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Abstract

INTRODUCTION: Three CSF markers of neurodegeneration (N) (neurofilament light [NfL], 

total-tau [T-tau], and neurogranin [Ng]) have been proposed under the AT(N) scheme of the NIA-

AA Research Framework.

METHODS: We examined, in a community-based population (N=777, aged 50–95): 1) what 

variables were associated with each of the CSF (N) markers; and 2) whether the variables 

associated with each marker differed by elevated brain amyloid. CSF T-tau was measured with an 

automated electrochemiluminescence Elecsys immunoassay; NfL and Ng with in-house ELISAs.

RESULTS: Multiple variables were differentially associated with CSF NfL and T-tau levels, but 

not Ng. Most associations were attenuated after adjustment for age and sex. T-tau had the strongest 

association with cognition in the presence of amyloidosis, followed by Ng. Variables associations 

with NfL did not differ by amyloid status.

DISCUSSION: Understanding factors that influence CSF (N) markers will assist in the 

interpretation and utility of these markers in clinical practice.
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1. Introduction

Neurodegeneration is a key pathological feature of all neurodegenerative diseases and also 

occurs with normal aging. However, the causes, mechanisms, and brain regions of 

neurodegeneration differ. Under the AT(N) scheme of the new NIA-AA Research 

Framework, the proposed fluid-based measure of neuronal injury and neurodegeneration, 

(N), was high CSF total-tau (T-tau) [1]. However, a complication of using CSF T-tau as a 

marker of (N) is that levels are highly correlated with CSF phosphorylated tau (Spearman 

rho>0.90), a proposed CSF marker of ‘T’ [2–4]. There is a need to identify and understand 

other potential markers of (N). CSF neurofilament light (NfL) and neurogranin (Ng) are two 

potential options.

CSF NfL is a marker of large-caliber subcortical axonal degeneration whereas CSF Ng is a 

presumed marker of synaptic degeneration in Alzheimer’s disease (AD) (see [5,6]). Recent 

studies comparing CSF T-Tau, NfL, and Ng have shown differences in these markers for 

enhancing the diagnostic accuracy of AD dementia and for assessing the risk of MCI [2,3,7]. 

However, these CSF (N) markers, with the possible exception of Ng [8,9], are non-specific 

and elevated in other neurodegenerative diseases including multiple sclerosis, vascular 

dementia, and Lewy Body dementia [10–13].

Studies that have examined CSF T-tau, NfL, or Ng as markers of neurodegeneration have 

primarily focused on diagnostics, cognition, or their relationship to neuroimaging. As these 

CSF markers approach potential clinical use for neurodegenerative diseases, it is important 

to identify what variables might affect the levels of these markers for their clinical 

interpretation in the context of assessing neurodegeneration. For example, do all markers 

strongly associate with vascular risk factors and stroke or is one marker more specific to 

vascular-related neurodegeneration? Further, does this association differ by brain amyloid? 

What other variables are associated with the three potential CSF markers of 

neurodegeneration? To begin assessing these questions, we examined which variables (e.g., 

demographics, medical comorbidities, APOE genotype, anxiety and depressive symptoms, 

gaitspeed, cognition) were associated with CSF NfL, T-tau, and Ng in a community-based 

population. We also determined whether the variables associated with each CSF (N) marker 

differed by CSF amyloid-beta 42 (Aβ42) level.

2. Methods

2.1. Study participants

The Mayo Clinic Study on Aging (MCSA) is a prospective population-based study of 

residents living in Olmsted County, Minnesota [14]. In 2004, Olmsted County residents 

between the ages of 70 and 89 were enumerated using the Rochester Epidemiology Project 

(REP) medical records-linkage system [15]. An age- and sex-stratified random sampling 
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design was utilized to ensure that men and women were equally represented in each 10-year 

age strata. The study was extended to include those aged 50 and older in 2012.

2.2. Protocol approvals standard, registrations and patient consents

The study was approved by Mayo Clinic and Olmsted Medical Center Institutional Review 

Boards. Written informed consent was obtained from all participants.

2.3. Participant assessment

MCSA visits include an interview by a study coordinator, physician examination, and 

neuropsychological testing [14]. The cognitive battery included 9 tests covering 4 domains: 

memory, language, executive function, and visuospatial. Sample-specific z-scores for all 

cognitive tests were calculated; domain-specific z-scores were created by averaging the z-

scores for the individual tests within each domain. A global cognitive z-score was created by 

averaging the z-scores of the four domains.

