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Objectives: The aim of this study was to determine whether neurofifilament light (NfL) could reflect motor decline and compare the predictive values of cerebrospinal fluid (CSF) and serum NfL in individuals with PD.

Methods: CSF/serum samples were collected from patients with PD and healthy controls (HCs) with motor assessments at baseline and after three years of follow-up from the Parkinson’s Progression Markers Initiative (PPMI). Multiple linear regression models and linear mixed-effects models were used to investigate the associations of motor assessments with baseline and longitudinal CSF/serum NfL. Associations between the change rates of motor assessments and CSF/serum NfL were further investigated via multiple linear regression models. Mediating effect analysis was used to research whether CSF alpha-synuclein (α-syn) acts as the mediator between NfL and motor assessments.

Results: We found patients with PD had higher baseline CSF/serum NfL levels than HCs. Both baseline CSF/serum NfLs and their change rates predicted measurable motor decline in PD assessed by different motor scores. Baseline serum NfL and its rate of change were strongly associated with CSF NfL levels in patients with PD (P < 0.001). Besides, there were also significant differences in CSF/serum NfL levels and predicted values of motor decline between men and women with PD. Mediating effect analysis showed CSF α-syn mediated the effect of CSF NfL on total Unified Parkinson’s Disease Rating Scale (UPDRS) scores and UPDRSIII with 30.6 and 20.2% mediation, respectively.

Conclusion: Our results indicated that NfL, especially serum NfL concentration, could serve as an easily accessible biomarker to monitor the severity and progression of motor decline in individuals with PD, especially in men with PD. Besides, CSF α-syn acts as a mediator between NfL and motor progression.
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Introduction

Parkinson’s disease (PD) is a complex progressive neurodegenerative disease that affects more than 1% of the worldwide population. Pathologically, PD is characterized by loss of dopaminergic neurons in the substantia nigra pars compacta (SN) and abnormal aggregation of Lewy bodies. Although current treatment offers symptomatic benefits for motor symptoms of PD such as resting tremor, cogwheel rigidity, and bradykinesia, they do not prevent disease progression. Besides, the expected mortality of PD is two- to threefold higher compared with the general population. Therefore, it is essential to find an easily accessible biomarker that could reflect the process of neuronal degeneration to predict disease progression and possibly as an objective measure for future mechanism-targeted therapeutic responses.

In recent decades, several biomarkers have been found to be diagnostic of PD. An increase in cerebrospinal fluid (CSF) alpha-synuclein (α-syn) was association with further deterioration of motor and cognitive deficits (Hall et al., 2015; Majbour et al., 2016). CSF soluble fragment of triggering receptor expressed on myeloid cells 2 (sTREM2) may be a promising predictor for the cognitive decline in PD rather than a diagnostic biomarker (Qin et al., 2022). CSF GCase activity has been shown to be significantly reduced in PD compared to controls (Paciotti et al., 2019; Parnetti et al., 2019). The p-tau/α-syn ratio combined with TNF-α could separate patients with PD from controls (Balducci et al., 2007).

Neurofifilament light (NfL) is a neuron-specific protein component involved in the assembly and maintenance of the axonal cytoskeleton, which is elevated in CSF and serum due to axonal damage and neurodegeneration (Khalil et al., 2018). Growing evidence indicates that blood NfL levels reflect disease progression in patients with PD (Mollenhauer et al., 2020; Ye et al., 2021). Besides, higher serum and CSF NfL levels in patients with PD have been shown to correlate with longer disease duration, greater disease severity, and a higher risk of motor symptom progression (Lin et al., 2019; Mollenhauer et al., 2020; Oosterveld et al., 2020). However, NfL has not been evaluated as a predictor of motor decline, although previous reports have suggested that this marker is associated with motor decline (Ye et al., 2021). Therefore, we aimed to explore whether increases in NfL levels could reflect motor decline in patients with PD from the Parkinson’s Progression Markers Initiative (PPMI) and compare the predictive value of NfL in serum and CSF. First, we studied the relationship between NfL and motor function scores both cross-sectionally and longitudinally. Then, we performed mediation analysis of other biomarkers of neurodegeneration, aiming to disentangle the pathological mechanisms between NfL and motor decline.



Materials and methods


Study design

In short, PPMI is an ongoing observational, international, prospective, longitudinal, and multicenter study to identify serological, genetic, CSF, and imaging biomarkers of PD progression. The purpose and methods of this study have been published elsewhere and are available at www.ppmi-info.org/study-design (Parkinson Progression Marker Initiative, 2011). The data used in this article were an analysis of baseline and 3-year follow-up data downloaded on 4 March 2021. All included subjects who remained in the study had completed at least 3 years of follow-up at the time of data download.



Participants

Inclusion and exclusion criteria have been published elsewhere (Parkinson Progression Marker Initiative, 2011). Enrollment criteria for de novo participants with PD in PPMI were listed as follows: (1) age older than 30 years; (2) diagnosis of PD within 2 years; (3) the presence of two of the following symptoms: bradykinesia, rigidity, and resting tremor; (4) untreated for PD at the baseline visit; (5) be in Hoehn and Yahr stage 1 or 2; and (6) 123-I isoflurane DaT imaging in patients with PD reveals dopamine transporter deficiency. To prevent misdiagnosis, we conducted a longitudinal review of the diagnosis. Patients should be excluded from follow-up if PSP, MSA, or other neurological disorders are suspected. Healthy controls (HCs) were required to have no significant neurological impairment; all first-degree family members without PD were age and gender matched with PD. Participants included in this study needed to meet the following criteria: they had no missing baseline NfL and had at least one additional NfL monitoring during the last 3 years [excluding 4 CSF samples (HC:PD = 0:4) and 11 serum samples (HC:PD = 2:9) without follow-up data].



Serum and cerebrospinal fluid neurofilament light analysis

Serum and CSF NfL were measured with the Simoa Human Nf-Light Advantage kit using a fully automated SIMOA® HD-1 analyzer based on a Single-Molecule Array technology (Quanterix, Lexington, MA, United States) (Sampedro et al., 2020). Quantitative measurements of NfL in blood by Simoa technology have been shown to be reliable (Soylu-Kucharz et al., 2017). More details on the processing of samples in the cohort can be read in the biologic’s manual for PPMI1 (Kang et al., 2013).



