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Plasma fibronectin is a prognostic
biomarker of disability in Parkinson’s
disease: a prospective, multicenter
cohort study
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K Ray Chaudhuri10 , Eng-King Tan 12,13 & Qing Wang 1

In a prospective longitudinal study with 218 Parkinson’s disease (PD) patients in the discovery cohort
and 84 in the validation cohort, we aimed to identify novel blood biomarkers predicting disability
milestones in PD. Through Least Absolute Shrinkage and Selection Operator-Cox (Lasso-Cox)
regression, developed nomogram predictive model and Linear mixed-effects models, we identified
low level of plasma fibronectin (pFN) as one of the best-performing riskmarkers in predicting disability
milestones. A low level of pFN was associated with a short milestone-free survival period in PD.
Longitudinal analysis showedan annual decline in the rate of pFNwas significantly associatedwith the
annual elevation rate in the Hoehn-Yahr stage. Moreover, pFN level was negatively correlated with
phosphorylated α-synuclein, anda low level of pFNwasassociatedwithBBBdisruption in the striatum
on neuroimaging, providing evidence for pFN’s role in PD progression. We finally identified pFN as a
novel blood biomarker that predicted first-milestone disability in PD.

Parkinson’s disease (PD) is one of the most common neurodegenerative
disorders with an age-adjusted prevalence of 1.8%1. The progressive loss of
dopaminergic neurons ultimately leads to disability ‘milestones’, such as
recurrent falls, wheelchair dependence, residential home admission, hallu-
cinations, dementia, and mortality for a large proportion of PD patients2–5.
Those with disability milestones usually have poorer prognosis, a survival

period of less than 5 years, and will exact a high financial cost for patients,
their families, and the healthcare system2,3,6,7.

However, amongPDpatients, there ismarked heterogeneity in the rate
of progression4,8, whichmakes prognostication difficult and creates barriers
for clinical trials aimed at delaying disability milestones9. As a consequence,
prognostic biomarkers for milestones in PD are urgently needed,
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particularly ones that could also dynamically monitor PD progression tra-
jectory and ongoing pathological process10,11.

To date, such biomarkers, especially for predicting milestones, are
sparse. Current studies often focus on prognostic biomarkers for predicting
motor or cognition decline in PD9,12–15. For example, Zhang et al. found
cerebrospinal fluid (CSF) phosphorylated tau to total tau ratio and phos-
phorylated tau to Aβ42 ratio significantly correlated with the rate of change
inmotorUnified Parkinson’sDisease Rating Scale (UPDRS)9. Compta et al.
reported that lower baseline CSF concentrations of Aβ42 might predict
cognitive decline14. Wang and Aarsland found that high levels of total
plasma α-synuclein, neurofilament protein L(NfL), and lower epidermal
growth factor predicted cognitive decline in PD16.

Current studies have several limitations. First, the vast majority of the
prognostic biomarkers predict motor or cognitive decline rather than dis-
ability ‘milestones’, which better reflect poor prognosis and have significant
clinical relevance for late-stage PD17–21. Second, markers of peripheral
inflammation, have not been evaluated for their clinical links with mile-
stones in PD. Studies of these milestones, together with other biomarkers,
have not been carried out using a prediction model22–24. Last, there are
limited longitudinal studies that attempt to correlate pathological
mechanisms with peripheral inflammation biomarkers25.

To address these gaps in knowledge,we conducted aprospectivemulti-
cohort study using a two-stage, discovery-validationdesign.We screened 19
blood-based peripheral inflammation biomarkers based on four major
mechanisms: metabolic inflammation, coagulation molecules disorder,
inflammatory immune cell imbalance, and increased inflammatory mole-
cules in 218 longitudinally-followed PDpatients. From these initial data, we
identified plasma fibronectin (pFN) as the best-performing biomarker,
which was then tested in a separate cohort with 84 longitudinally-followed
PDpatients. This validated pFN’s ability to predict the onset of first-episode
milestones and to monitor disease trajectory. Finally, we conducted func-
tional studies by measuring the blood phosphorylated α-synuclein and
neuroimaging studies to examine striatal blood–brain barrier (BBB) per-
meability to further characterize the relationship between plasma fibro-
nectin and PD pathophysiologic changes.

Results
Overview of study design
Atotal of 19 bloodmarkers, aswell as 5 clinical variables basedonperipheral
inflammation-related mechanisms as previously reported, were selected as
candidate prognostic markers. 5 clinical variables included age at onset,
biological sex, disease duration, hypertension, and diabetes mellitus. 19
blood markers included hypersensitive C-reactive protein (HsCRP), lym-
phocyte, neutrophils, lymphocyte/neutrophils(L/N) ratio, uric acid (UA),
cholesterol (Chol), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), fasting glucose (Glu), albumin
(Alb), albumin/globulin ratio (A/G ratio), adenosine deaminase (ADA),
retinol-binding protein (RBP), superoxide dismutase (SOD), lactate dehy-
drogenase (LDH), plasma fibronectin (pFN), fibrinogen (FIB), D-dimer
(DDI) and plasminogen (PLG). Basis for the selection of candidate bio-
markers is shown in SupplementaryTable 1). PDpatientswith any of the six
milestones, including recurrent falls, wheelchair dependence, residential
home admission, severe hallucinations, dementia, and death, were defined
as having a poor prognosis (Supplementary Table 2). We further assigned
PD individuals into aggressive, mild, or N/A (information for grouping is
not available due to insufficient follow-up period) subgroups based on the
pace of progression to milestones. The aggressive clinical subtype refers to
patients who suffered their first milestone <5 years after disease onset. The
mild clinical subtype refers to those who developed their first milestone ≥5
years after disease onset. The N/A subtype refers to the remaining partici-
pants whose grouping information was not available (N/A) due to the fact
that their disease coursewas less than 5 years, and nomilestonewas reached
at the end of follow-up. These criteria of clinical subgroups were based on
the longitudinal cohort studies of disease progression published by Hely
and Lees4.