2.4. Mild Cognitive Impairment (MCI) and dementia diagnostic determination

Clinical diagnoses were determined by a consensus committee of those who evaluated each 

participant. Cognitive performance was compared with the age-adjusted scores of 

cognitively unimpaired (CU) individuals previously obtained using Mayo’s Older American 

Normative Studies [16]. Participants with scores around 1.0 SD below the age-specific mean 

in the general population were considered for possible cognitive impairment. The 

operational definition of MCI was based on clinical judgment including a history from the 

patient and informant. Published criteria were used for the diagnosis: cognitive complaint, 

cognitive function not normal for age, essentially normal functional activities, no dementia 

[17]. A final decision was made after considering education, occupation, visual or hearing 

deficits, and reviewing all other participant information. The diagnosis of dementia was 

based on published criteria [18]. Participants who performed in the normal range and did not 

meet criteria for MCI or dementia were deemed (CU). The consensus committee was 

blinded to CSF results when determining the clinical diagnosis.

2.5. Lumbar punctures and CSF measurements

From November 2007 through August 2016, 777 MCSA participants underwent lumbar 

puncture for the collection of CSF and had assays of CSF NfL, Ng, T-tau, and amyloid-beta 

(Aβ)42. Compared to participants during this timeframe who did not undergo a lumbar 

puncture, those who did were younger, more likely to be male, and generally healthier (e.g., 

less likely to have coronary artery disease, hypertension, or stroke). Baseline clinical 

diagnosis (e.g., CU, MCI, dementia) was not associated with participation in a lumbar 

puncture.

Fasting lumbar punctures were performed early in the morning in the lateral decubitus 

position from the L3 and L4 intravertebral space using a 20 or 22 gauge Quincke needle. 

Two cc of CSF were used to evaluate routine markers (glucose, protein, cell count). The 

remainder was divided into 0.5cc aliquots and stored at −80°C. Samples had not undergone a 

freeze-thaw cycle prior to being pulled.
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CSF Aβ42 and T-tau were measured with automated electrochemiluminescence Elecsys 

immunoassays (Roche Diagnostics). To determine the CSF Aβ42 cutpoint, 524 participants 

across the AD clinical spectrum from the MCSA and the Mayo Clinic Alzheimer’s Disease 

Research Center with 11C Pittsburgh Compound B (PiB) PET imaging within one year of 

CSF were included, as previously described [19]. Briefly, bivariate mixture modeling and 

the optimized Younden-index (PiB-PET SUVR reference value of 1.60) were used. A CSF 

Aβ42 level<893 pg/mL was considered amyloid positive (A+) and had 79% agreement with 

PiB-PET [19]. CSF NfL and Ng were measured using in-house ELISAs; their assay 

characteristics and methods have been described in detail [3,20–22].

2.6. Measurement of additional variables assessed in relation to CSF NfL, T-tau and Ng

Participant demographics (age, sex, and years of education) were ascertained at the in-clinic 

examination. Participants’ height (cm) and weight (kg) were measured and used to calculate 

body mass index (BMI) (kg/m2). Gaitspeed was assessed using the GAITRite® instrument 

[23]. Medical conditions and the Charlson Comorbidity Index [24] were determined for each 

participant by medical record abstraction using the REP medical records-linkage system 

[15]. Depressive symptoms were assessed using the Beck Depression Inventory-II (BDI-II) 

[25]; participants with a score of ≥13 were considered to have depression. Anxiety 

symptoms were assessed using the Beck Anxiety Inventory (BAI) [26]. Apolipoprotein E 

(APOE) ε4 genotyping was performed from a blood sample.

2.7. Statistical Analysis

CSF NfL, T-tau, and Ng were z-log transformed to normalize the distributions and to allow 

for comparison of associations. Linear regression models were used to examine the 

relationship between each characteristic and each CSF (N) marker, first in univariate 

analyses and then after adjustment for age and sex. For models examining global and 

domain-specific z-scores, education was also included as a covariate. In sensitivity analyses, 

the models were rerun, stratified by cognitive status (CU only and MCI/dementia only). An 

interaction between each variable and elevated amyloid was examined in both univariable 

and multivariable models. In all analyses, a 2-tailed, P < .05 was considered significant. 

