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Elevated α‑synuclein and NfL levels in tear fluids 
and decreased retinal microvascular densities in patients 
with Parkinson’s disease

Chao‑Wen Lin · Tzu‑Ting Lai · Szu‑Ju Chen · 
Chin‑Hsien Lin 

Disorder Society-Unified Parkinson’s Disease Rating 
Scale (MDS-UPDRS) and Mini-Mental State Exami-
nation score were used to assess motor and cogni-
tive progression. The α-synuclein and NfL levels in 
the tears were higher in PD patients than in controls 
(α-synuclein: 55.49 ± 8.12 pg/mL vs. 31.71 ± 3.25 pg/
mL, P = 0.009; NfL: 2.89 ± 0.52  pg/mL vs. 
1.47 ± 0.23  pg/mL, P = 0.02). The vessel densities 
in the deep plexus of central macula and the radial 
peripapillary capillary layer of disc region were lower 
in PD patients with moderate-stage compared with 
early-stage PD (P < 0.05). The accuracy of predicting 
PD occurrence using age and sex alone (area under 
the curve [AUC] 0.612) was significantly improved 
by adding α-synuclein and NfL levels and retinal 
vascular densities (AUC 0.752, P = 0.001). After a 
mean follow-up of 1.5 ± 0.3  years, the accuracy of 
predicting motor or cognitive progression using age, 
sex, and baseline motor severity as a basic model 
was increased by incorporating retinal microvascular 
and biofluid markers as a full model (P = 0.001). Our 
results showed that retinal microvascular densities 
combined with α-synuclein and NfL levels in tears 
are associated with risk and progression of PD.

Keywords  Parkinson’s disease · Optical 
coherence tomography angiography · α-Synuclein · 
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Abstract  The pathognomonic hallmark of Parkin-
son’s disease (PD), α-synuclein, has been observed 
in the retina of PD patients. We investigated whether 
biomarkers in the tears and retinal microvascular 
changes associate with PD risk and progression. This 
prospective study enrolled 49 PD patients and 45 age-
matched healthy controls. The α-synuclein and neuro-
filament light chain (NfL) levels were measured using 
an electrochemiluminescence immunoassay. Retinal 
vessel density was assessed using optical coherence 
tomography angiography (OCT-A). The Movement 
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Introduction

Parkinson’s disease (PD) is a common neurode-
generative disorder, affecting > 1% of the popula-
tion ≥ 60  years of age and with a prevalence set to 
double by 2030 [1]. The neuropathological hallmarks 
of PD are intraneuronal α-synuclein accumulations 
and dopaminergic neuronal loss in the substantia 
nigra. Although dopaminergic treatments provide 
symptomatic benefits for motor symptoms of PD, the 
disease course is progressive and the expected mor-
tality is 2- to threefold higher than that of the general 
population [2]. Patients with PD deteriorate not only 
in their motor aspects but also in non-motor features, 
including cognitive function, which is one of the most 
disabling non-motor symptoms of PD [3].

Visual deficits are among the non-motor features 
of PD and such deficits can manifest as deteriora-
tion in visual acuity, low sensitivity to contrast, and 
disturbed color vision [4]. The retina is part of the 
central nervous system and contains dopaminergic 
amacrine cells within the inner nuclear layer [5]. Ret-
inal dopamine and its metabolites were found to be 
significantly lower in patients with PD [6], and one 
recent postmortem analysis demonstrated α-synuclein 
deposits in the retinas of PD patients, including in 
early stages prior to the development of clinical signs 
of motor dysfunction [7]. Consistently, the retinas 
of patients with PD display swelling of retinal gan-
glion cells and morphological deterioration of the 
perifoveal dopaminergic neuronal plexus, with thin-
ning of the retinal nerve fiber layer [8–10]. Thinning 
of the peripapillary retinal nerve fiber layer on opti-
cal coherence tomography (OCT) may discriminate 
individuals with PD from healthy control individuals, 
but the results are conflicting [11–13], suggesting that 
other retina-based imaging or biofluid markers are 
needed to clarify whether retina is a surrogate win-
dow through which to glimpse the PD neurodegen-
eration process [14]. Given the likely entry into early 
human clinical trials of several classes of mechanism-
targeted therapies, such as those targeting the propa-
gation of α-synuclein between cells, the identification 
of non-invasive and easily accessible markers that 
could identify PD patients at an early stage and reflect 
disease severity in PD is urgently needed.