Cerebrospinal fluid alpha-synuclein analysis

Cerebrospinal fluid was collected using standardized lumbar puncture procedures. Sample collection and processing were carried out according to the PPMI biologics manual (see text footnote 1) and described elsewhere (Kang et al., 2016). Sandwich-type immunoassays (BioLegend, San Diego, CA, United States, formerly Covance) were used to quantify CSF α-Syn. All measurements were performed in singlicate on a cobas e 411 analyzer at Covance Greenfield Laboratories (Translational Biomarker Solutions, IN, United States).



Clinical assessment measures

Clinical assessment methods are described in detail on the PPMI website and published earlier. From enrollment up to 3 years, PD-related signs and symptoms were assessed annually by the Movement Disorders Society-sponsored Unified Parkinson’s Disease Rating Scale (UPDRS). MDS-UPDRS III inferred motor status. Postural instability and gait difficulty (PIGD) and tremor scores were calculated due to previously defined criteria (Stebbins et al., 2013). The PIGD measure includes five items, which are freezing, walking, and balance in UPDRS part 2 (UPDRS-II), gait and freezing of gait, and postural stability in UPDRS-III. Tremor measure includes 11 items, including tremor in UPDRS-II, postural tremor, kinetic tremor, rest tremor, and rest constancy in UPDRS-III. Akinetic-rigid scores were computed by adding eight items, including rigidity, finger tapping, hand movements, pronation-supination movements of hands, toe tapping, leg agility, arising from the chair, and body bradykinesia in UPDRS-III (Kang et al., 2005). All subjects underwent DatScan to measure the dopamine transporter (DAT) analyzed according to the imaging technical operations manual (see text footnote 1). DaTscan was used to perform dopamine imaging in standardized methods (Parkinson Progression Marker Initiative, 2011). Quantitative DaTscan measures in the striatal binding ratio (SBR) of caudate, putamen, or striatal uptake were used in our analyses.



Statistical analysis

The CSF or serum NfL levels did not show a normal distribution (Kolmogorov–Smirnov test: P < 0.01). Thus, the related data were transformed to obtain a normal distribution using R software and then used in the following analyses. Outliers were defined as three standard deviations (SDs) below or above the mean and were excluded to eliminate the influence of extreme values [excluding five CSF samples (HC:PD = 1:4) and five serum samples (HC:PD = 2:3)]. The groups were compared using Wilcoxon rank-sum tests (for two groups). In the cross-sectional analyses, multiple linear regression models were run separately for combinations of each motor measure and normalized NfL levels. In the longitudinal analyses, the linear mixed-effects (LME) model was used to test for changes over time in CSF and serum NfL levels separately by the group. Besides, we investigated the relationships between change rates of NfL levels/baseline NfL levels and longitudinal changes in the scores of motor measurements via multiple linear regression models. The mean change rates (estimated by the sim function in the “arm” package with 10,000 replicates) in both NfL levels and scores of motor items among the whole samples were computed via LME models. Mediation analyses were performed with the package “mediation” in R. The linear regression models tested the effects of CSF α-syn on motor features. Baron and Kenny (1986) proposed the methods that supported the linear regression models fitted. All statistical analyses were performed using the R software. We conducted the following steps to identify the adjustment factors. First, the univariate relationship between each predictor and the NfL level was examined. Then, any variables that had univariate associations with a P-value < 0.2 were included in a multivariable model. We finally determined gender and tau values as adjustment variables.




Results


Baseline characteristics

Participant’s demographic information and clinical features at baseline are listed in Table 1. A total of 291 individuals provided samples for NfL measurement from both serum and CSF, 246 from serum alone and 18 from CSF alone (Figure 1A). CSF NfL study included 207 individuals with PD and 102 HCs. Serum NfL study enrolled 361 individuals with PD and 176 HCs. There is no difference in age, sex, or education status between PD and HC groups. As we can see, patients with PD had lower α-syn, t-tau, mean caudate SBR values, mean putamen SBR values, and mean striatum SBR values than controls. More importantly, baseline CSF NfL levels were higher in the individuals with PD (99.9 pg/ml) than controls (98.7 pg/ml) (P = 0.024) [Figure 1B(a)], and CSF NfL levels were significantly elevated in men with PD (101 pg/ml) compared to women with PD (83.4 pg/ml) (P < 0.001) [Figure 1B(b)]. Baseline serum NfL levels were higher in PD groups (12.5 pg/ml) than controls (11.5 pg/ml) (P = 0.003) [Figure 1B(c)]. Nevertheless, there is no difference in serum NfL levels between men and women with PD (P = 0.524) [Figure 1B(d)].


TABLE 1    Baseline demographics and clinical characteristics.
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FIGURE 1
Neurofilament light (NfL) levels between controls and patients with PD. (A) A total of 555 participants provided one serum and/or CSF sample for NfL measurement. A total of 291 participants provided both CSF and serum samples. (B) Baseline NfL levels of controls and patients with PD. (C) Longitudinal NfL values of controls and patients with PD.




Cross-sectional neurofilament light analyses

Multiple linear relationships between motor features and CSF/serum NfL after adjustment for gender and tau are shown in Figure 2A and Supplementary Table 1. Correlation between baseline CSF NfL levels and motor severity, which was assessed by total UPDRS scores (β = 0.223, P = 0.008), UPDRSIII (β = 0.218, P = 0.009), mean caudate SBR values (β = −0.118, P = 0.019), and mean striatum SBR values (β = −0.107, P = 0.034), remained significant in PD groups. Interestingly, compared with women with PD, there were significant relationships between baseline CSF NfL levels and total UPDRS scores (β = 0.392, P < 0.001), UPDRSIII (β = 0.357, P < 0.001), mean caudate SBR values (β = −0.182, P = 0.008), and mean striatum SBR values (β = −0.165, P = 0.019) in men with PD.
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FIGURE 2
Associations between motor features and NfL levels in cross-sectional and longitudinal analyses. (A) Associations between motor features and NfL levels in cross-sectional analyses. (B) Effects of baseline NfL levels on biomarkers and motor features among participants with PD during follow-up. (C) Associations between longitudinal changes in scores of motor features and change rates of NfL levels. (D) The relationship between baseline serum NfL levels and baseline CSF NfL levels. (E) The relationship between change rates of serum NfL levels and change rates of CSF NfL levels. CSF, cerebrospinal fluid; PD, Parkinson’s disease patients; NfL, neurofilament light; UPDRS, Unified Parkinson’s Disease Rating Scale; PIGD, postural instability and gait disorder. *P < 0.05.


