pressure (BP) and heart rate were 

measured at baseline and then repeatedly measured at 1, 3, 
and 5 min while maintaining a 60° head-up tilt position. 
According to the consensus statement, OH was defined as a 
sustained reduction in systolic BP of ≥ 20 mmHg or in dias-
tolic BP of ≥ 10 mmHg within 3 min of standing (Freeman 
et al. 2011). In the case of BP drop after 3 min of standing, 
subjects were designated as having delayed OH and marked 
separately. Those with OH severe enough to satisfy the 
autonomic failure criteria for MSA in the initial tests were 
excluded from the study.

Assessment of probable RBD

The presence of RBD was assessed using a RBD screening 
questionnaire (RBDSQ) (Stiasny-Kolster et al. 2007), and 
those with a score of 5 or higher were classified as prob-
able RBD (pRBD). The possibility of secondary RBD due 
to alcohol or medications was ruled out by careful history 
taking. Participants in the control group were also screened 
with RBDSQ, and only those with a score below 5 were 
enrolled.

Assessment of motor and cognitive functions

Participants’ motor and cognitive functions were assessed 
at the time of enrollment. The motor subscale of the Uni-
fied Parkinson’s Disease Rating Scale (mUPDRS) was used 
to assess the severity of motor symptoms in the PD group. 
Scores during off-state were used in the analysis. Cogni-
tive function was assessed using the Korean version of the 
Montreal Cognitive Assessment (MoCA) (Kang et al. 2009).

Assessment of white matter hyperintensities (WMH)

All patients underwent brain MRI. All T2 and FLAIR 
images were reviewed, and WMH scores were graded using 
the Fazekas scale by DGP and JHY, who were blinded to 
the diagnosis and clinical profile (Fazekas et al. 1987). If 
the score was discordant between raters, the final score was 
determined by consensus. Periventricular and deep WMH 
were graded on a scale of 0–3. The sum of the periven-
tricular and deep WMH scores (range 0–6) was used in the 
analyses.

123I‑MIBG myocardial scintigraphy 
and quantification of dopamine transporter (DAT) 
uptake

All participants in the PD group underwent cardiac 
123I-MIBG scintigraphy. After intravenous injection of 
123I-labeled MIBG, planar images of the chest region were 
acquired at 15 min (early) and 180 min (delayed). To evalu-
ate the heart-to-mediastinum (H/M) ratio, 5 × 5-pixel regions 
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of interest were drawn manually over the left ventricle 
and upper mediastinum on the anterior planar image. The 
H/M count ratios of MIBG uptake, defined as the average 
counts/pixel in the myocardium divided by that in the upper 
mediastinum, were calculated at 15 min (early H/M) and 
180 min (delayed H/M). The delayed H/M ratio was used 
in the analysis.

All participants in the PD group underwent 18F-FP-CIT 
(N-3–fluoropropyl-2-β-carboxymethoxy-3-β-(4-iodophenyl) 
nortropane) positron emission tomography (PET); scanning 
was initiated at 90 min after intravenous injection of 18F-FP-
CIT. 18F-FP-CIT uptake in the brain was quantified using 
PMOD Neuro tool (PNEURO, version 3.7, PMOD Technol-
ogies, Zürich, Switzerland), as described previously (Choi 
et al. 2016). The automatically segmented MRI scans and 
respective PET images were co-registered and then spatially 
normalized according to the standard Montreal Neurologi-
cal Institute T1 template. An automated anatomic labeling 
atlas was subsequently applied. Regional uptake values in 
the bilateral caudate nucleus and putamen were divided by 
those in the cerebellar cortex uptake, to provide regional 
standardized uptake value ratios (SUVRs). The regional 
SUVRs of the bilateral caudate nucleus and putamen in each 
patient were used in the analyses.

Smell identification test

Olfaction was assessed using the Cross‐Cultural smell Iden-
tification Test (CCSIT), a widely used test of odor identifica-
tion involving a scratch-and-sniff test of 12 microencapsu-
lated odorants with a forced choice of four alternatives per 
item; a high score indicates a good olfactory performance. 
Hyposmia was determined using age- and sex-specific 
thresholds described previously (Doty et al. 1996).