We then (1) developed a prediction model with Least Absolute
Shrinkage and Selection Operator-Cox (LASSO-COX) regression with
blood inflammatory molecules as candidate markers to identify the best-
performing biomarker at predicting the first-episode of milestones; (2)
determined the association between the best-performing biomarker and the
milestone-free survival period in the discovery cohorts and validated the
initial result in a validation cohort; (3) investigated the correlation between
the dynamic longitudinal change of the best-performing biomarker level
anddiseaseprogression trajectory in three clinical subtypes (aggressive,mild
and N/A) and; (4) analyzed the correlation between the best-performing
biomarker and α-synuclein, blood–brain barrier (BBB) permeability, as well
as and the correlation between the levels of the best-performing biomarker
in the peripheral blood and CSF to explore the underlying pathophysiolo-
gicalmechanisms of the best-performing biomarker on disease progression.
The overview of the study design is shown in Fig. 1.

Cohorts and sample collection
A total of 392 clinically screened PD participants without disability mile-
stones at the time of the initial visit and with magnetic resonance imaging
(MRI) scans between December 2011 and November 2021 through 5
hospitals of the South China Parkinson’s Disease Alliance were included in
the analysis. All individuals met the diagnostic criteria of the 2015 Move-
ment Disorder Society26. After screening by the inclusion and exclusion
criteria (shown in supplemental data page 1), 302 eligible subjects were
enrolled, and then assigned to two cohorts: discovery and validation. This is
a two-stage study.Thediscovery cohort is a retrospective cohort study,while
the validation cohort is a prospective validation cohort. Because there is a
discovery cohort in Oxford England who have published27, here we call our
discovery cohort as Discovery-C cohort (c for China). The study was
approved by the ethics committee at ZhujiangHospital of SouthernMedical
in Guangzhou (Project number 2021-KY-023-01, Clinical trial registration
no. ChiCTR2100045714). The study flowchart is detailed in Supplementary
Fig. 1. Demographics and baseline clinical parameters in these two cohorts
were summarized in Table 1.

The Discovery-C cohort consisted of a total of 218 participants who
were enrolled from December 2011 to March 2021 at Zhujiang Hospital of
Southern Medical University (ZJH_SMU, n = 196), Guangzhou First Peo-
ple’s Hospital of South China University of Technology (GZF_SCUT,
n = 15) and theFirstAffiliatedHospital of SunYat-senUniversity (FH_SYS,
n = 7) and received a retrospective investigation were assigned to the dis-
covery cohort. All individuals had baseline clinical variables collection, such
as UPDRS, MMSE, MoCA, Levodopa Equivalent Daily Dose (LEDD),
Hoehn and Yahr (H&Y) stage, and results of peripheral inflammation-
related blood markers. Among them, 20 individuals had CSF sampling at
the baseline time point. All individuals were followed at variable intervals,
and the milestones-free period was recorded after follow-up. Among them,
96 individuals had longitudinally repeated collection of the following:
Levodopa Equivalent Daily Dose (LEDD), Hoehn and Yahr (H&Y) stage,
and blood samples. The interval between two follow-up visits ranges from
once a month to once every 6 months. The frequency of follow-up visits is
between 2 and 7 times. The maximum follow-up time for the discovery
cohort is 72months (interquartile range [IQR] is 10.29–36.08months, with
a median follow-up of 26.6 months). The ZJH_SMU institutional review
board approved study protocols, and all participants consented to the study.

The validation cohort consisted of a total of 84 PD patients who were
enrolled from October 2020 to November 2021 at Zhujiang Hospital of
Southern Medical University (ZJH_SMU, n = 80), Sun Yat-sen Memorial
Hospital of Sun Yat-sen University (MH_SYS, n = 3), the Second Affiliated
Hospital of Guangzhou Medical University (SH_GMU, n = 1) were
assigned to the validation cohort. 72 individuals had a DCE-MRI scan, and
23 individuals had plasma alpha-synuclein testing at baseline time point. A
prospective follow-up was conducted every 3.0 months. The maximum
follow-up time for the validation cohort is 17.0 months (interquartile range
[IQR] is 2.0–11.0 months, with a median follow-up of 5.0 months). The
milestones-free period was recorded after follow-up.
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Discovery Cohort（n = 218 ) Validation Cohort（n = 84 )

Blood cell, Biochemical & Coagulation Panel

Blood Peripheral Inflammatory Markers (19)

Clinical variables (5)

Lasso-Cox Regression

Poor Outcomes (i.e. Late-Stage)

First-episode of milestones

Candidate Prognostic Markers 

• Frequent Falls
• Wheelchair Dependence
• Homecare
• Dementia
• Severe hallucination
• Death

Nomogram Predictive Model

5 Marker were included in the predictive Model
     (Age, pFN, UA, Alb, HsCRP)

1 was the independent risk factor
                   (pFN) 

Prognostic Role   
(Predictive
Biomarker)

Disease Trajectory
(Monitoring Biomarker)

Potential 
Mechanisms

H&Y stageSurvival Analysis BBBLED p-SYNDisease Duration

Multivariate Cox Regression

• Best performing
biomarker‘ role in
predicting
milestone-free 
survival period

• The association between dynamic 
changes in biomarker’s levels and
the pace of progression in PD

• The association
between best
performing marker’s 
levels with in vivo
brain pathological
changes in PD