Statistical analysis was completed using SAS, version 9.4 (SAS Institute Inc., Cary, NC), 

and R, version 3.4.2.

3. Results

The 777 participants were a median age of 72.9 (Interquartile range [IQR]: 64.0, 79.3), had a 

median education of 14.0 (IQR: 12, 16) and 57.0% were male (Table 1). The median number 

of comorbidities on the Charlson comorbidity index was 2 (IQR: 1, 4). There were 83 

(10.7%) with a diagnosis of MCI, and 7 (0.9%) with a diagnosis of dementia. Of the 777 

participants, 283 (36.4%) were determined to be A+: 235 of 687 CU (34.2%), 41 of 83 MCI 

(49.4%) MCI, and 7 of 7 dementia (100%) dementia.

The median (IQR) values for CSF NfL (CU: 497 [360, 722]; MCI: 725 [518, 985]; 

Dementia: 849 [482, 980], P < .0001) and CSF T-tau (CU: 213 [166, 270]; MCI: 245 [190, 

337]; Dementia: 320 [150, 361], P = .002) increased with disease severity. However, there 
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was no difference in median (IQR) CSF Ng levels by clinical diagnosis (CU: 165 [131, 218]; 

MCI: 177 [137, 238]; Dementia: 177 [99, 263], P = .223). CSF NfL had moderate 

correlations with Ng (Spearman’s rho = .321, P < .0001) and T-tau (Spearman’s rho = .477, 

P < .0001). CSF Ng was highly correlated with T-tau (Spearman’s rho = .831, P < .0001).

3.1. Univariable Associations between the variables and each CSF (N) marker

The univariable association between each demographic, medical, or cognitive variable and z-

log transformed CSF NfL, T-Tau, or Ng is shown in Table 2 and Fig. 1. CSF NfL increased 

with increasing age, was higher for men, those with more comorbidities, and with a 

diagnosis of hypertension, diabetes, stroke, myocardial infarction, cancer, MCI, and 

dementia. Higher NfL was also associated with a lower BMI, slower gaitspeed, and worse 

performance in tests of all cognitive domains. CSF T-tau increased with increasing age, with 

more comorbidities, and with a diagnosis of hypertension, diabetes, myocardial infarction, 

cancer, and MCI. Higher T-tau was also associated with lower education, lower BMI, slower 

gaitspeed, and worse performance in tests of all cognitive domains. Fewer variables were 

associated with CSF Ng. Increasing Ng levels were associated with increasing age, and more 

comorbidities. Higher Ng was also associated with lower education, a lower BMI, and worse 

performance in tests of all cognitive domains. There was a trend for men to have lower 

levels of CSF Ng (b(se) = −0.14 (0.07), P = .054), which is in contrast to the significantly 

higher levels of CSF NfL for men (b(se)=0.35 (0.07), P < .0001). The higher NfL levels for 

men, compared to women, was equivalent to a 7.6-year increase in age.

3.2. Multivariable Associations between the variables and each CSF (N) marker

In multivariable models adjusting for age and sex, the association between most variables 

and the CSF (N) measures was attenuated and no longer significant (Table 3 and Fig. 1). 

Examining cognitive variables, a diagnosis of MCI was only associated with higher levels of 

CSF NfL (b(se) = 0.26 (0.10), P = .013), but not with CSF T-tau or Ng. The effect sizes for 

associations between global- and domain-specific z-scores and each marker were similar.

3.3. Univariable and Multivariable Associations stratified by cognitive status

Supplementary Tables 1–4 replicate the above univariable and multivariable analyses but 

stratify the results by cognitive status (CU – Supplementary Tables 1–2; MCI/dementia – 

Supplementary Tables 3–4). The results of the CU only group were similar to the overall 

group, likely because the CU group comprises about 90% of the whole group. However, 

there were some differences. Although increasing age was associated with increasing levels 

of all CSF (N) markers for both the CU and MCI/Dementia groups, the association between 

age and either CSF NfL and T-tau were slightly stronger among the CU group 

(Supplementary Tables 1 and 3). Among the CU group, men had significantly higher levels 

of CSF NfL and lower levels of Ng. Among the MCI/Dementia group, the associations were 

in the same direction but the effect sizes were essentially halved.