Measurement of the plasma NFL level

We collected 28 mL venous blood from each participant 
at enrollment. All sampling took place during the morning 
(10:00–12:00), and the samples were centrifuged within 2 h 
of collection. Plasma aliquots were stored in microcentri-
fuge tubes at − 80 °C. The samples were transferred to the 
Simoa platform using an NFL assay kit (Quantrix; Lexing-
ton, MA), and NFL levels were measured blinded to the 
clinical diagnosis.

Statistical analysis

Numerical variables are expressed as means (standard devia-
tions) or medians [interquartile range (IQR)] after verifying 
a normal distribution using Shapiro–Wilk’s method. Cat-
egorical variables are expressed as numbers with the per-
centage. The Kruskal–Wallis test was used for comparisons 

among multiple groups. For post hoc analysis, the Cono-
ver–Iman test was used with Bonferroni correction. The χ2 
test was used to compare categorical variables. The plasma 
NFL level was compared between the PD and control groups 
using one-way analysis of covariance (ANCOVA) while 
controlling for age. Estimated marginal means were used to 
calculate age-adjusted means for each group. To achieve the 
normality of the residuals, we log-transformed the plasma 
NFL data for ANCOVA and linear regression analysis. The 
forward and backward stepwise Akaike’s information cri-
terion method was used to select the variables for multiple 
regression analyses. Residual analysis showed no violation 
of basic assumptions for linear models. A p value < 0.05 
was considered to indicate statistical significance. Simple 
correlations between two continuous variables were ana-
lyzed using Spearman’s method or simple linear regression. 
The sensitivity and specificity for differentiating between 
groups were assessed using a receiver operating character-
istic (ROC) analysis. All statistical analyses were performed 
using R software (version 4.0.2; R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Patient demographic and clinical characteristics

At enrollment, 77 patients with PD and 54 controls were 
included in the study, and blood samples were obtained. Two 
patients in the PD group were lost to follow-up and were 
excluded from the analyses. Among the remaining 75 PD 
patients, 5 (4 with MSA, 1 with dementia with Lewy bodies 
(DLB)) converted to Parkinson-plus syndrome (P + Con-
verter) during follow-up. As a result, the study participants 
comprised three groups: PD group (n = 70), control group 
(n = 54), and P + converter group (n = 5).

Among the 70 patients in the PD group, 13 had OH in 
the initial assessment, among which none exhibited delayed 
OH. These patients were classified as PD with OH  (PDOH+ 
group), and the rest as PD without OH  (PDOH− group). Over 
at least 1 year of follow-up (mean 24.8 months), patients 
in the  PDOH+ group remained levodopa responsive and 
showed no signs of atypical parkinsonian symptoms other 
than OH. In contrast, patients in the P + converter group did 
not exhibit OH at the initial assessments and were clinically 
indistinguishable from PD at enrollment; however, during 
the follow-up period, they started to show severe autonomic 
dysfunction or cognitive decline (Supplementary table).

Table 1 shows the demographic and clinical characteris-
tics of the study participants. There was a significant differ-
ence in age among the groups (p = 0.041), but pairwise com-
parisons with Bonferroni correction were insignificant. The 
patients in  PDOH+ group were more likely to have pRBD and 
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lower cardiac MIBG uptake, when compared with those in 
 PDOH− group. P + converter group had higher cardiac MIBG 
uptake compared to  PDOH+ group.

Comparison of the plasma NFL level among groups

There was a significant difference in the plasma NFL level 
among groups (p < 0.0001, Fig. 1). P + converter group 
had the highest plasma NFL level (median 38.2 pg/mL), 
which differed significantly with the control (p < 0.001) and 
 PDOH− group (p < 0.001). There was no significant differ-
ence between the control and PD group as a whole (age-
adjusted means 9.51 pg/mL vs 10.40 pg/mL, p = 0.151), but 
 PDOH+ had higher plasma NFL level compared to the control 
(median 15.4 pg/mL vs 9.7 pg/mL, p = 0.008).

PDOH+ also had higher plasma NFL level when compared 
with  PDOH− group (median 9.2 pg/mL, p = 0.002). The dif-
ference remained significant even after the adjustment 

for age, disease duration, antihypertensive medications, 
MoCA score, education years, and WMH score (β = 0.266, 
p = 0.011).

Correlations between plasma NFL level and other 
clinical features of PD

Within PD group (both  PDOH+ and  PDOH−), we investigated 
the impact of pRBD, cardiac MIBG uptake, and other clini-
cal/imaging markers on the NFL level. There was no differ-
ence in plasma NFL level according to presence or absence 
of pRBD. The delayed H/M ratio on cardiac MIBG scintig-
raphy negatively correlated with the  log2NFL (R = − 0.36, 
p = 0.003), but the significance was lost after age adjustment 
(Table 2).