Fig. 1 | Study overview. 302 PD participants were assigned to the Discovery Cohort
(n = 218, left panel) and Validation Cohort (n = 84, right panel). A Lasso-Cox
regression was used to screen the best-performing marker out of 19 peripheral
inflammation blood markers to predicate the duration of disability milestone-free
survival. Next, with longitudinal data, LMEMs were used to correlate the annual
change of this best-performing marker with disease progression as assessed by the

annual change ofH&Y stage and LED. Finally, wemeasured BBB permeability in the
striatum and the level of α-synuclein in the blood to explore the potential
mechanisms of the best-performing biomarker in promoting PD progression to
milestones. BBB blood–brain barrier, H&Y Hoehn-Yahr, LED equivalent doses of
levodopa, LMEMs linear mixed-effects models.
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Age, pFN, UA, Alb, and HsCRP were selected for the nomogram
predictive model analysis
To study the role of peripheral inflammation in predicting the progression
ofPD, theLASSO-COXmethodwasused to construct apredictionmodel to
identify valuable prognostic biomarkers. The predictors in the model
included age at onset, plasma fibronectin (pFN), uric acid (UA), albumin
(Alb), andhypersensitiveC-reactive protein (HsCRP).The coefficientswere
0.024246 (age), −0.017086 (pFN), -0.001545 (UA), −0.068079 (Alb), and
0.016296 (hsCRP) (Supplementary Fig. 2A, B). According to the calibration
plots, the model’s predicted probabilities were close to the observed prob-
abilities (Fig. 2a–c). The nomogrambased on the overall predictionmodel is
shown in Fig. 2d, and the estimated 1-year, 3-year, and 5-year survival
probabilities generated by the nomogram are shown in Supplementary
Table 3. A receiver operating characteristic (ROC) curve was used to
determine the optimal cutoff value. Theoptimal threshold valuewasdefined
as the final cutoff value in univariate Cox regression analysis. The cutoff
values of the predictive factors age, pFN, UA, Alb, and hsCRP were 54 y,
197.6mg/L, 306 μmol/L, 37.8 g, and 2.1 mg/L, respectively. The C-index of
the prediction model was 0.705. The cutoff values were defined with the

Table1 |Participant characteristics indiscoveryandvalidation
cohorts

Characteristic Discovery
cohort
(n = 218)

Validation
cohort
(n = 84)

p-value

Demographic

Median age at
onset, years

63 (54–68) 64 (58.5–69.5) 0.094

Sex, no. (%)

Male 129 (59.18%) 52 (61.90%) 0.003**

Baseline clinical status

Disease duration,
median (95% CI),
yearsa

4 (2–6) 3 (2–6) 0.612

Comorbidity

DM, no. (%) 7 (3.21%) 6 (7.14%) 0.201a

HBP, no. (%) 44 (20.18%) 29 (34.52%) 0.009**

H&Y stage 3.5 (2–4) 4 (3–4) 0.001**

UPDRS (total) 42.5 (29.0–76.2) 48.0 (33.6–60.8) 0.616

UPDRS I 2 (0.75–2) 4 (3–5) <0.001***

UPDRS II 12 (5–18) 12 (8–16) 0.193

UPDRS III 23 (16–56) 27 (18–36) 0.642

UPDRS IV 5 (2–7) 5 (3–7) 0.198

MMSE 25 (23–28) 26.5 (23–29) 0.383

MOCA 19 (15–25) 21 (16–23) 0.209

LED (mg) 500 (375–673) 611 (474–799) <0.001***

Baseline laboratory test

HsCRP, mg/L 0.5 (0–0.82) 0 (0–0.59) <0.001

Lymphocyte, G/L 1.82 (1.50–2.32) 1.90 (1.64–2.21) 0.488

Neutrophils, G/L 3.55 (2.79–4.25) 3.64 (2.98–4.41) 0.336

L/N ratio, 0.55 (0.40–0.70) 0.53 (0.40–0.67) 0.815

UA, μmol/L 316 (263–378) 316 (269–375) 0.840

Chol, mmol/L 4.48 (3.89–5.10) 4.36 (3.74–4.99) 0.304

HDL-C, mmol/L 1.54 (1.26–5.01) 1.26 (1.05–1.44) <0.001***

LDL-C, mmol/L 2.69 (2.16–3.34) 2.61 (2.17–3.30) 0.829

Glu, mmol/L 4.74 (4.44–5.18) 4.92 (4.58–5.31) 0.045*

Alb, g/L 39.8 (37.5–42.0) 40.4
(38.75–42.35)

0.273

A/G ratio 1.50 (1.30–1.60) 1.60 (1.40–1.75) 0.023*

ADA, IU/L 8.30 (7.01–10.09) 8.52 (7.31–10.58) 0.641

RBP, mg/L 40.80
(34.50–48.30)

41.95
(36.65–47.95)

0.354

SOD, kU/L 139 (125–155) 152 (142–165.5) <0.001***

LDH, IU/L 168.0
(149.7–189.6)

176.8
(153.8–187.0)

0.252

FIB, g/L 3.05 (2.61–3.35) 2.69 (2.27–2.97) <0.001***

DDI, mg/L 0.39 (0.27–0.65) 0.39 (0.2–0.66) 0.220

PLG, % 95 (85.0–106.0) 91.3
(84.6–100.55)

0.129

pFN, mg/L 200.1
(182.7–227.0)

206.0
(181.0–231.0)

0.438

Milestones

First-episode of milestone

Events 77 (35.32%) 28 (33.33%) 0.745

Median time since
initial diagnosis, years

4.13 (2.08–7.14) 5.50 (3.02–7.90) 0.373

Table 1 (continued) | Participant characteristics in discovery
and validation cohorts

Characteristic Discovery
cohort
(n = 218)

Validation
cohort
(n = 84)