The effect of baseline serum NfL on motor decline (total UPDRS scores, UPDRS-III, mean caudate SBR values, and mean striatum SBR values) in PD groups was similar with CSF NfL. Besides, we also found the association between serum NfL levels and tremor (β = 0.174, P = 0.035). And we found that the correlation between serum NfL levels and motor severity assessed by total UPDRS scores (β = 0.219, P < 0.001), UPDRSIII (β = 0.228, P < 0.001), tremor (β = 0.286, P = 0.008), mean caudate SBR values (β = −0.136, P = 0.001), and mean striatum SBR values (β = −0.121, P = 0.004) remained significant in men with PD.



Longitudinal neurofilament light values

Cerebrospinal fluid NfL levels did not differ between the PD and control groups across all visits (P = 0.589) [Figure 1C(a)]. Serum NfL levels were also higher in PD than control groups across all visits (P < 0.001) [Figure 1C(c)]. Longitudinal changes were not significant restricted to men and women with PD in CSF (P = 0.440) and serum NfL analyses (P = 0.774) [Figure 1C(b,d)].



Prediction of longitudinal changes of motor decline using baseline neurofilament light levels

We performed an exploratory analysis based on previous studies on biomarkers to analyze the predictive value of biomarkers in PD motor features. Hypothetically, the upregulation of NfL would be associated with a decrease in overall motor performance. In patients with PD, baseline CSF NfL levels were not related to longitudinal changes of any motor indicators (Figure 2B and Supplementary Table 2).

For serum NfL, higher baseline NfL predicted a higher increased rate of UPDRSIII score (β = 0.344, P = 0.038) and PIGD score (β = 0.118, P = 0.005) in patients with PD. In men with PD, higher baseline serum NfL levels were also associated with greater motor decline, as measured by UPDRSIII (β = 0.532, P = 0.013) and PIGD (β = 0.107, P = 0.018). Elevated levels of serum NfL at baseline were associated with a significantly faster decrease in mean caudate SBR values (β = −0.033, P = 0.021), mean putamen SBR values (β = −0.018, P = 0.038), and mean striatum SBR values (β = −0.028, P = 0.01) in women with PD (Figure 2B). Most importantly, serum and CSF values of baseline NfL are significantly correlated (β = 0.615, P < 0.001) (Figure 2D and Supplementary Table 3).



Prediction of longitudinal changes of motor decline using longitudinal neurofilament light

Associations between longitudinal changes in scores of motor function and change rates of NfL levels are shown in Figure 2C and Supplementary Table 4. Compared with results shown in baseline NfL analyses, a longitudinal 3-year increase in CSF NfL levels was also significantly associated with motor impairments, which were tested by mean caudate SBR values (β = −0.516, P < 0.001) and mean striatum SBR values (β = −0.269, P = 0.002) in PD groups. However, there is no meaningful association between change rates of CSF NfL levels and longitudinal changes in motor performance scores in women with PD compared to men with PD.

Change rates of serum NfL levels were related to changes in scores of UPDRS III (β = 7.841, P = 0.048), rigidity (β = 2.337, P = 0.042), mean putamen SBR values (β = 0.32, P = 0.003) and PIGD (β = 1.934, P = 0.044), and correlated with change rates of CSF NfL levels (β = 0.640, P < 0.001) in PD groups (Figure 2E and Supplementary Table 3). In men with PD, there was a positive association between change rates of serum NfL levels and longitudinal changes in scores of mean putamen SBR values (β = 0.425, P = 0.002) and mean striatum SBR values (β = 0.353, P = 0.017). However, there was a significant negative correlation between serum NfL rate and mean caudate SBR values rate (β = −0.627, P = 0.031) in women with PD.



Cerebrospinal fluid alpha-synuclein statistically mediates the association between neurofilament light and motor characteristics

We performed mediation analyses to investigate whether NfL contributed to the prediction of motor symptoms of PD as assessed by motor characteristics via α-syn. We found that CSF α-syn mediated the effect of baseline CSF NfL on total UPDRS scores and UPDRSIII at baseline with 30.6 and 20.2% mediation, respectively. However, there was no mediating effect on tremor, rigidity, PIGD, mean caudate SBR values, mean putamen SBR values, and mean striatum SBR values at baseline (Figure 3A). There was no mediation for the influence of baseline serum NfL on motor characteristics (Figure 3B).
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FIGURE 3
The relationship between NfL levels and motor features was mediated by CSF α-syn. (A) CSF NfL levels. (B) Serum NfL levels. CSF, cerebrospinal fluid; PD, Parkinson’s disease patients; NfL, neurofilament light; UPDRS, Unified Parkinson’s Disease Rating Scale; PIGD, postural instability and gait disorder.





Discussion

This study demonstrated that NfL levels in the PD group was significantly higher than in the control group, which is consistent with previous cross-sectional studies (Ma et al., 2021). Notably, the study showed that NfL levels could reflect disease severity in terms of motor function in patients with PD from cross-sectional and prospective follow-up research for the first time. Baseline CSF and serum NfL levels were found to predict the decline in overall motor functions, worsening of total UPDRS scores, UPDRSIII scores, and tremor scores but not rigidity at baseline in individuals with PD, which is consistent with previous cross-sectional studies (Backstrom et al., 2020). Indeed, previous longitudinal studies have shown that higher NfL levels in blood and CSF were related to an increased risk of PD motor progression (Lin et al., 2019). In this three-year longitudinal study of PD, we also demonstrated that a higher increasing rate of CSF and serum NfL levels could predict more rapid individual motor decline progression among patients with PD assessed by different indicators. Moreover, we found that an increasing rate of serum NfL could better predict the motor impairments based on our results.