After age adjustments, log2NFL correlated with neither 
striatal DAT uptake nor WMH score (Table 2). Disease 
duration, MoCA score, and off-state mUPDRS score also 

Table 1  Patient demographic and clinical characteristics

Values are expressed as median [IQR] or numbers (with percentages)
DAT dopamine transporter, LEDD levodopa equivalent daily dose, MMSE Mini-Mental State Examination, MoCA Montreal Cognitive Assess-
ment, OH orthostatic hypotension, PD Parkinson’s disease, pRBD probable REM sleep behavior disorder, RBDSQ RBD screening questionnaire, 
SUVR standardized uptake value ratio, UPDRS Unified Parkinson’s Disease Rating Scale, WMH white matter hyperintensities
*p < 0.05
**p < 0.005
a p values from Kruskal–Wallis test between  PDOH−,  PDOH+, P + converter, and control groups, if not otherwise specified
b Comparisons between  PDOH−,  PDOH+, and P + converter groups. For post hoc analysis, Conover–Iman test was used with Bonferroni correction
c Significant difference between  PDOH+ and  PDOH− groups
d Significant difference between  PDOH+ and P + groups

PD (n = 70) P + converter (n = 5) Control (n = 54) pa

PDOH− (n = 57) PDOH+ (n = 13)

Age (years) 59 [53–63] 65 [59–69] 68 [61–70] 61 [57–65] 0.041*
Sex, number of females (%) 30 (52.6) 8 (61.5) 2 (40.0) 38 (70.4) 0.207
Disease duration at enrollment (months) 24.0 [17.0–33.0] 21.0 [15.0–29.0] 24.0 [13.0–34.0] – 0.795b

Follow-up duration from enrollment (months) 26.0 [15.0–35.0] 20.0 [15.0–29.0] 34.0 [15.0–35.0] – 0.521b

pRBD, n (%) 23 (40.4)c 10 (76.9)c 4 (80.0) 0 0.021b*
RBDSQ 5.5 [3.0–8.0] 7.0 [5.8–9.3] 9.0 [8.5–9.5] 1.0 [1.0–2.25] 0.243
MMSE 27 [26–29] 27 [26–29] 26 [25–29] 28 [27–29] 0.806
MoCA 24 [22–26] 24 [20–26] 23.0 [22–23] 24 [23–26] 0.936
Education (years) 12 [9–14] 9 [6–12] 8 [6–9] 12 [6–12] 0.251
Motor UPDRS 21 [16–27] 25 [21–28] 28 [20–29] – 0.278b

LEDD (mg) 300 [150–524] 300 [200–500] 300 [300–600] – 0.586b

Delayed MIBG ratio (H/M) 1.57 [1.18–1.90]c 1.23 [1.10–1.29]c,d 2.10 [1.94–2.58]d – 0.003b**
Striatal DAT uptake (SUVR) 3.17 [2.74–3.55] 2.82 [2.56–2.98] 3.09 [3.00–3.45] – 0.23
Hyposmia, n (%) 13 (57.9) 7 (53.8) 2 (40.0) 0 0.731b

WMH score 2.0 [1.0–2.0] 2.0 [1.0–3.0] 3.0 [1.5–4.3] – 0.622b

Antihypertensives, n (%) 18 (31.6) 1 (7.7) 2 (40.0) 15 (27.8) 0.336
 Beta-blockers 9 (15.8) 1 (7.7) 1 (20.0) 4 (7.4) 0.487
 Calcium-channel blockers 6 (10.5) 0 (0.0) 0 (0.0) 7 (13.0) 0.471
 Angiotensin receptor blockers 8 (14.0) 0 (0.0) 2 (40.0) 7 (13.0) 0.161
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did not correlate with  log2NFL. There was no significant 
difference in the plasma NFL level between the patients with 
or without olfactory dysfunction.