Neurodegenerative disorders have been reported to 
associate with vascular changes in capillary integrity 
and structure [15, 16]. White matter capillary changes 

were observed to dilate during dementia process in a 
post-mortem neuropathology study [15]. As human 
brain capillaries cannot be directly visualized in vivo, 
reduced retinal capillary densities in early disease 
stage of dementia and even in asymptomatic cogni-
tively normal APOE ε4 gene carriers were reported 
[16], suggesting changes in the retinal capillary den-
sities may precede neurodegeneration in the central 
nervous system. Aside from dementia syndrome, 
decreased retinal capillary branching as well as cap-
illary fragmentation and shortening in the substan-
tia nigra and basal ganglia of patients with PD have 
been observed [17]. Optical coherence tomography 
angiography (OCT-A) provides a noninvasive tool 
with which to assess the changes in the retinal micro-
vasculature that are observed in individuals with PD 
and suggest that retinal microcapillary changes may 
correlate with brain degeneration [18, 19]. Further-
more, tears are the biofluids secreted by the lacrimal 
gland. The lacrimal gland is innervated by both cho-
linergic and dopaminergic neurons, which degenerate 
in PD [20]. This, combined with the recent evidence 
of α-synuclein deposits in the retinas of patients with 
PD [7], suggests that PD neurodegeneration may 
impact tear composition. Simultaneous assessments 
of retinal microvascular changes and PD-related bio-
molecules in tear fluids are scarce. Here, we applied 
an integrated approach combining OCT-A and meas-
urements of α-synuclein and neurofilament light 
chain (NfL), a sensitive marker reflecting neuroax-
onal degeneration, to compare retinal microvascu-
lar changes and biofluid markers in tear fluids in PD 
patients and healthy controls to delineate their inter-
relations and link to PD risk and disease progression.

Methods

Participants and clinical evaluation

A total of 94 participants, including 49 patients 
with PD and 45 age-matched healthy controls, were 
recruited from National Taiwan University Hos-
pital. PD was diagnosed according to the United 
Kingdom PD Society Brain Bank Clinical Diag-
nostic Criteria [21]. Controls were neurologically 
unaffected participants who were spouses or accom-
panying friends of the PD patients. Participants 
were excluded if they had a history of diabetes, 
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glaucoma, optic neuropathy, retinopathy, dense cat-
aract, or had received ocular surgery. Motor symp-
tom severity was evaluated using the motor subscale 
of the Movement Disorder Society-Unified Parkin-
son’s Disease Rating Scale (MDS-UPDRS part III) 
[22] and Hoehn-and-Yahr (H-Y) staging [23]. Cog-
nition was examined with the Mini-Mental State 
Examination (MMSE) [24]. Patients taking anti-
cholinergic medications were held for at least 12 h, 
and all the examinations were done in the “on” state 
of the disease. We assessed motor and cognition 
progression on the basis of changes in the MDS-
UPDRS part III motor score and MMSE score dur-
ing the follow-up period. Motor progression was 
defined as a sustained increase of at least 2 points in 
the MDS-UPDRS part III score in the “off” state at 
follow-up [25]. Cognition progression was defined 
as a sustained decrease of at least 2 points in the 
MMSE score during follow-up [26]. The study pro-
tocol was approved by the institutional review board 
of National Taiwan University Hospital. All partici-
pants signed written informed consent.

Measurements of α‑synuclein and NfL in tear fluids

Tear fluid samples were collected from both eyes 
using Schirmer test strips (Ophtechnics unlimited, 
Haryana, India). Strips were placed at the inferior eye 
lid margin. Participants’ eyes were closed for 5 min. 
After 5 min, the participants were asked to open their 
eyes and look upward, and the strips were removed. 
The results of the Schirmer test were determined by 
the length of the moistened area of the strips. The 
strips were immediately put into polypropylene tubes 
and stored at − 80 °C until further analysis. Tear fluid 
protein was eluted by adding RIPA buffer (Thermo 
Fisher Scientific, Waltham, MA) with protease and 
phosphatase inhibitors (cOmplete and PhosStOP; 
Roche, Basel, Switzerland) on ice overnight, with 
subsequent centrifugation at 36,000 g for 1 h.

Total protein content was determined by bicin-
choninic acid assay (Thermo Fisher Scientific). 
The concentrations of total form of α-synuclein and 
NfL were quantified using a single-molecule array 
(SIMOA) detection system (SR-X, Quanterix, Biller-
ica, MA) as previously described [26, 27]. All meas-
urements were performed by research assistants who 
were blinded to the clinical diagnosis.