Recent studies have researched the potential relationship between DAT uptake and NfL levels, but results have been inconsistent (Backstrom et al., 2020; Sampedro et al., 2020; Ye et al., 2021). In our study, we found higher baseline NfL levels in CSF and serum both have a negative effect on caudate and striatum DAT binding ratio in patients with PD. Surprisingly, our study found a higher increasing rate of CSF NfL has a negative relationship with caudate and striatum DAT binding ratio in patients with PD, which is consistent with the previous study (Backstrom et al., 2020). But the greater change in serum NfL levels was associated with the more remarkable growth of the putamen DAT binding ratio over time. This may indicate that CSF NfL is a supplement to serum NfL in predicting motor performance and requires further research. The exact mechanism is unclear. Consistently, SPECT and PET studies in PD showed that denervation of dopaminergic neurons was more pronounced in the putamen than in the caudate nucleus. The caudate nucleus is affected later due to disease progression (Brooks and Piccini, 2006; Jakobson Mo et al., 2013). A study has shown that early denervation in the caudate nucleus is associated with higher CSF NfL compared to the putamen and may be a more sensitive marker of rapidly progressive neurodegenerative diseases (Backstrom et al., 2020). Besides, previous cross-sectional and longitudinal results indicated striatal DAT binding ratio was linked to bradykinesia and rigidity in PD (Rossi et al., 2010; Li et al., 2018).

This is the first time that NfL expression and predictive value differ between men and women with PD. Intergroup comparisons in the study indicated that baseline CSF NfL levels were attenuated in women with PD compared with men (P < 0.001). However, there were no significant results in serum samples (P = 0.774). And our study found NfL, especially serum NfL levels, could better predict motor symptom progression in men with PD. The precise mechanism remains unclear. One explanation is that both the incidence and prevalence of PD are 1.5–2 times higher in men than in women (Benito-Leon et al., 2003). Besides, onset in women was slightly later than in men, and women had better lower UPDRS motor scores but a greater prevalence of dyskinesias compared with men (Haaxma et al., 2007). In our study, UPDRS motor scores of women with PD were lower than those of men with PD at baseline, which is consistent with previous study (Supplementary Table 1; Kang et al., 2022). These may be due to higher dopaminergic activity at baseline and a possible protective influence of estrogens related to different iron levels in women with PD (Jurado-Coronel et al., 2018). Thus, relationships between NfL and motor features could not be shown in the women with PD.

Neurofilament proteins are capital components of the axonal cytoskeleton and are especially abundant in axons composed of four subunits: light chain, medium chain, heavy chain, and α-internexin. When axons are damaged, NfL is released and then pulled into interstitial fluid, drained toward the CSF, and later to peripheral blood (Khalil et al., 2018). Human postmortem brain studies have shown that axonal degeneration is a prominent feature in early-stage PD (Moors et al., 2021). Increasing NfL concentrations in the CSF and serum is an indicator of neuronal/axonal injury and degeneration (Gafson et al., 2020). However, there are still contradictions in the alterations of CSF and blood NfL of patients with PD from existing studies. A study showed that serum NfL is strongly associated with CSF NfL levels in patients with PD (Marques et al., 2019). Besides, the correlation coefficient between cerebrospinal fluid and plasma/serum NfL was as high as 0.86–0.94, suggesting a strong correlation between CSF and plasma NfL, indicating that most of the NfL in blood derives from the Central Nervous System (CNS) (Bacioglu et al., 2016). Our study also showed that higher serum NfL levels could predict higher CSF NfL levels in patients with PD from cross-section and longitudinal studies, which was previously reported in previous studies on NfL in a variety of neurological diseases (Novakova et al., 2017). Considering that blood collection is less invasive and more maneuverable than CSF, coupled with similar diagnostic accuracy and the better predictive value of serum NfL, which we got from our study, serum NfL might act as a very early motor prognostic marker in PD.

In addition, in a mouse model of PD (transgenic A53T-α-syn mice), elevated NfL levels in CSF and serum were positively related to the number and size of neuronal α-syn inclusions (Bacioglu et al., 2016). The a-syn-formed abnormal inclusion and NfL co-localization in the brain of the mice model indicated a-syn-induced neurodegeneration could also cause NfL-related axonal injury (Sacino et al., 2014). Increased CSF NfL levels may significantly reflect α-syn abnormal accumulation (Stefanova et al., 2012). Elevated baseline CSF α-syn levels in the PD group could predict the future progression of motor symptoms. These findings confirm a direct link between α-syn deposition in disease symptoms and liquid NfL concentrations in PD pathogenesis. Abnormal aggregation of α-syn is the major pathological hallmark of PD. Therefore, NfL could mediate the dysregulation of cellular processes and function loss of central molecular mechanisms of PD by regulating α-syn activities. Our mediation analysis results also show that CSF NfL is related to the activities of α-syn. Furthermore, both NfL and tau proteins are markers of axonal degeneration, NfL seems to be a more robust marker for pathology than total tau in PD and could better represent the mortality of PD than tau (Hall et al., 2012). CSF phosphorylated tau and longitudinal changes in CSF total tau have been positively related to the worsening of motor symptoms (Hall et al., 2016). Indeed, CSF NfL levels may be related to CSF tau levels (Hall et al., 2016). These studies demonstrated that NfL could predict the motor characteristics of PD in pathophysiological and clinical features.

The strengths of this study include the use of a relatively large sample of patients with PD and HCs from a biomarker-rich database with available longitudinal clinical and multimodal neuroimaging data. In addition, we research relationships between NfL and motor indicators of PD through cross-sectional and prospective follow-up study designs. We found that the increase in NfL levels is relevant to the motor impairments of PD. In the future, NfL could be used as one of the indicators to establish a more reliable forecasting model. Besides, we found serum NfL levels strongly associated with CSF NfL levels in patients with PD and may have a better predictive value of motor impairments. Furthermore, we analyzed the difference in NfL levels in men and women with PD and may provide novel ideas for PD diagnosis and treatment. Limitations of this work first include heterogeneity in this study concerning missing values in this longitudinal cohort, particularly at subsequent follow-up time points. Secondly, the PPMI database used in this study overrepresents highly educated and Caucasian participants with access to a university hospital; it exerts a subtle effect on the results. Third, the follow-up period is three years, which is not long enough and may need further validation in more extended and extensive longitudinal studies.