Stepwise multiple regression analysis

Stepwise multiple regression analysis was performed to 
select variables among age, sex, disease duration, OH, 
pRBD, hyposmia, MoCA, years of education, mUPDRS, 
cardiac MIBG uptake, striatal DAT uptake, and WMH score. 
The final model included age, disease duration, OH, pRBD, 
motor UPDRS, cardiac MIBG uptake, striatal DAT uptake, 
and WMH score (Table 2). The R2 value for the model was 
0.56, and the adjusted R2 value was 0.48 (p < 0.0001) with an 
Akaike’s information criterion value of 78.6. In this model, 
age, disease duration, and OH showed independent positive 
correlations with  log2NFL.

ROC analysis

We conducted ROC analysis of NFL in differentiating 
P + converters from PD group as a whole (Fig. 2A) and 
from  PDOH+ group (Fig. 2B). For differentiating P + con-
verters from PD, we found very high ROC area under the 
curve of 0.997 (CI 0.989–1, p < 0.001). Although  PDOH+ 
patients were those with higher levels of NFL level among 
PD group, the differentiation of P + converters from  PDOH+ 
still resulted in high ROC area under the curve of 0.985 (CI 
0.942–1, p = 0.002).
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Fig. 1  Comparison of plasma neurofilament light chain level between 
groups. *p value < 0.05; **p value < 0.01; ***p value < 0.001

Table 2  Multivariate analysis in 
the correlation between clinical 
parameters and Log2NFL

DAT dopamine transporter, MoCA Montreal Cognitive Assessment, OH orthostatic hypotension, pRBD 
probable REM sleep behavior disorder, SUVR standardized uptake value ratio, UPDRS Unified Parkinson’s 
Disease Rating Scale, WMH white matter hyperintensities
*p value < 0.05
**p value < 0.01
***p value < 0.001

Univariate analysis (n = 70) Multivariate analysis 
(n = 70)

β p value Age-adjusted p β p value

Age 0.618 < 0.001*** – 0.449 0.001**
Male sex 0.041 0.734 0.587 – –
Disease duration 0.126 0.298 0.086 0.237 0.030*
OH 0.404 < 0.001*** 0.010** 0.293 0.014*
pRBD 0.220 0.067 0.560 0.169 0.143
Hyposmia − 0.075 0.538 0.112 – –
MoCA score − 0.255 0.033* 0.510 – –
Education(years) − 0.390 < 0.001*** 0.230 – –
Motor UPDRS 0.088 0.468 0.213 − 0.159 0.168
Delayed MIBG ratio − 0.340 0.006** 0.295 0.027 0.828
Striatal DAT uptake (SUVR) − 0.344 0.010* 0.454 − 0.159 0.181
WMH score 0.288 0.017* 0.494 0.208 0.075
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Discussion

Among patients with PD of less than 3 years’ duration, 
plasma NFL levels were significantly higher in those patients 
with PD and OH and in those who converted to MSA or 
DLB during over 1 year of follow-up.

Previous studies have shown mixed results regarding dif-
ferences in the NFL level between PD and control groups 
(Hansson et al. 2017; Lin et al. 2019; Marques et al. 2019; 
Sampedro et al. 2020). A meta-analysis showed no signifi-
cant difference in the CSF NFL level between PD and con-
trol groups (Wang et al. 2019). However, a recently pub-
lished longitudinal study suggested that despite no difference 
in the NFL level between PD and control groups at baseline, 
the difference becomes more apparent with increasing dis-
ease duration (Mollenhauer et al. 2020). This may be con-
sistent with our results, as our study included only early-
stage patients with a disease duration ≤ 3 years.

During follow-up, five patients converted to Parkinson-
plus syndrome (four patients with MSA and one with DLB). 
These patients had a higher level of plasma NFL than the 
control and PD groups, suggesting that the plasma NFL level 
has value in discriminating between PD and atypical par-
kinsonian syndrome during the early stage when clinically 
indistinguishable. This finding is in line with previous stud-
ies showing higher NFL levels in patients who were later 
diagnosed with atypical parkinsonian syndrome (Hansson 
et al. 2017; Marques et al. 2019; Mollenhauer et al. 2020). 

Blood NFL level could be a useful screening tool in future 
clinical trials for PD, and may help in discriminating PD 
from other parkinsonian disorders, especially in the setting 
where the presence of OH complicates differential diagnosis.