Optical coherence tomography angiography

All enrolled patients underwent a complete ophthal-
mic evaluation of best-corrected visual acuity, tonom-
etry, autorefractometry, and fundus ophthalmoscopy 
as well as a slit-lamp examination. OCT-A imaging 
was performed with an AngioVue OCT (RTVue XR 
Avanti, Optovue, Fremont, CA, USA) after pupil-
lary dilation. Vessel density was calculated as the 
percentage area occupied by flowing blood vessels in 
the segmented region. With a 3 × 3 mm2 field of view 
centered on the fovea, the foveal avascular zone, ves-
sel density within the superficial vascular complex 
(VDsM), and deep vascular complex (VDdM) were 
determined using device software. The foveal and 
parafoveal regions were defined as circles of 1  mm 
and 3  mm, respectively, according to the standard 
Early Treatment Diabetic Retinopathy Study grid. 
Also using device software, with a 4.5 × 4.5 mm2 field 
of view centered on the disc, vessel density in the 
radial peripapillary capillary layer of the disc region 
(VDrID), and vessel density in the radial peripapillary 
capillary layer of the peripapillary region (VDrPP) 
were measured. Automatic segmentation was verified 
by two ophthalmologists (C.W.L. and T.T.L.). Images 
of insufficient quality (scan quality < 7/10) or affected 
by artifacts were excluded from analysis.

Statistical analysis

Numerical variables were expressed as the 
mean ± standard deviation of the mean or median 
with 95% confidence interval. For variables following 
a Gaussian distribution, data were compared using 
the 2-tailed t test, and multiple comparisons were 
performed using analysis of variance (ANOVA). We 
tested the homogeneity of variances by using the Lev-
ene test. For variables that violated the assumptions 
of normality or homoscedasticity, the groups were 
compared with the nonparametric Mann–Whitney 
U test (for 2 groups) or Kruskal–Wallis test (for > 2 
groups). To compare the OCT-A variables among dif-
ferent stages of PD, we used a generalized estimating 
equation to adjust the intercorrelation between the 
two eyes and included age as a cofactor. Spearman’s 
rank-sum test was applied to determine the correla-
tion between tear fluid biomarkers (α-synuclein and 
NfL) and the variables of microvascular density from 
OTC-A adjusting for age and sex. The diagnostic 
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accuracy of tear fluid biomarkers and retinal micro-
vascular densities from OTC-A were assessed with 
receiver operating characteristic curve (ROC) analy-
ses. The diagnostic performance of the models was 
quantified using the area under a receiver operating 
characteristic curve (AUC) to explore the ability of 
individual or combined biomarkers to predict PD risk 
or disease progression in terms of motor and cogni-
tive function. The predictive ability was determined 
using Nagelkerke’s R2 index, and we tested calibra-
tion using the Hosmer–Lemeshow test for goodness 
of fit. A P value < 0.05 was considered to indicate 
significance. The statistical analyses were performed 
in SPSS Version 25 (IBM, Armonk, NY, USA) and 
Stata (StataCorp LP, College Station, USA), and the 
figures were created in Prism 8 (GraphPad Software, 
La Jolla, CA, USA).

Results

Characteristics of the study population

The analyses were performed in 49 PD patients and 
45 healthy controls. The demographic characteristics 
of both groups are summarized in Table 1. The aver-
age age was comparable between groups, but more 
male participants was noted in the PD group than 
in the control group (P = 0.05). MMSE scores were 
lower in the patients with PD than in the control par-
ticipants (P = 0.06). Among PD patients, the mean 
disease duration was 5.32 ± 3.12 years, and the mean 
Hoehn-and-Yahr stage in the “off” state was 2.3 ± 1.1.

Levels of α‑synuclein and NfL in tears in PD patients 
and controls

As the percentage of male participants was higher in 
the PD group than in the controls, we first examined 
whether sex might affect the levels of α-synuclein 
and NfL in tear fluids. The results showed there were 
no significant differences in α-synuclein and NfL 
levels between male and female participants in both 
groups (P = 0.51 for α-synuclein, P = 0.38 for NfL; 
Supplementary Fig.  1a, b). After adjusting for age 
and sex, the levels of α-synuclein and NfL were both 
significantly higher in PD patients than in controls 
(α-synuclein: 55.49 ± 8.12 pg/mL vs. 31.71 ± 3.25 pg/
mL, P = 0.009; NfL: 2.89 ± 0.52  pg/mL vs. 
1.47 ± 0.23 pg/mL, P = 0.02; Fig. 1a, b). Furthermore, 
the level of α-synuclein correlated with NfL in tear 
fluids (r = 0.64, P < 0.001, Fig.  2a). However, there 
was no significant difference in either α-synuclein or 
NfL levels in PD patients with different H-Y stages of 
PD (P = 0.237 for α-synuclein, P = 0.55 for NfL; Sup-
plementary Fig. 2a, b).