Our results demonstrated that NfL levels were abnormally elevated in the individuals with PD compared with HCs. NfL, especially serum levels, could reflect disease severity in terms of both motor functions in patients with PD from the cross-sectional and longitudinal studies for the first time. Serum NfL levels also reflect CSF NfL and show a better predictive ability of motor decline in men than women with PD. The study shows that NfL, especially serum NfL, might act as a very early motor prognostic marker in PD. NfL, especially serum NfL evaluation, may be important for disease monitoring the progression of PD. But more studies are needed further to study the pathophysiological mechanisms of NfL as a predictive PD biomarker.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Parkinson’s Progression Markers Initiative (PPMI). The patients/participants provided their written informed consent to participate in this study.



Author contributions

YL collected the related data, conducted the statistical analysis, and drafted the manuscript. KD contributed to the experiment design. LX and XL helped interpret the results. AX contributed in conceptualization, data curation, supervision, funding acquisition, and project administration. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (81971192).



Acknowledgments

Data used in the preparation of this article were obtained from the Parkinson’s Progression Markers Initiative (PPMI) database (https://www.ppmi-info.org/data). For up-to-date information on the study, visit https://www.ppmi-info.org. PPMI – a public–private partnership – is funded by the Michael J. Fox Foundation for Parkinson’s Research and funding partners, including Abvie, Allergan, Avid Radiopharmaceuticals, Biogen, BioLegend, Bristol-Myers Squibb, Celgene, Denali, GE Healthcare, Genentech, GlaxoSmithKline, Lilly, Lundbeck D, Merck, Meso Scale Discovery, Pfizer, Piramal, Prevail Therapeutics, Roche S, Sanofi Genzyme, Servier F, Takeda, Teva I, UCB, Verily, Voyager, and Golub Capital.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.959261/full#supplementary-material


Footnotes

1     https://www.ppmi-info.org


References

Bacioglu, M., Maia, L. F., Preische, O., Schelle, J., Apel, A., Kaeser, S. A., et al. (2016). Neurofilament light chain in blood and CSF as marker of disease progression in mouse models and in neurodegenerative diseases. Neuron 91, 56–66. doi: 10.1016/j.neuron.2016.05.018

Backstrom, D., Linder, J., Jakobson Mo, S., Riklund, K., Zetterberg, H., Blennow, K., et al. (2020). NfL as a biomarker for neurodegeneration and survival in Parkinson disease. Neurology 95, e827–e838. doi: 10.1212/WNL.0000000000010084

Balducci, C., Pierguidi, L., Persichetti, E., Parnetti, L., Sbaragli, M., Tassi, C., et al. (2007). Lysosomal hydrolases in cerebrospinal fluid from subjects with Parkinson’s disease. Mov. Disord. 22, 1481–1484. doi: 10.1002/mds.21399

Baron, R. M., and Kenny, D. A. (1986). The moderator-mediator variable distinction in social psychological research: Conceptual, strategic, and statistical considerations. J. Pers. Soc. Psychol. 51, 1173–1182. doi: 10.1037//0022-3514.51.6.1173

Benito-Leon, J., Bermejo-Pareja, F., Rodriguez, J., Molina, J. A., Gabriel, R., Morales, J. M., et al. (2003). Prevalence of PD and other types of Parkinsonism in three elderly populations of central Spain. Mov. Disord. 18, 267–274. doi: 10.1002/mds.10362

Brooks, D. J., and Piccini, P. (2006). Imaging in Parkinson’s disease: The role of monoamines in behavior. Biol. Psychiatry 59, 908–918. doi: 10.1016/j.biopsych.2005.12.017

Gafson, A. R., Barthelemy, N. R., Bomont, P., Carare, R. O., Durham, H. D., Julien, J. P., et al. (2020). Neurofilaments: Neurobiological foundations for biomarker applications. Brain 143, 1975–1998. doi: 10.1093/brain/awaa098

Haaxma, C. A., Bloem, B. R., Borm, G. F., Oyen, W. J., Leenders, K. L., Eshuis, S., et al. (2007). Gender differences in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 78, 819–824. doi: 10.1136/jnnp.2006.103788

Hall, S., Ohrfelt, A., Constantinescu, R., Andreasson, U., Surova, Y., Bostrom, F., et al. (2012). Accuracy of a panel of 5 cerebrospinal fluid biomarkers in the differential diagnosis of patients with dementia and/or parkinsonian disorders. Arch. Neurol. 69, 1445–1452. doi: 10.1001/archneurol.2012.1654

Hall, S., Surova, Y., Ohrfelt, A., Swedish Bio, F. S., Blennow, K., Zetterberg, H., et al. (2016). Longitudinal measurements of cerebrospinal fluid biomarkers in Parkinson’s disease. Mov. Disord. 31, 898–905. doi: 10.1002/mds.26578

Hall, S., Surova, Y., Ohrfelt, A., Zetterberg, H., Lindqvist, D., and Hansson, O. (2015). CSF biomarkers and clinical progression of Parkinson disease. Neurology 84, 57–63. doi: 10.1212/WNL.0000000000001098

Jakobson Mo, S., Larsson, A., Linder, J., Birgander, R., Edenbrandt, L., Stenlund, H., et al. (2013). (1)(2)(3)I-FP-Cit and 123I-IBZM SPECT uptake in a prospective normal material analysed with two different semiquantitative image evaluation tools. Nucl. Med. Commun. 34, 978–989. doi: 10.1097/MNM.0b013e328364aa2e

Jurado-Coronel, J. C., Cabezas, R., Avila Rodriguez, M. F., Echeverria, V., Garcia-Segura, L. M., and Barreto, G. E. (2018). Sex differences in Parkinson’s disease: Features on clinical symptoms, treatment outcome, sexual hormones and genetics. Front. Neuroendocrinol. 50:18–30. doi: 10.1016/j.yfrne.2017.09.002