p-value

Frequent Falls

Events 45 (20.64%) 7 (8.33%) <0.001***

Median time since
initial diagnosis, years

6.46 (4.17–9.50) 5.33 (3.33–7.33) 0.332

Wheelchair dependence

Events 21 (9.63%) 9 (10.71%) 0.128

Median time since
initial diagnosis, years

7.25 (5.75–11.75) 5.00 (3.08–8.46) 0.025

Home care

Events 30 (13.76%) 10 (11.90%) 0.670

Median time since
initial diagnosis, years

7.13 (3.92–12.27) 7.83 (3.00–9.60) 0.724

Dementia

Events 19 (8.72%) 7 (8.33%) 0.915

Median time since
initial diagnosis, years

5.75 (3.17–8.50) 3.08 (1.92–7.00) 0.306

Severe Hallucination

Events 14 (6.42%) 1(1.19%) 0.076a

Median time since
initial diagnosis, years

4.08 (3.02–8.71) NA 0.533

Death

Events 5 (2.29%) 1 (1.19%) 0.682

Median time since
initial diagnosis, years

4.33 (3.54–9.88) NA 0.667

Cause of death

PD-related events 3 (1.38%) 1 (1.19%) 1.000

PD-unrelated
events

2 (0.92%) 0

ADA adenosine deaminase, Alb albumin, A/G ratio, Chol cholesterol, DDI D-dimer, DM diabetes
mellitus, FIB fibrinogen, Glu glucose, HBP high blood pressure, HDL-C high-density lipoprotein
cholesterol, HsCRP hypersensitive C-reactive protein, H&Y Hoehn-Yahr, LDH lactate
dehydrogenase, LDL-C Low-density lipoprotein cholesterol, LED levo-dopa-equivalence dosage,
L/N ratio, lymphocyte/neutrophils ratio,MMSEmini-mental state examination,MOCAMontreal
cognitive assessment, NA non-available, pFN plasma fibronectin, PLG plasminogen, RBP retinol-
binding protein, SOD superoxide dismutase, UA uric acid, UPDRS unified Parkinson’s disease
rating scale.
*p < 0.05; **p < 0.01; ***p < 0.001.
aFisher’s Exact test.
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enumerationmethod in Supplementary Fig. 3, and theROCanalysis graphs
were shown in Supplementary Fig. 4. In addition, we compared theHsCRP,
Alb, UA, and pFN levels of 218 individuals in the discovery cohort with sex-
and age-matched control groups. The results showed that there was only a
statistical difference between the two groups at the levels ofHsCRPandpFN
(Supplementary Table 4).

Plasma protein pFN is an independent risk factor and best-
performing marker for first-episode of milestones
To determine which biomarkers served as independent predictors in the
nomogram model, a forest plot was generated to visualize the association
between the predictors and milestone-free survival period with univariate
andmultivariate Cox regression analyses (Fig. 2e, f) and Table 2. According

a b c

d e

f

1-year 3-year 5-year

Fig. 2 | pFN is an independent risk factor for poor clinical prognosis as assessed
byCox regression. a–cCalibration plots of overall survival probabilities at 1 year (a),
3 years (b), and 5 years (c). Nomogram-predicted overall survival is plotted on the x-
axis, with observed overall survival on the y-axis. Dashed lines along the diagonal line
through the origin point represent the perfect calibration models in which the
predicted probabilities are identical to the observed probabilities. d Nomogram for
predicting the probability of overall survival at 1 year, 3 years, and 5 years. The
number of points for each clinical characteristic is shown in the top row. For each
characteristic, absence is assigned 0 points. The presence of characteristics is

associated with a number of points generated using the nomogram function, Svy-
Nom package in R, based on the results of LASSO analysis. The points for each
characteristic are summed together to generate a total-point score. e, f Forest plots
were generated to visualize the association between the abovementioned predictors
and overall survival by univariate (e) and multivariate Cox regression analyses (f).
The cutoffs used in univariate Cox regression for age, pFN,UA,Alb, and hsCRPwere
54 y, 197.6 mg/L, 306 μmol/L, 37.8 g, and 2.1 mg/L, respectively. The C-index of the
survival model was 0.705. Alb albumin, HR hazard ratio, hsCRP hypersensitive
C-reactive protein, pFN plasma fibronectin, UA uric acid.
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to univariate Cox regression, the HR (95% CI, p) of age was 1 (1–1,
p = 0.036), the HR of pFN was 0.98 (0.97–0.99, p < 0.0001), the HR of UA
was 1 (0.99–1, p = 0.0097), the HR of Alb was 0.91 (0.85–0.98, p = 0.0094),
and the HR of hsCRP was 1 (1–1, p = 0.0014). According to multivariate
Cox regression analysis, the HR (95% CI, p) of age was 1.01 (0.99–1.04,
p = 0.1894), that of pFN was 0.98 (0.97-0.99, p < 0.0001), that of UA was 1
(0.99-1, p = 0.0562), that of Alb was 0.96 (0.89–1.03, p = 0.2079) and that of
hsCRPwas 1.02 (1–1.04,p = 0.1143).Multivariate analysis showed that pFN
was the only independent risk factor for predicting prognosis in our model
(p < 0.001). The multivariate analysis (crude and adjusted) of predictors
selected by the LASSO regression procedure for other milestones (all) was
also shown in Supplementary Table 5.

Low level of pFN is associated with a short milestone-free sur-
vival period in PD
Kaplan‒Meier curves of the cumulative risk ofmilestones were generated to
explore the impact of pFN level on milestone-free survival duration in PD
patients. All participants were stratified into two groups (high pFN
≥197.6mg/L vs. low pFN <197.6 mg/L) using the calculated optimal pFN
cutoff value. The results showed that the median milestone-free survival
time (fromdiagnosis to the onset ofmilestones) for low-pFNpatients (high-
risk) versus high-pFN patients (low-risk) was 7.05 years (95% CI
6.022–8.075) versus 11.22 years (9.745–12.695; χ2 = 7.913, p < 0.005; Table
1) in the discovery cohort, 7.833 years (4.869–10.798) versus 10.250 years
(8.580–11.920; χ2 = 2.254, p = 0.133; Table 1) in the validation cohort. The
median milestone-free survival time (from baseline visit to the onset of
milestones) for high-pFN patients versus low-pFN patients was 57.179
months (95% CI 52.495–61.863) versus 37.168 months (30.781–43.628;

χ2 = 27.069, p < 0.0001; Fig. 3a) in the discovery cohort, 14.249 months
(12.05–12.900) versus 10.249 months (7.913–12.585; χ2 = 5.455, p = 0.02;
Fig. 3b) in the validation cohort. Our results demonstrate that pFN is a
prognostic biomarker for predicting disability milestones in PD patients.
Apart from the first-milestone episode, we also analyzed the impact of
baseline pFN levels on the rate of progress to the development of each
milestone, as shown in Supplementary Fig. 5.