OCT‑A parameters in PD patients and controls

The OCT-A variables were comparable between 
PD patients and controls (Table  2). We then fur-
ther divided PD patients into early-stage (H-Y stage 
I) and moderate-stage (Hoehn-Yahr stage II and III) 
subgroups. After excluding patients who could not 
complete the OCT-A examination due to motor dis-
ability or poor cooperation, analyses were conducted 
on 20 patients with early-stage PD and 22 patients 
with moderate-stage PD (Table 2). After adjustment 

Table 1   Clinical characteristics of study participants

Data are expressed as means ± standard deviations
Schirmer’s values are the sums of wetting length from both eyes
MDS-UPDRS, Movement Disorder Society Unified PD Rating Scale; MMSE, Mini-Mental State Examination; N.A., not available

Control participants (n = 45) PD patients (n = 49) P value

Age, years (mean ± SD) 64.33 ± 11.78 66.41 ± 7.37 0.32
Sex, male, n (%) 11 (24.4) 22 (44.9) 0.05
Schirmer (mm) 11.10 ± 6.12 10.26 ± 8.04 0.58
Disease duration (years) N.A 5.32 ± 3.12
Hoehn-and-Yahr stage (off) N.A 2.3 ± 1.1
MDS-UPDRS part III (off) N.A 29.1 ± 17.3
MMSE 28.8 ± 2.1 25.7 ± 4.8 0.06
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for age, the vessel density in the deep plexus of the 
central macula (VDdM) and vessel density in the 
radial peripapillary capillary layer of the disc region 
(VDrID) were lower in PD patients with moder-
ate-stage disease than in those with early-stage PD 
(VDdM: 50.50 ± 5.49% vs. 52.83 ± 4.95%, P = 0.04; 
VDrID: 48.91 ± 6.49% vs. 52.50 ± 6.70%, P = 0.03) 
(Table 2, representative images are shown in Fig. 3a, 
b).

We then examined whether there was a correla-
tion between the biofluid markers in tears and the 
vascular density changes observed from OCT-
A. After adjusting for age, we observed a modest 
negative correlation between NfL in tears and the 
vessel density in the radial peripapillary capillary 
layer of the peripapillary region (VDrPP) (adjusted 
ρ =  − 0.31, P = 0.06) (Table  3). Otherwise, there 
were no significant correlations between the OCT-A 

Fig. 1   Expression levels of α-synuclein and NfL in tear flu-
ids in PD patients and healthy controls. The scatterplots dis-
play data density and means with standard deviations of tear 

fluid levels of α-synuclein (a), and NfL (b) in PD patients and 
healthy controls. PD, Parkinson’s disease; NfL, neurofilament 
light chain. * P < 0.05

Fig. 2   Spearman correlation between each marker in tears 
and ROC curves for distinguishing PD patients from controls. 
a Spearman correlation of the tear fluid levels of α-synuclein 
and NfL in all participants. b The prediction accuracy for the 
occurrence of PD, as expressed by the area under the curve 
(AUC), improved from 0.61 in the basic model containing 

age and sex only (P = 0.062) to 0.69 with the addition to the 
model of either tear fluid levels or the retinal vascular densities 
VDdM or VDrID. The AUC further increased to 0.75 in the 
full model containing age, sex, tear fluid levels of α-synuclein 
and NfL, and the retinal vascular densities VDdM and VDrID 
(P < 0.001)
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variables and the expression of α-synuclein or NfL 
in the tear fluids.

Integrated retinal microvascular densities combined 
with tear fluid markers in predicting PD occurrence 
and progression

We then examined whether integrated ocular markers, 
including retinal microvascular densities combined 
with α-synuclein and NfL levels in tear fluids, might 
differentiate PD patients from control participants 
and predict disease progression in PD. The predic-
tion accuracy for the occurrence of PD, as expressed 
by area under the curve (AUC), improved from 
0.61 in the basic model containing age and sex only 
(P = 0.062) to 0.69 with the addition to the model of 
either tear fluid levels or the retinal vascular density 
VDdM or VDrID. The AUC further increased to 0.75 
in the full model containing age, sex, tear fluid lev-
els of α-synuclein and NfL, and the retinal vascular 
densities VDdM and VDrID (P < 0.001) (Fig. 2b and 
Table 4).