Kang, G. A., Bronstein, J. M., Masterman, D. L., Redelings, M., Crum, J. A., and Ritz, B. (2005). Clinical characteristics in early Parkinson’s disease in a central California population-based study. Mov. Disord. 20, 1133–1142. doi: 10.1002/mds.20513

Kang, J. H., Irwin, D. J., Chen-Plotkin, A. S., Siderowf, A., Caspell, C., Coffey, C. S., et al. (2013). Association of cerebrospinal fluid beta-amyloid 1-42, T-tau, P-tau181, and alpha-synuclein levels with clinical features of drug-naive patients with early Parkinson disease. JAMA Neurol. 70, 1277–1287. doi: 10.1001/jamaneurol.2013.3861

Kang, J. H., Mollenhauer, B., Coffey, C. S., Toledo, J. B., Weintraub, D., Galasko, D. R., et al. (2016). CSF biomarkers associated with disease heterogeneity in early Parkinson’s disease: The Parkinson’s Progression Markers Initiative study. Acta Neuropathol. 131, 935–949. doi: 10.1007/s00401-016-1552-2

Kang, K. W., Choi, S. M., and Kim, B. C. (2022). Gender differences in motor and non-motor symptoms in early Parkinson disease. Medicine 101:e28643. doi: 10.1097/MD.0000000000028643

Khalil, M., Teunissen, C. E., Otto, M., Piehl, F., Sormani, M. P., Gattringer, T., et al. (2018). Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 14, 577–589. doi: 10.1038/s41582-018-0058-z

Li, W., Lao-Kaim, N. P., Roussakis, A. A., Martin-Bastida, A., Valle-Guzman, N., Paul, G., et al. (2018). (11) C-PE2I and (18) F-Dopa PET for assessing progression rate in Parkinson’s: A longitudinal study. Mov. Disord. 33, 117–127. doi: 10.1002/mds.27183

Lin, C. H., Li, C. H., Yang, K. C., Lin, F. J., Wu, C. C., Chieh, J. J., et al. (2019). Blood NfL: A biomarker for disease severity and progression in Parkinson disease. Neurology 93, e1104–e1111. doi: 10.1212/WNL.0000000000008088

Ma, L. Z., Zhang, C., Wang, H., Ma, Y. H., Shen, X. N., Wang, J., et al. (2021). Serum neurofilament dynamics predicts cognitive progression in de novo Parkinson’s disease. J. Parkinsons Dis. 11, 1117–1127. doi: 10.3233/JPD-212535

Majbour, N. K., Vaikath, N. N., Eusebi, P., Chiasserini, D., Ardah, M., Varghese, S., et al. (2016). Longitudinal changes in CSF alpha-synuclein species reflect Parkinson’s disease progression. Mov. Disord. 31, 1535–1542. doi: 10.1002/mds.26754

Marques, T. M., van Rumund, A., Oeckl, P., Kuiperij, H. B., Esselink, R. A. J., Bloem, B. R., et al. (2019). Serum NFL discriminates Parkinson disease from atypical parkinsonisms. Neurology 92, e1479–e1486. doi: 10.1212/WNL.0000000000007179

Mollenhauer, B., Dakna, M., Kruse, N., Galasko, D., Foroud, T., Zetterberg, H., et al. (2020). Validation of serum neurofilament light chain as a biomarker of Parkinson’s disease progression. Mov. Disord. 35, 1999–2008. doi: 10.1002/mds.28206

Moors, T. E., Maat, C. A., Niedieker, D., Mona, D., Petersen, D., Timmermans-Huisman, E., et al. (2021). The subcellular arrangement of alpha-synuclein proteoforms in the Parkinson’s disease brain as revealed by multicolor STED microscopy. Acta Neuropathol. 142, 423–448. doi: 10.1007/s00401-021-02329-9

Novakova, L., Zetterberg, H., Sundstrom, P., Axelsson, M., Khademi, M., Gunnarsson, M., et al. (2017). Monitoring disease activity in multiple sclerosis using serum neurofilament light protein. Neurology 89, 2230–2237. doi: 10.1212/WNL.0000000000004683

Oosterveld, L. P., Verberk, I. M. W., Majbour, N. K., El-Agnaf, O. M., Weinstein, H. C., Berendse, H. W., et al. (2020). CSF or serum neurofilament light added to alpha-Synuclein panel discriminates Parkinson’s from controls. Mov. Disord. 35, 288–295. doi: 10.1002/mds.27897

Paciotti, S., Gatticchi, L., Beccari, T., and Parnetti, L. (2019). Lysosomal enzyme activities as possible CSF biomarkers of synucleinopathies. Clin. Chim. Acta 495, 13–24. doi: 10.1016/j.cca.2019.03.1627

Parkinson Progression Marker Initiative (2011). The Parkinson Progression Marker Initiative (PPMI). Prog. Neurobiol. 95, 629–635. doi: 10.1016/j.pneurobio.2011.09.005

Parnetti, L., Paciotti, S., Farotti, L., Bellomo, G., Sepe, F. N., and Eusebi, P. (2019). Parkinson’s and Lewy body dementia CSF biomarkers. Clin. Chim. Acta 495, 318–325. doi: 10.1016/j.cca.2019.04.078

Qin, Q., Wan, H., Wang, D., Li, J., Qu, Y., Zhao, J., et al. (2022). The association of CSF sTREM2 with cognitive decline and its dynamic change in Parkinson’s disease: Analysis of the PPMI cohort. Front. Aging Neurosci. 14:892493. doi: 10.3389/fnagi.2022.892493

Rossi, C., Frosini, D., Volterrani, D., De Feo, P., Unti, E., Nicoletti, V., et al. (2010). Differences in nigro-striatal impairment in clinical variants of early Parkinson’s disease: Evidence from a FP-CIT SPECT study. Eur. J. Neurol. 17, 626–630. doi: 10.1111/j.1468-1331.2009.02898.x