pFN levels correlate with rate of progression in PD
Given that baseline pFN is a potential prognostic biomarker, we further
explored whether dynamic changes in pFN levels could reflect the pace of
progression in PD and be used to monitor disease progression. We first
analyzed thedata fromthediscovery cohort.Among the 218participants, 96
(32%) returned for at least 1 and at most 6 follow-up visits, with a mean
number of 1.89 (95% CI 1.62–2.17) visits and amedian observation time of
5.5 years (IQR3.5–8.0) from the baseline visit. All participants were divided
into 3 clinical subtypes (aggressive, mild, and N/A). Here, the “N/A” group
was not included in the analysis. The estimated annual changes in pFN
showed that compared with the mild group, the annual decline in pFN was
more rapid in the aggressive group within 5 years after onset. Longitudinal
pFN distinguished aggressive from mild subtypes as evaluated by multi-
variate linear mixed-effects models (LMEMs) (b (2.5%, 97.5%) =−0.07
(−0.14, −0.01), p = 0.03, Fig. 4a).

To identify whether annual pFN change reflects disease progression as
assessedbyHoehn-Yahr (H&Y)stage, the correlationbetweenbaselinepFN
and the annual change in pFN, between the annual change in pFN and the
annual change in (H&Y) stage was analyzed using LMEMs. The results
showed no significant association between the baseline pFN and the annual

Table 2 | Multivariate analysis (crude and adjusted) of predictors selected by LASSO regression procedure in the discovery
cohort (first milestone)

Definition Univariate Cox regression Multivariate Cox regression

Crude HR
(95% CI)

p-value Adjusted HR
(95% CI)

p-value

First milestone

pFN mg/dL 0.981 (0.973–0.989) <0.001*** 0.982 (0.974–0.99) <0.001***

Age years 1.023 (1.001–1.045) 0.040* 1.014 (0.993–1.036) 0.198

UA μmol/L 0.997 (0.994–0.999) 0.019* 0.998 (0.995–1) 0.096

Alb g/L 0.912 (0.852–0.977) 0.009** 0.954 (0.889–1.024) 0.194

HsCRP mg/L 1.037 (1.014–1.060) 0.001** 1.019 (0.995–1.044) 0.115

HR hazard ratio, HsCRP hypersensitive C-reactive protein, UA uric acid, Alb albumin, pFN plasma fibronectin.
*p < 0.05; **p < 0.01; ***p < 0.001.

Fig. 3 | Predicting disease progression by baseline pFNas assessed byfirstmilestone-free survival analysis. a,bfirstmilestone-free survival curves for the discovery cohort
(a) and validation cohort (b), stratified into low-pFN and high-pFN groups according to an optimal cutoff point of 197.6 mg/L. pFN plasma fibronectin.
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Fig. 4 | Monitoring disease progression by baseline pFN and pFN rate of change.
a Estimated annual change in pFN based on disease course in patients. Colored
symbols represent the individual random effect slope estimates. The shaded areas
represent the 99% credible intervals. Longitudinal pFN distinguishes aggressive
frommild very early (before 5 years of disease progress) as evaluated bymultivariate
linear mixed-effects models (LMEMs) (b (2.5%, 97.5%) =−0.07 (−0.14, −0.01),
p = 0.03). b Prediction of changes in Hoehn-Yahr stage by baseline pFN. Lower
baseline pFN levels were significantly associated with an increased rate of change in
the elevation of clinical Hoehn-Yahr stage in the aggressive group (n = 11; b (2.5%,
97.5%) = 29.53 (12.55–46.50), p < 0.001), but no association was found in the mild
group (n = 56; b (2.5%, 97.5%) =−2.42 (−5.69 to 0.85), p = 0.15). cRate of change of
plasma FN per year in the aggressive subtype mirrors the rate of change in the
Hoehn-Yahr stage. LMEMs were used to evaluate the correlation between these two

variables, and the shaded area around each linear fit line represents the quantile
(2.5% to 97.5%). A significant association between rate of change of pFN andHoehn-
Yahr score was noted in both the aggressive group and the mild group (aggressive:
n = 11, visit time = 28; b (2.5%, 97.5%) = 0.84 (0.43, 1.24), p < 0.001; mild: n = 56;
visit time = 115, b (2.5%, 97.5%) =−2.65 (−4.36, 0.95), p < 0.001). d The role of
baseline pFN in predicting the changes in LED. Lower baseline pFN levels were not
significantly associated with an increased rate of change in LED elevation in the
aggressive group (n = 11;b (2.5%, 97.5%) = 4.42 (−1.48,10.32), p = 0.13),mild group
(n = 56; b (2.5%, 97.5%) = 0.02 (−1.12,1.15), p = 0.98)). e The role of rate of change
in plasma FN per year in predicting the changes in LED. Using LMEMs, no asso-
ciation was found in any group (aggressive: n = 11; b (2.5%, 97.5%) =−0.03
(−0.18,0.10), p = 0.62; mild: n = 56; b (2.5% to 97.5%) = 0.42 (−0.15, 0.99), p = 0.15).
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change in H&Y stage (aggressive: b (2.5%, 97.5%) = 4.24 (−1.22, 9.69),
p = 0.13; mild: n = 56; visit time = 115, b (2.5%, 97.5%) =−0.02 (−0.16,
1.03), p = 0.98;) (Fig. 4b). The results showed a significant association
between the change rate of pFN and the annual change in H&Y stage in the
aggressive group and the mild group (aggressive: n = 11, visit time = 28, b
(2.5%, 97.5%) = 0.84 (0.43, 1.24), p < 0.001; mild: n = 56; visit time = 115, b
(2.5%, 97.5%) =−2.65 (−4.36,0.95), p < 0.001 (Fig. 4c). These longitudinal
analyses suggest that the dynamic changes in pFN can reflect the progres-
sion of PD.