After a mean follow-up of 1.5 ± 0.3 years, 13 of 49 
patients (26.5%) with PD displayed a sustained increase 
of at least 2 points in the MDS-UPDRS part III scores 
during the “off” state. The accuracy of predicting motor 
symptom progression improved from 0.75 in the basic 
model containing age, sex, and baseline H-Y stage 
(P = 0.006) to 0.95 with the addition to the model of 

α-synuclein in tear fluid ((P < 0.001); to 0.91 with the 
addition to the model of NfL in tear fluid (P < 0.001); 
and to 0.78 with the addition to the basic model of the 
retinal vascular density VDdM or VDrID (P = 0.003). 
The AUC further increased to 0.97 in the full model 
containing age, sex, baseline H-Y stage, tear fluid lev-
els of α-synuclein and NfL, and the retinal vascular 
densities VDdM and VDrID (P < 0.001) (Fig.  4a  and 
Table 5).

Among PD patients, 8 of 49 patients (16.3%) with 
PD displayed a sustained decrease of at least 2 points 
in the MMSE scores. The accuracy of predicting cog-
nitive symptom progression improved from 0.65 in the 
basic model containing age, sex, and baseline MMSE 
scores (P = 0.16) to 0.86 with the addition to the model 
of α-synuclein in tear fluid (P = 0.001); to 0.71 with the 
addition to the model of NfL in tear fluid (P = 0.06); and 
to 0.86 with the addition to the basic model of the reti-
nal vascular density VDdM or VDrID (P = 0.001). The 
AUC further increased to 0.96 in the full model con-
taining age, sex, baseline H-Y stage, tear fluid levels of 
α-synuclein and NfL, and the retinal vascular densities 
VDdM and VDrID (P < 0.001) (Fig. 4b and Table 5).

Discussion

Our study demonstrated that the levels of α-synuclein 
and NfL in tear fluids were increased in PD patients 

Table 2   OCT-A parameters in control participants and PD patients with different Hoehn-Yahr stages

Data are expressed as means ± standard deviation
OCT-A, optical coherence tomography angiography; FAZ, foveal avascular zone; VDsM, vessel density in the superficial plexus of 
the central macula; VDdM, vessel density in the deep plexus of the central macula; VDrID, vessel density in the radial peripapillary 
capillary layer of the disc region; VDrPP, vessel density in the radial peripapillary capillary layer of the peripapillary region
# Comparison between PD patients with Hoehn-Yahr stage I and those with Hoehn-Yahr stage II and III. *P < 0.05

Control participants 
(n = 45)

PD patients P value#

Stage I (n = 20) Stage II + III (n = 22)

Age, years (mean ± SD) 64.33 ± 11.78 64.20 ± 6.05 66.41 ± 7.00 0.29
Sex, male, n (%) 11 (24.4) 8 (40.0) 12 (54.5) 0.35
FAZ (mm2) 0.28 ± 0.10 0.28 ± 0.09 0.27 ± 0.10 0.77
VDsM, fovea (%) 18.11 ± 6.95 17.85 ± 6.81 18.37 ± 7.07 0.50
VDsM, parafovea (%) 46.77 ± 5.19 46.92 ± 5.65 46.64 ± 4.71 0.50
VDdM, fovea (%) 32.66 ± 6.39 32.12 ± 6.00 33.17 ± 6.70 0.34
VDdM, parafovea (%) 51.63 ± 5.36 52.83 ± 4.95 50.50 ± 5.49 0.04*
VDrID (%) 50.65 ± 6.83 52.50 ± 6.70 48.91 ± 6.49 0.03*
VDrPP (%) 49.36 ± 6.52 48.19 ± 8.78 50.47 ± 2.69 0.26
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Fig. 3   Representative optical coherence tomography angiog-
raphy (OCT-A) scanning images in the macular and peripapil-
lary regions from patients with different Hoehn-Yahr stages of 
PD. a The vessel density maps of the superficial retinal capil-
lary plexus (left column), deep retinal capillary plexus (middle 
column), and radial peripapillary capillary layer in the peripap-

illary and disc regions (right column) in the right eye of a PD 
patient in Hoehn-Yahr stage I. b The vessel density maps of the 
superficial retinal capillary plexus (left column), deep retinal 
capillary plexus (middle column), and radial peripapillary cap-
illary layer in the peripapillary and disc regions (right column) 
in the right eye of a PD patient in Hoehn-Yahr stage III