To the best of our knowledge, this is the first study to 
evaluate the impact of OH on the NFL level in PD patients. 
OH independently correlated with plasma NFL level, along 
with age and disease duration. In the patients with PD, OH 
has previously been considered to suggest poor prognosis, 
as these patients showed earlier cognitive decline, postural 
instability and falls, and even a lower survival rate (Centi 
et al. 2017; Pilotto et al. 2019; Udow et al. 2016). Despite 
the existing evidence, it is still unclear whether the associa-
tion between OH and a poor clinical outcome is due to a 
diffuse pathological burden particularly in those with OH 
(“diffuse pathology” theory), or due to hypoperfusion injury 
caused by OH (“cerebral hypoperfusion” theory) (Udow 
et al. 2016).

A recent report using mediation analysis suggested that 
WMH fully mediates the effect of diastolic OH on future 
cognitive decline in patients with PD (Dadar et al. 2020). 
Centi et al. reported that the cognitive test scores of PD 
patients with OH were lower when performed standing 
than when performed lying down, which also supports 
the cerebral hypoperfusion theory (Centi et al. 2017). Our 
result seems to support the “diffuse pathology” theory, 
as the plasma NFL level was higher in patients with OH 
independent of the WMH score. However, this might 
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Fig. 2  Receiver operating characteristic (ROC) curves. ROC curves 
for neurofilament light chain (NFL) differentiating Parkinson-plus 
(P +) converters from Parkinson’s disease (PD) patients (A), and 

ROC curves for NFL differentiating P + converters from PD patients 
with orthostatic hypotension  (PDOH+)



1859Plasma neurofilament light chain level and orthostatic hypotension in early Parkinson’s…

1 3

also be explained by the ability of the plasma NFL level, 
rather than the WMH score, to predict cortical injury, as 
the plasma NFL level may be a more sensitive marker of 
neuronal injury compared with WMH. In support of this, 
a recent study that measured cortical thickness and intra-
cortical mean diffusivity in patients with PD showed that 
the serum NFL level correlated with cortical macro- and 
microstructural damage (Sampedro et al. 2020).

There are complex inter-relationships between OH, 
RBD, and cardiac sympathetic denervation in PD. RBD, 
along with OH, suggests more diffuse brainstem pathol-
ogy, and there have been previous reports suggesting the 
association between OH and RBD (Pilotto et al. 2019). 
Cardiac sympathetic denervation measured by MIBG 
uptake has been associated with non-motor markers such 
as OH, RBD, or cognitive decline (Choi et al. 2017; Kim 
et al. 2016). Our results also show that  PDOH+ group more 
commonly has pRBD and lower cardiac MIBG uptake 
than  PDOH− group. However, our results indicate that only 
OH, not RBD or cardiac MIBG uptake, is associated with 
increased plasma NFL level. Several explanations can be 
inferred. This again may imply that cerebral hypoperfu-
sion due to OH, not diffuse brainstem pathology, is more 
responsible for neuronal injury, or RBD or cardiac sym-
pathetic denervation can present from prodromal stage of 
PD (Sakakibara et al. 2014; Taki et al. 2004), and when 
the diagnosis is established, the variation between subjects 
could be too slight to reflect disease severity.

Several limitations should be acknowledged. First, the 
sample size was relatively small, especially in the  PDOH+ 
group (n = 13) and P + converter group (n = 5). This may 
have caused the non-significant differences in the MoCA 
or WMH score between groups and limit the interpretation 
of the ROC analyses. Second, we used consensus criteria 
for the definition of OH, which included decreases in both 
systolic and diastolic blood pressure. There is growing evi-
dence that diastolic OH or supine hypertension is more rel-
evant to target organ damage (Kaufmann and Palma 2020; 
Palma et al. 2020), but because of the small number of PD 
patients with OH in our study, we could not subdivide the 
patients further. Third, there is potential concern regard-
ing the diagnosis of  PDOH+ patients because diagnostic 
accuracy could be low during the early stages of PD. How-
ever, we followed all the patients regularly for more than a 
year (mean 24.8 months), and those who showed signs of 
atypical parkinsonism were re-allocated to the P + group. 
Fourth, we did not perform detailed cognitive testing in all 
patients, although specific cognitive domains (e.g., frontal/
executive function or memory) could correlate with the 
NFL level (Mollenhauer et al. 2020). Finally, it would have 
been better to quantify the WMH burden instead of the 
visual WMH scoring using the Fazekas scale.

In conclusion, OH was independently associated with a 
higher plasma NFL level in early-stage PD patients. This 
finding adds biomarker-based evidence for poor clinical out-
comes associated with OH in the patients with PD.
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