To identify whether the annual pFN change reflects the change in
levodopa equivalent dose (LED), the correlation between the annual
change in pFN and the annual change in LED was also analyzed using
LMEMs. The results showed no significant association between the
change rate of pFN and the annual change in LED in the aggressive
group or the mild group as showed in Fig. 4d, e. The statistical p-value
of the difference in correlation of pFN with H&Y or LED between the
two groups was also shown in the Fig. 4.

pFN levels correlatewith in vivobrainpathological changes inPD
PD is characterized by the aggregation and extravasation of p-α-SYN28,29. To
explore whether pFN was involved in the pathophysiologic progress of PD,
we investigated the correlation between pFN and blood p-α-SYN levels.
Interestingly, a biphasic monotonic function relationship between baseline
pFN and plasma phosphorylated α-synuclein levels was observed. A

significant negative correlation between pFN and p-α-SYN (n = 26, corre-
lation coefficient =−0.456; p = 0.008) was observed with the Spearman
correlation test. The simulation curve of the correlation between the two
variables is shown in Fig. 5a, suggesting that a low baseline level of pFNmay
be associated with the aggregation of pathologic α-synuclein.

Peripheral inflammation can induce BBB disruption30. Due to the
retrospective nature of the discovery cohort, baseline data of dynamic
contrast-enhancement magnetic resonance imaging (DCE-MRI) were not
available for themajority ofPDpatients. So, in this study,weonly conducted
DCE-MRI examination in individuals in the validation cohort. Results
showed that in the validation cohort, 67 (79.76%) of 84 participants were
eligible for BBB permeability evaluation using DCE-MRI. Seventeen
(20.24%) of 84 patients were excluded for the following reasons: 11 had
microinfarcts in the striatum, 4 had microbleeds in the striatum, and 2 had
artifacts caused by severe head tremor. Among the 67 eligible participants,
33 of 67 were assigned to the low-pFN group, and 34 of 67 were assigned to
the high-pFN group. The baseline data (sex, age and disease duration)
between the low-pFN and high-pFN groups were compared, and no dif-
ferencewas found (SupplementaryTable 6). TheMann‒WhitneyU testwas
used to compare the Ktrans value in the striatum between the high-pFN and
low-pFN groups. The median Ktrans in the ipsilateral or relatively severe
damaged striatum of high-pFN patients versus low-pFN patients was
5.39 × 10−4min−1 (n = 34, IQR 4.12–9.22) versus 9.91 × 10−4min−1 (n = 33,
IQR 4.78–13.38; p = 0.027; Fig. 5b). Representative DCE-MRI images are
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Fig. 5 | Correlations between baseline pFN and phosphorylated α-synuclein, and
baseline pFN and blood–brain barrier permeability of the striatum.
a Clinicopathologic correlation analysis revealed significant negative correlations
between pFN and phosphorylated α synuclein (correlation coefficient, −0.456;
p = 0.008) using the Spearman correlation test. b Comparison of Ktrans values in the

striatum between the high-FN group and the low-FN group (left, right, average, and
ipsilateral). c Representative images of BBB permeability in the low-pFN group and
the high-pFN group, as well as a localization marker image of the region of interest.
The T1 sequence was used to localize the striatum.
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shown in Fig. 5c. This result suggests that low level of pFN is associatedwith
increased BBB permeability in the striatum.

A positive correlation trend was observed between the levels of FN in
the plasma and theCSF (Spearman correlation coefficient=0.547, p = 0.028)
(Supplementary Fig. 6A), suggesting that the FN level in plasma could be
used to indicate its level in CSF. After log10 transformation of FN, using a
linear regression model, we found that the level of log10 FN in the CSF and
the plasma was positively linearly correlated after adjusting for age, sex, and
disease course (F = 3.65, R2 = 0.57, adjusted R2 = 0.41, p = 0.04) (Supple-
mentary Fig. 6B). A correlation between pFN level in the blood and the CSF
was found indicating that the changes in cerebrospinal fluid FN can partly
be reflected by detecting the FN value in blood.

Taken together, these analyses suggest that pFN is a clinically useful
prognostic biomarker that could potentially be used to predict disease
prognosis, monitor disease progression, and reflect brain pathological
changes.

Discussion
Our findings have potential clinical relevance as the identified pFN bio-
marker can be used to predict clinical prognosis, and be used as an outcome
measure for clinical trials aimed at delaying or preventing the onset of
disability milestones in PD. Inflammation plays a crucial role in the pro-
gression of PD31–33. Recent studies have suggested that markers of inflam-
mation are involved in various pathophysiologic pathways in PD and are
potential prognostic biomarkers for PD34–37. The vast majority of previous
studies havemainly focused on the relationship between inflammatory cells
or proteins and PD progression. However, apart from inflammatory cells
and proteins, other biomarkers, including coagulation and metabolic
molecules such asfibrinogen,ALB,UA,Chol, glucose, andHsCRPmay also
be associated with inflammation initiation and involved in disease
progression38. For example,we previously found that lipoprotein cholesterol
levelwas associatedwithmotor severity ofPD39.Chen-Plotkin et al. reported
that plasma CRP and albumin levels may be predictive of the rate of cog-
nitive change in PD40. High baseline levels of UA, CRP, high-density lipo-
protein (HDL) cholesterol, and glucose levels were also identified as risk
parameters for faster disease progression41,42. To address this gap, we
selected 19 inflammatorymarkers that can be conveniently tested in clinical
routine practice, including multiple inflammation-related mechanisms,
such as inflammatory proteins, inflammatory cells, coagulation molecules,
and metabolic molecules (such as glucose, proteins, cholesterol, and purine
metabolism molecules), et al. Our study highlights a novel prognostic bio-
marker, that is, baseline plasma FN as a best-performing biomarker for
predicting the rate of onset of milestones in PD individuals.