Table 3   Correlations between the OCT-A paramers and levels of α-synuclein and NfL in tears

# Adjustment of age
OCT-A, optical coherence tomography angiography; FAZ, foveal avascular zone; VDsM, vessel density in the superficial plexus of 
the central macula; VDdM, vessel density in the deep plexus of the central macula; VDrID, vessel density in the radial peripapil-
lary capillary layer of the disc region; VDrPP, vessel density in the radial peripapillary capillary layer of the peripapillary region. 
*P < 0.05

FAZ VDsM, fovea VDsM, parafovea VDdM, fovea VDdM, parafovea VDrID VDrPP

α-synuclein
ρ  − 0.10 0.04  − 0.21 0.10 0.08 0.08  − 0.21
P value 0.55 0.82 0.19 0.55 0.62 0.64 0.19
Adjusted ρ#  − 0.10 0.03  − 0.19 0.11 0.15 0.09  − 0.20
Adjusted P value# 0.57 0.84 0.26 0.51 0.37 0.61 0.22
NfL
ρ 0.14  − 0.13  − 0.19  − 0.16  − 0.13 0.09  − 0.33
P value 0.41 0.44 0.24 0.31 0.42 0.59 0.04*
Adjusted ρ# 0.15  − 0.14  − 0.05  − 0.14 0.01 0.12  − 0.31
Adjusted P value# 0.36 0.38 0.78 0.39 0.94 0.47 0.06
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compared with controls. Among PD patients, the 
vascular densities in the deep plexus of the central 
macula (VDdM) and vessel density in the radial peri-
papillary capillary layer of the disc region (VDrID) 
were reduced in PD patients with moderate-stage of 
disease in comparison with those in early-stage PD. 
The integrated α-synuclein and NfL levels in tear flu-
ids combined with the retinal microvascular densities, 
VDdM and VDrID, associate with increased PD risk 
and symptom progression.

We observed that α-synuclein could be detected in 
the tears of participants. The level of α-synuclein was 
increased in PD patients compared with controls and 
was also associated with increased disease progres-
sion. Consistent with our findings, one recent study 
using the same SIMOA platform to measure levels 
of α-synuclein in tears found increased expression of 
total form of soluble α-synuclein in PD patients and 
detected no significant differences in α-synuclein 
levels among patients with different severities [27]. 

Table 4   Receiver operating characteristic curve analysis for differentiating patients with Parkinson’s disease from controls

AUC​, area under the curve; CI, confidence interval; NfL, neurofilament light chain
* Statistically significant, P < 0.05; **P < 0.01

Covariates AUC (95% CI) P value

Basic model, age and sex 0.612 (0.498–0.726) 0.062
Model 1, basic model and α-synuclein 0.692 (0.585–0.799) 0.001**
Model 2, basic model and NfL 0.681 (0.571–0.790) 0.003**
Model 3, basic model and VDdM_parafovea and VDrID 0.681 (0.570–0.791) 0.003**
Full model, basic model and α-synuclein, NfL, VDdM_parafovea and 

VDrlD
0.752 (0.651–0.852)  < 0.001**

Fig. 4   ROC curves for predicting motor and cognitive symp-
tom progression in patients with PD. a The accuracy of pre-
dicting motor symptom progression improved from 0.75 
in the basic model containing age, sex, and baseline H-Y 
stage (P = 0.006) to 0.95 with the addition to the model of 
α-synuclein in tear fluid (P < 0.001); to 0.91 with the addition 
to the model of NfL in tear fluid (P < 0.001); and to 0.78 with 
the addition to the basic model of the retinal vascular density 
VDdM or VDrID (P = 0.003). The AUC further increased to 
0.97 in the full model containing age, sex, baseline H-Y stage, 
tear fluid levels of α-synuclein and NfL, and the retinal vascu-