Sacino, A. N., Brooks, M., McKinney, A. B., Thomas, M. A., Shaw, G., Golde, T. E., et al. (2014). Brain injection of alpha-synuclein induces multiple proteinopathies, gliosis, and a neuronal injury marker. J. Neurosci. 34, 12368–12378. doi: 10.1523/JNEUROSCI.2102-14.2014

Sampedro, F., Perez-Gonzalez, R., Martinez-Horta, S., Marin-Lahoz, J., Pagonabarraga, J., and Kulisevsky, J. (2020). Serum neurofilament light chain levels reflect cortical neurodegeneration in de novo Parkinson’s disease. Parkinsonism Relat. Disord. 74, 43–49. doi: 10.1016/j.parkreldis.2020.04.009

Soylu-Kucharz, R., Sandelius, A., Sjogren, M., Blennow, K., Wild, E. J., Zetterberg, H., et al. (2017). Neurofilament light protein in CSF and blood is associated with neurodegeneration and disease severity in Huntington’s disease R6/2 mice. Sci. Rep. 7:14114. doi: 10.1038/s41598-017-14179-1

Stebbins, G. T., Goetz, C. G., Burn, D. J., Jankovic, J., Khoo, T. K., and Tilley, B. C. (2013). How to identify tremor dominant and postural instability/gait difficulty groups with the movement disorder society unified Parkinson’s disease rating scale: Comparison with the unified Parkinson’s disease rating scale. Mov. Disord. 28, 668–670. doi: 10.1002/mds.25383

Stefanova, N., Kaufmann, W. A., Humpel, C., Poewe, W., and Wenning, G. K. (2012). Systemic proteasome inhibition triggers neurodegeneration in a transgenic mouse model expressing human alpha-synuclein under oligodendrocyte promoter: Implications for multiple system atrophy. Acta Neuropathol. 124, 51–65. doi: 10.1007/s00401-012-0977-5

Ye, R., Locascio, J. J., Goodheart, A. E., Quan, M., Zhang, B., and Gomperts, S. N. (2021). Serum NFL levels predict progression of motor impairment and reduction in putamen dopamine transporter binding ratios in de novo Parkinson’s disease: An 8-year longitudinal study. Parkinsonism Relat. Disord. 85, 11–16. doi: 10.1016/j.parkreldis.2021.02.008


OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neurofilament light as a biomarker for motor decline in Parkinson’s disease



		Introduction



		Materials and methods



		Study design



		Participants



		Serum and cerebrospinal fluid neurofilament light analysis



		Cerebrospinal fluid alpha-synuclein analysis



		Clinical assessment measures



		Statistical analysis







		Results



		Baseline characteristics



		Cross-sectional neurofilament light analyses



		Longitudinal neurofilament light values



		Prediction of longitudinal changes of motor decline using baseline neurofilament light levels



		Prediction of longitudinal changes of motor decline using longitudinal neurofilament light



		Cerebrospinal fluid alpha-synuclein statistically mediates the association between neurofilament light and motor characteristics







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Neurofilament light as
a biomarker for motor decline
in Parkinson’s disease








OPS/images/fnins-16-959261-g003.jpg
A = -1.629 IE = -0.789 IE = -0.0528 =-0.1106
(95% CI: -3 174 to -0.46, P < 0.001) (95% CI: -1.784 to -0.09, P < 0.001) (95% CI: -0.4267 t0 0.17, P =0.88) (95% CI -o 3997 to 0.06, P =0.28)

CSF a- Syn CSF a- Syn CSF a- Syn

CSF o Syn

Proportion of Proportion of Proportion of Proportion of
mediation = 30.6% mediation = 20.2% mediation = 2.66% mediation = 2.18%
DE = 6.939 DE = 4.261 DE = 1.6504 DE = 0.2184
(95% Cl: 2.973 to 10.82, P=0.04) (95% Cl: 2.042 to 7.14, P=0.04) (95% Cl: 0.795 to 2.76, P=0.04) (95% CI: -0.4360 to 1.07, P=0.60)
IE = -0.004 IE = 0.0502 IE = 0.009 IE = 0.0301
(95% CI: -0.118 to 0.08, P = 0.88) (95% CI: -0.0105 to 0.10, P =0.08) (95% Cl: -0.0028 to 0.03, P = 0.36) (95% CI: -0.0135to 0.06, P =0.12)

CSF a—Syn CSF a- Syn CSF a- Syn

CSF a-Syn

Proportion of
mediation = 24.3%

Proportion of
mediation = 8.06%

Proportion of
mediation = 24.94%

Proportion of
mediation = 0.34%

= o Mean striatum

mean caudate = mean putamen

DE = -0.0707 DE = -0.2110 DE = -0.0373 DE = -0.1245
(95% CI: -0.3516 to 0.29, P =0.64) (95% Cl: -0.3548 to -0.02, P =0.04) (95% ClI: -0.1125 to 0.06, P = 0.44) (95% CI: -0.2272 t0 0.01, P =0.12)
IE = <0701 IE = -0.0663 IE = 0.0376 . IE = -0.0311
(95% Cl: -1.692 t0 0.04, P =0.12) (95% CI: -o 3498 to 0.14 , P = 0.64) (95% Cl: -0.0444 to 0.12, P = 0.28) (95% CI: -0.1186 to 0.03, P =0.48)
CSF o- Syn GSE G—Syn CSF Q_Syn CSF a-Syn
Proportion of
Proportion o Proportion o Proportion of o il
mediatio n= 15 9% mediation = 1. 32% mediation = 2.15% mediation= 0.03%
_ =0.0432
- DE = 3.2065 DE = 1.2999
.y . 95% CI: 0.7077to 2, P < 0.001 (95% CI: -0 4395 t0 0.61, P=0.88)
(95% CI: 1 137 to 8 12, P=0.04) (95% CI: 1.5715t0 5.14, P < 0.001) (95% o2, )
IE = 0.015 IE = 0.0062 IE = 0.0011 IE = 0.0037
% Cl: = = 0, 95% CI: -0.0075 to 0.01, P =0.8 % CI: -0. ; = 0.
(85% Of: _00124t0004 — (95% CI: -0.0086 to 0.02, P = 0.24) (95% o ) (95% CI: -0.0072 to 0.01, P =0.32)