pFN ismainly secreted by liver cells andpartly derived from intrathecal
synthesis. Thedecrease inpFN levels has beenproven tobepositively related
to acute and chronic inflammation43,44 and poor clinical prognosis in indi-
viduals with a variable of diseases, such as sepsis45. The mechanisms by
which inflammation leads to a decrease in pFN levels are currently not fully
understood. Themain viewpoint is that the decrease in pFN is related to the
phagocytic activity of the reticuloendothelial system (RES). As early as 1981,
PottG et al. found that patientswith sepsis and shockhad adefinite decrease
of pFN during the course of the disease46. During inflammation, the pha-
gocytic function of Reticuloendothelial function is activated. Due to its
opsonizing role, pFN binds to circulating degradation products and med-
iates their elimination by the reticuloendothelial system, which leads to the
depletion of pFN by RES47. Although pFN has been found to be associated
with the prognosis of ischemic stroke and traumatic brain injury, there is
little research on its role in PD. Recent research found that pFN enhanced
the survival of transplanted neuron survival in nigral48, supported neurite
outgrowth and axonal regeneration of adult brain neurons49, modulated
microglia M1/M2 polarization, and alleviated pathologic alpha-synuclein
accumulation in PD animalmodel50. In our study, we found that a dramatic
decline of pFN, especially in about the first 9 years of onset, signified a faster
disease progression and a more aggressive clinical subtype in PD, which is
consistent with previous research. Based on the above findings, pFNmight

also be involved in the progression of PD, possibly through inflammatory
modulation and/or neuroprotection.

The primary pathologic change of PD includes the misfolding and
aggregation of α-syn, as well as the degeneration of dopaminergic neurons.
Currently, limited research has been conducted in terms of the correlation
between FN and synuclein. In 2023, Adulla, A. reported that alpha-
Synucleinmodulates fibronectin expression. In 2024, DaiW. et al. reported
their results that the administration of pFN reduced the level of α-syn in the
striatum in PD animal model50. In this study, we also found a negative
relationship between pFN and phosphorylated α-synuclein. This result also
implies that a low baseline pFN level may potentially be associated with the
aggravation of the accumulation of pathologic α-synuclein.

During the progression of PD, the integrity of the BBB becomes
compromised. However, the relationship between pFN and BBB was
largely unknown. pFN was found to be related to human endothelial
cell adhesion, cell spreading, and proliferation. Current research
showed that pFN alleviated activation of astrocytes and aggregation
of α-synuclein in the striatum. In our study, we also found that
patients with low levels of pFN had higher striatal BBB permeability
on neuroimaging studies, indicating that pFN levels could reflect
pathological damage to the brain in PD patients and that low pFN
might accelerate BBB permeability.

Our study has the following strengths: (1) we have included inflam-
matory biomarkers with multiple mechanisms in the analysis, through
which novel biomarkers were identified; (2) we used disability milestones,
and clinically relevant outcomes for more severe PD, and these served as
prognostic endpoints rather than cognitive decline or motor progression;
(3) we have used a discovery-validation two-stage study design; and (4) we
conducted functional studies to determine the possible underlying
mechanisms linking pFN with the onset of PD disability milestones.

Our study also has several limitations: (1) one limitation is that due
to the retrospective nature of the discovery cohort, baseline data of
DCE-MRI and p-α-syn data were not available for the majority of PD
patients in this cohort; however, in the prospective validation cohort,
the follow-up duration is relatively short compared to the discovery
cohort, leading the median survival times in the validation cohort are
more than 3 times of those in the discovery cohort. (2) the second
limitation is that pFNmainly predicts time to the first event and motor
problems (falls, wheelchair, home care), but not dementia, hallucina-
tions, or death, suggesting that it is related to peripheral deterioration
rather thanCNS issues; (3) the third limitation is that just like in the real
world, in our cohort, the majority of PD patients exhibits benign
clinical course, with relatively fewer cases presenting a aggressive
progression course; (4) The correlation coefficient between pFN and p-
a-SYN was −0.456 (p = 0.008), indicating a weak correlation between
these two indices and the values for p-α-synuclein are capped at 60 ng/
mL due to the limitations of the detection range of the Elisa kit, leading
to overall low confidence in the validity of this analysis.

In conclusion, we identified pFN as a novel blood biomarker that
predicted first-milestone disability in PD and functional study revealed that
pFN negatively correlated with phosphorylated α-synuclein. Our findings
suggest that pFN can be used for diseasemonitoring and prognostication in
clinical practice and trials in PD.

Methods
Ethical approval and consent to participate
The human biomarker and neuroimaging studies were approved by the
ethics committee at Zhujiang Hospital of Southern Medical in Guangzhou
(Project number 2021-KY-023-01, Clinical trial registration no.
ChiCTR2100045714).

Clinical data
The rate of change in the H&Y stage or LED elevation was calculated using
the H&Y score or LED difference between two adjacent follow-up visits
divided by the duration of time (years) between the two visits.
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Biomarker quantification
The selection and detectionmethods of candidate biomarkers are shown in
Supplementary Table 4 in detail. Blood biomarker quantification was per-
formed at Zhujiang Hospital of Southern Medical University. Fibronectin
(FN) level inCSF sampleswasmeasured inGuangzhouKingmedCenter for
Clinical Laboratory, Co., Ltd.

Peripheral venous blood was collected in the morning after fasting for
8 h using a BD Vacutainer (Becton Dickinson and Company, United
Kingdom). Samples for blood cell count (lymphocyte and neutrophils) were
collected with purple EDTA-K2 anticoagulant tubes. Samples for blood
coagulation process monitoring were collected with blue top sodium citrate
vacutainer tubes. Samples for serum assessment were collected with red top
plain vacutainer tubes. Plasma samples for fibronectin assessment were
collected with green sodiumheparin 95USP units in blood collection tubes.
Afterblood collection, plasmaand serum tubeswere centrifugedat 2,000×g
for 15min at room temperature. After centrifugation, the supernatant was
collected with a disposable, nonsterile transfer pipette into a single transfer
tube (SARSTEDT AG & Co. KG) and placed in a −80 °C refrigerator for
later testing. Cerebrospinalfluid (CSF)was collected in polypropylene tubes
after standard lumbar puncture procedures.