lar densities VDdM and VDrID (P < 0.001). b The accuracy of 
predicting cognitive symptom progression improved from 0.65 
in the basic model containing age, sex, and baseline MMSE 
scores (P = 0.16); to 0.86 with the addition to the model of 
α-synuclein in tear fluid (P = 0.001); to 0.71 with the addi-
tion to the model of NfL in tear fluid (P = 0.06); to 0.86 with 
the addition to the basic model of the retinal vascular density 
VDdM or VDrID (P = 0.001). The AUC further increased to 
0.96 in the full model containing age, sex, baseline H-Y stage, 
tear fluid levels of α-synuclein and NfL, and the retinal vascu-
lar densities VDdM and VDrID (P < 0.001)
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Another two studies using an enzyme-linked immu-
nosorbent assay (ELISA) observed increased oligo-
meric but reduced total form of α-synuclein in both 
basal tears and reflex tears in PD patients compared 
with controls [28, 29]. One possible contributor to the 
conflicting results may be the methods used to detect 
the ultra-low concentration of α-synuclein in tears. 
Currently, most biofluid biomarkers, including cer-
ebrospinal fluid (CSF), serum, and plasma biomark-
ers, are mainly analyzed using ELISA. These assays 
are often performed manually and are therefore dif-
ficult to standardize. This has resulted in substantial 
variability in measurements between clinical centers 
and laboratories [30]. SIMOA is an ultrasensitive 
digital ELISA technology that uses antibody-coated 
beads and a fluorescently conjugated detection anti-
body to detect ultralow concentrations of proteins 
in biofluids. It has been shown to be more sensitive 
than traditional immunoassays [31]. The source of 
α-synuclein in tear fluids is unclear. The lacrimal 
gland, the principal source of tear proteins, is an exo-
crine gland innervated by parasympathetic nerves 
originating in the brainstem, which is in the trajec-
tory of α-synuclein transmission as proposed by 
Braak’s hypothesis [32, 33]. The detected α-synuclein 
and NfL may be released from innervating para-
sympathetic nerve terminals in the lacrimal glands 
into tear fluids in the course of neuronal degenera-
tion and α-synuclein cell-to-cell transmission [32]. 
Another possible source of the biomolecules in the 
tears maybe derived from blood, as an ultrafiltrate of 
plasma. Several studies using SIMOA for the detec-
tion of total soluble α-synuclein or NfL in plasma 

samples have shown results similar to our findings in 
tear fluids [26, 34]. Compared to the CSF and blood 
samples, tears have the advantages of noninvasive and 
could be applied for serial check-up in a large-pop-
ulation scale. Further validation in independent and 
larger cohorts including PD patients with more severe 
disease, including H-Y stages IV and V, is needed to 
clarify the correlation between a-synuclein levels in 
tears and PD disease severity.

To our knowledge, this study is the first to exam-
ine the level of NfL in tear fluids. Our results show 
that tear NfL is elevated in PD patients compared 
with controls and that baseline NfL could be inte-
grated as one of the ocular markers associated with 
PD occurrence and progression in terms of motor 
and cognitive decline. NfL is a protein that is highly 
expressed in large-caliber myelinated axons and is 
the main byproduct of neurodegeneration [35]. The 
high correlation between CSF and plasma or serum 
NfL [36] prompted the following studies showing that 
NfL is a sensitive but not disease-specific marker of 
the extent of neurodegeneration [37]. Previous studies 
have shown that NfL levels are elevated in either the 
CSF or blood in patients with PD as compared with 
controls and that the level increases over time and 
with age and correlates with clinical measures of PD 
severity [38, 39]. Our results extend current knowl-
edge by demonstrating that NfL can also be detected 
in tear fluids. Our findings may serve as a foundation 
for further investigation of other biomarkers in tear 
fluids to reflect central nervous system neurodegen-
eration in PD. A similar concept has been applied 
to another common neurodegenerative disorder, 

Table 5   Receiver operating characteristic curve analyses for predicting motor or cognitive progression in patients with Parkinson’s 
disease

AUC​, Area under the curve; CI, confidence interval; H-Y stage, Hoehn-and-Yahr stage; NfL, neurofilament light chain
* Statistically significant, P < 0.05; **P < 0.01

Covariates Motor progression Cognitive progression

AUC (95% CI) p value AUC (95% CI) p value

Basic model (age, sex, and baseline H-Y stage or MMSE 
score)