CSF a- Syn

CSF a-Syn

CSF a-Syn CSF O"Sy"

Proportion o Proportion of
mediation = 6. 28% mediatio n= 2.869
mean caudate

= 0.1440 DE= -0.1553 DE = -0.0317 DE = -0.0938
(95% CI: _0_0562 to 0.38, P=0.20) (95% CI: -0.2565 to -0.04, P <0.001) (95% CI: -0.0854 to 0.03, P=0.4) (95% CI: -0.1664 to -0.01, P=0.04)

Proportion of
mediation = 2.76%

Proportion of
mediation = 3.34%

mean striatum

mean putamen










OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-16-959261-g002.jpg
A i participants.Groups

D

PD
Total UPDRS 08

04

I 0.2

Mean putamen
Mean striatum
PIGD
Total UPDRS
UPDRSII
Rigidity
Tremor
Mean caudate
Mean putamen
Mean striatum
PIGD

i = i
g
g
PD individuals
6- P<0.001 )

Baseline CSF NfL levels(pg/ml)

Participants.Groups

Participants.Characteristics
0.6 | Baseline CSF NfL levels
Baseline serum NfL levels

T T T
1 2 3
Baseline serum NfL levels(pg/ml)

Participants.Groups
PD

B [ Participants.Groups

0.8
Participants.Characteristics

061" | Baseline CSF NiL levels

l Baseline serum NfL levels

Mean caudate

Mean putamen 0.2

Mean striatum I

PIGD

Total UPDRS

UPDRSIIl

Rigidity

Tremor

Mean caudate

Mean putamen
Mean striatum
PIGD

)
o

3en'ad
alewa4'Qd

b,
2
2
0.
3
=
-
»
0
=
®
]
E.
2
0
©w

E PD individuals
P < 0.001 g

0.10 7

Change rate of CSF NfL levels

T T T
0.00 0.05 0.10

Change rate of serum NfL levels

C

. Pparticipants.Groups

| Mean putamen
Mean striatum
PIGD

Total UPDRS
UPDRSIII
Rigidity
Tremor

Mean caudate
Mean putamen
Mean striatum
PIGD

ad

sopsuaorIey ) 'siuedppied

0.8

06 I

04

I 02

Participants.Groups

PD

Participants.Characteristics

CSF NfL rates
Serum NfL rates





OPS/images/fnins-16-959261-t001.jpg
No. of individuals (N)

Age

Mean years (SD)
(Min, max)
Missing

Gender (%)
Men

Women
Education (y)
Mean (SD)
(Min, max)
Missing

Mean caudate
Mean (SD)
(Min, max)
Missing

Mean putamen
Mean (SD)
(Min, max)
Missing

Mean striatum
Mean (SD)
(Min, max)
Missing

a-Syn (pg/ml)
Mean (SD)
(Min, max)
Missing

Tau (pg/ml)
Mean (SD)
(Min, max)

Missing

CSF

PD

207

61 (9.96)
(33,85)
0

135 (65.2%)
72 (34.8%)

16 (2.6)
(10, 26)
0

2(0.6)
(0.6,3.7)

0.8 (0.3)
(0.3,1.9)
2

1.4 (04)
(0.4,2.6)

1,504.4 (711)
472 (5,256)
0

167 (55.4)
(83.93,345.3)
6

HC

102

61.7 (10.9)
(31,83.7)
0

66 (64.7%)
36 (35.3%)

16.2 (2.6)
(11,23)
0

2.9 (0.6)
(1.6,5.2)
1

2.1 (0.6)
(0.9,3.9)
1

2.5 (0.6)
(1.2,42)

1,675.8 (736.4)
600.6 (4,148.4)
0

192.8 (79)
(81.96, 580.8)
1

0.43

0.49

<0.001

<0.001

<0.001

0.02

0.007

PD, Parkinson’s disease patients; HC, healthy controls; CSF, cerebrospinal fluid; NfL, neurofilament light.

PD

361

61.7 (9.8)

(33.5,84.9)

0

231 (64%)
130 (32%)

15.5(3)
(5, 26)
0

2(0.5)
(0.4,3.7)

0.8 (0.3)
0.2,22)
3

1.4 (0.4)
(0.3,2.6)

1,524.9,(686.3)
432.4 (5,256.9)

7

169.3 (56.8)
(80.93, 467)

15

Serum

HC

176

60.8 (11.2)
(30.6, 83.7)
0

113 (64.6%)
63 (35.4%)

16.1 (2.9)
(8,23)
0

3.0 (0.6)
(1.3,4.8)
1

2.1(0.5)
(0.6,3.9)
1

2.6 (0.6)
(0.98, 4.24)
1

1,688 (733.5)
488.6 (4,683.1)
5

193.9 (79.4)
(81.96, 580.8)
8

0.47

0.056

<0.001

<0.001

<0.001

0.006

0.002





OPS/images/fnins-16-959261-g001.jpg
Serum NfL

CSF NfL

0.524

P

Male

Female

0_

o)

T
o

o

o~ ™
(wyBd) sjana| YN WNIag

PD

Control

20

(uiyBd) sjaaa) N wWnIas

Male

-
— @
S i
0. w
Vv
a
o o o o
o o o
o™ N -
(wyBd) sj243| "UN 480
. 8
o+ g
S [ S
o O
1l
Q
o S o
@ & .
(wyBd) sjaAa| UN 480
m

PD

Diagnostic groups

Diagnostic groups

21008 pazi|ewiou YN wnia

P < 0.001

o
w
=
S

T T
= Lo
o o~

0.25

T
o
-
o

81008 PazI|BLWIoU YN Wnia

8 3
s < <
S

o
4
<
o
]
a
1 1 I 1
w0 = o =
o o = e
31028 pazZljewlou N 48D
D
(e o]
0
o
1l
o
1 I I
2 8 3
= ° <

C 21038 pazZiewlou YN 480

2

1

2
Time (years)

1

Time (years)

Time (years)

Time (years)

= Control = PD