Plasma and CSF FN measurements were performed using a Human
Fibronectin Enzyme-linked immunosorbent assay (ELISA) kit (ab108848
for plasma and ab108847 for CSF, Abcam, Cambridge, UK). Plasma
phosphorylation alpha-synucleinwasmeasured using theHumanp-α-SYN
ELISA Kit (AE90954Hu, AMEKO, Shanghai, China). High-sensitivity C-
reactive protein (HsCRP), human albumin (ALB), human immunoglobulin
G (IgG), and human retinol-binding protein 4 (RBP4) were measured with
an ELISA kit (Elabscience Biotechnology, Wuhan, Hubei, China).

Uric acid (UA), total cholesterol (Chol), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), ade-
nosine deaminase (ADA) activity, superoxide dismutase (SOD), lactate
dehydrogenase (LDH) and glucose (GLU) were determined with colori-
metric assay kits (Elabscience Biotechnology, Wuhan, Hubei, China).

Lymphocytes and neutrophils in peripheral blood were counted using
the Sysmex XN-10 Hematology Analyzer (Sysmex Corporation,
Kobe, Japan).

Fibrinogen (FIB), D-dimer (DDI), and plasminogen (PLG) were
detected using the Clauss method with an STA compact coagulometer
(Sysmex Corporation, Kobe, Japan).

MRI imaging and quantification of subtle blood‒brain barrier
permeability
Magnetic resonance imaging (MRI) images were scannedwith 3.0 T Philips
Ingenia. The dynamic contrast-enhancement magnetic resonance imaging
(DCE-MRI) acquisition parameters included an 8° flip angle, 1.74/3.78ms
echo time/repetition time (TE/TR), 13.4 cm field of view (FOV), 140 × 140
in-plane matrix size, and 2-mm slice thickness with no gap. The T1-
weighted MRI acquisition parameters included 90° flip angle, 20/2000ms
TE/TR, 12.9 × 9 cm2 FOV, 292 × 208 in-plane matrix size, and 6-mm slice
thickness. The SWI MRI acquisition parameters included a 15° flip angle,
20/29ms TE/TR, 10.9 cm2 FOV, 244 × 242 in-plane matrix size, and 2-mm
slice thickness. Gadoterate meglumine (Dotarem®, Guerbet, France)
(0.05mmol/kg) was administered intravenously into the antecubital vein
using a power injector at a rate of 3mL/s followed by a 25mL saline flush
30 s into theDCE scan.AllMRI scanswere performed in theDepartment of
Radiology of Zhujiang Hospital of Southern Medical University. The MRI
images were processed and analyzed by BrainnowMedical Technology Ltd.
(Hong Kong, China). The region of interest (ROI) in the substantia nigra
was segmented on the individual’s SWIMRI image, and the corpus striatum
was segmented on the T1WMRI image using atlas-based segmentation and
transferred to the DCE-MRI image using rigid registration. Ktrans statistics
were calculated in the substantia nigra and corpus striatum ROIs with the
methods proposed by Berislav V. Zlolovic51. The arterial input function
(AIF), which was extracted from a region of interest (ROI) positioned at the
internal carotid artery, was fitted with a biexponential function prior to

fitting with Pk modeling (Pharmacokinetics Modeling). This method
converts signal intensities to concentration values, which were used to
calculate quantitative parameters and the Ktrans map. The Ktrans map is the
volume transfer constant between blood plasma and the extracellular-extra
vascular space (EES). Thus, the regional BBB Ktrans permeability was mea-
sured on both sides of the substantia nigra and striatum. MRI technicians
were blinded to the clinical information.

Statistical analyses
We performed all statistical analyses in R version 3.6.1. Statistical sig-
nificance was set at 0.05 (two-sided).

Descriptive statistics are shown as the median (IQR) or mean (SD) for
continuous variables and as frequencies or proportions for categorical
variables. The distributions of baseline variables between the discovery and
validation cohorts were compared using theWilcoxonMann–Whitney test
(for continuous variables) or the chi-square test (for categorical variables).
Fisher’s exact test was used when any cell count was less than 5.

A Cox proportional hazards model using adaptive least absolute
shrinkage and selection operator (LASSO) was applied in this study. Cox
regression analyses were used to estimate the hazard ratios (HRs) or odds
ratios (ORs). The prediction accuracy of the nomogram models was eval-
uatedusing twomethods: discrimination andmodel calibration.The former
was measured by Harrell’s concordance index (C-index), and the latter was
evaluated by calibration plots predicting the probability of the development
of disability milestones at 12, 36, and 60 months versus the observed
probability. Individual risk scores were obtained by applying the nomo-
gram. An optimal cutoff point for the risk score was computed to stratify
patients into low-risk and high-risk groups. Log-rank statistics were used to
determine the optimal cutoff to provide the largest discrepancy between the
low- andhigh-risk groups. Themedian (95%CI) cumulative risks of thefirst
milestone were estimated using the Kaplan‒Meier method. Differences in
the cumulative risk of the first milestone between the discovery and vali-
dation cohorts were determined using the log-rank test.

Linear mixed-effects models (LMEMs) with visit time as a fixed effect
were used to analyze the dynamic change in pFN among different clinical
subtypes classified by the rate of disease progression (mild, aggressive, and
N/A). A linear mixed-effects model was also used to relate the pFN rate of
change to the H&Y stage and LED rate of change.

The Spearman correlation test and U-shape curve fitting were used to
correlate the plasmaFN level andplasmaphosphorylatedα-synuclein value.

Two independent samples nonparametric tests (Mann‒Whitney test)
were applied to compare the difference in the Ktrans value between the low-
pFN and high-pFN groups.

pFN was normally distributed after log transformation, as confirmed
by Kolmogorov‒Smirnov tests. Linear regression analysis was used to
analyze the correlation between the concentration of the level of FN in
plasma and cerebral spinalfluid (CSF),with age, sex, anddisease duration as
covariates.

Data availability
The data that support the findings of this study are available from the
corresponding author, upon reasonable request. Shuzhen Zhu and Qing
Wang have accessed and verified the data, and they were responsible for the
decision to submit the manuscript.
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