0.759 (0.601–0.916) 0.006** 0.659 (0.403–0.915) 0.160

Model 1, basic model and α-synuclein 0.951 (0.886–1.000)  < 0.001** 0.869 (0.746–0.992) 0.001**
Model 2, basic model and NfL 0.906 (0.806–1.000)  < 0.001** 0.707 (0.464–0.950) 0.066
Model 3, basic model and VDdM_parafovea and VDrID 0.780 (0.629–0.931) 0.003** 0.866 (0.744–0.988) 0.001**
Full model, basic model and α-synuclein, NfL, VDdM_parafo-

vea and VDrID
0.977 (0.933–1.000)  < 0.001** 0.962 (0.901–1.000)  < 0.001**
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Alzheimer’s disease. One recent study found elevated 
levels of tear amyloid-beta (Aβ) 40 and tear total tau 
in patients with cognitive impairment, and those lev-
els increased with aggravated disease severity [40]. 
These observations, combined with our findings, are 
in line with other efforts identifying tear biomarkers 
for different neurological conditions, such as TNF-α 
[41] for PD, and alpha-1 anti-chymotrypsin for mul-
tiple sclerosis [42]. In those studies, the levels of 
TNF-α and alpha-1 antichymotrypsin were also ele-
vated in the CSF of Parkinsonian patients and mul-
tiple sclerosis patients, respectively. Together, these 
studies support the hypothesis that tear fluid may mir-
ror pathophysiological changes in the central nervous 
system. A larger study incorporating both disease-
specific and neurodegeneration-sensitive markers—
namely α-synuclein and NfL—in CSF, blood, and 
tears, is needed to clarify this concept in PD.

In addition to the biofluid marker changes in the 
tears of PD patients, we also observed that OTC-A 
changes in the vascular densities VDdM and VDrID 
were reduced in PD patients with moderate- vs. 
early-stage disease. The integrated retinal microvas-
cular densities VDdM and VDrID combined with 
α-synuclein and NfL levels in tear fluids were associ-
ated with increased risk and symptom progression in 
PD patients. Two studies using OTC-A have shown 
that vessel density in the retinal capillary plexus is 
significantly lower in early-stage PD patients com-
pared with controls [19, 43]. Another study also 
reported decreased retinal capillary complexity in 
their PD group, using fractal dimension analysis [18]. 
However, the correlation between retinal microvas-
cular abnormality and disease severity was not previ-
ously validated. Our results revealed that vessel den-
sity in the deep plexus of the parafoveal region and 
radial peripapillary capillary layer of the disc region 
was significantly lower in PD patients with moderate- 
vs. early-stage disease. Our findings are in line with 
previous studies demonstrating that the deep retinal 
microvascular network is more sensitive to cerebel-
lar ataxia, ischemic stroke, and diabetic neuropathy 
than is the superficial microvascular network [44–46]. 
Furthermore, one study revealed that reduced retinal 
capillary complexity of the deep capillary plexus is 
significantly correlated with the duration of PD [18]. 
Retinal trans-synaptic degeneration in PD may mani-
fest as retinal microvascular capillary changes. This 
expression can occur first in the deep microvascular 

network [18], which was also observed in our study. 
Notably, longitudinal live retina imaging in a trans-
genic PD rodent model revealed that the GFP-tagged 
α-synuclein accumulated not only in the retinal gan-
glion cell layer but also in the edges of the retinal 
arterial blood vessels [47], which could partly explain 
the retinal microvascular changes observed in PD 
patients. These in  vivo findings combined with the 
observations in PD patients further support the notion 
that retinal microvascular changes are another poten-
tial surrogate marker to the progression of PD. Fur-
ther study of a large cohort with a long longitudinal 
follow-up is warranted to confirm our findings.

Our study has several limitations. First, the num-
ber of PD patients was relatively small. The lack of 
advanced stage PD patients, such as in H-Y stage IV 
and V, limited our investigation of the correlation 
of biofluid markers in tears or changes in the retinal 
microvasculature with the disease severity of PD. 
Second, the cross-sectional study design precludes 
any inferences of a causal relationship between tear 
biomarkers or retinal microvascular changes and the 
disease process in PD. Further longitudinal follow-up 
studies with serial measurements of both tear fluid 
marker and retinal vascular changes using OTC-A 
are needed. Finally, the diagnosis of PD was based on 
clinical diagnostic criteria and lacks neuropathology 
confirmation.

In conclusion, our findings suggest that inte-
grated ocular markers, including α-synuclein and 
NfL in tears and changes in the deep retinal micro-
vascular network, may provide a non-invasive view 
that differentiates PD from controls and reflects dis-
ease progression. Further, large-cohort longitudinal 
studies are needed to strengthen the possible surro-
gate marker role of integrated ocular markers in PD 
progression.
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