There were also differences between some of the variables associated with the CSF (N) 

markers for the MCI/dementia group compared to the CU group in multivariable analyses 

(Supplementary Tables 2 and 4). First, the presence of an APOE ε4 allele was only 

associated with higher levels of CSF NfL, T-tau, and Ng among the MCI/dementia 
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participants. Second, a higher BMI was associated with lower CSF T-tau and Ng levels only 

among the MCI/Dementia participants. Third, the associations between memory z-scores 

and all three CSF markers were stronger among the MCI/Dementia participants compared to 

the CU participants. Last, the associations between CSF Ng and T-tau were stronger among 

the MCI/Dementia participants compared to the CU participants.

3.4. Interactions between each variable and A+ for each CSF (N) marker

We next examined the interaction between the cognitive variables and CSF amyloid status 

(i.e., A+ vs. A−) for CSF NfL, T-tau, or Ng levels. Fig. 2 shows the univariable association 

between each variable and CSF (N) marker after stratification by amyloid status. 

Supplementary Tables 5, 6, and 7 show the univariable and multivariable models examining 

the interaction between each variable and CSF amyloid status for each CSF (N) level. When 

examining cognitive variables worse cognitive performance (i.e., global, memory, and 

visuospatial z-scores) was associated with higher CSF NfL among participants who were A+ 

compared to A− (Supplementary Table 5). Notably, the interactions of all global and 

domain-specific Z-scores and MCI with A+ were even more robust and stronger for CSF T-

tau levels (all P-values for interaction <.001; Supplementary Table 6). The interactions 

between cognitive variables and A+ for CSF Ng levels (Supplementary Table 7) were not as 

strong as for CSF T-tau levels in multivariable models, but were still statistically significant 

(all P-values for interaction <.05 except for visuospatial z-score).

Lastly, we examined interactions between the other variables and A+ for each CSF (N) level. 

In multivariable analyses, none of the other variables interacted with A+ in relation to CSF 

NfL levels (Supplementary Table 5). In contrast faster gaitspeed and more depressive 

symptoms were associated with lower levels of CSF T-tau in A+ participants compared to A

−; an increasing Charlson comorbidity index was associated with higher CSF T-tau among A

+ versus A− participants (Supplementary Table 6). In addition, the presence of several 

comorbidities (stroke, myocardial infarction, hypertension and cancer) was associated with 

higher CSF T-tau among the A+ versus A− participants, but the results were not statistically 

significant (P-values ranging from .050 to .091). Faster gaitspeed was associated with lower 

level of CSF Ng in A+ participants whereas an increasing Charlson comorbidity index was 

associated with higher CSF Ng (Supplementary Table 7).

4. Discussion

Three CSF markers (NfL, Total-tau, and Ng) have been proposed as potential markers of 

neurodegeneration (N) under the AT(N) scheme of the new NIA-AA Research Framework 

[1]. The objective of this analysis was to examine, in a community-based population, what 

variables were associated with each of the three CSF (N) markers. We also determined 

whether the variables associated with each CSF (N) marker differed by the presence of 

elevated brain amyloid as measure by CSF Aβ42. We found that multiple variables were 

associated with levels of CSF NfL and T-tau, but not Ng. Most relationships were 

attenuated, including cognitive measures, after adjustment for age and sex (and education 

when examining the cognitive variables). Worse performance in global and domain-specific 

z-scores were more robustly associated with higher T-tau levels than Ng levels for 
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participants who were A+. The association between cognition and CSF NfL were less 

affected by A+ status.

In univariable analyses, several variables were similarly associated with CSF NfL and T-tau 

including gaitspeed, Charlson comorbidity index, cognition, and vascular related factors 

(e.g., hypertension, diabetes, myocardial infarction), but not with Ng. Most of these vascular 

factors were more strongly associated with elevations in NfL levels compared to T-tau, and 

stroke was only associated with higher NfL levels. These results suggest that CSF NfL may 

be a more informative measure of vascular-related neurodegeneration. Our results are 

congruent with previous studies showing elevated CSF NfL in those with a history of stroke 

[27,28]. In addition, one study reported that CSF NfL, but not T-tau, was associated with 

white matter hyperintensities [29]. Future studies are needed to better understand the 

relationship between NfL and cerebrovascular pathology, specifically to determine whether 

there are differential relationships by type of vascular pathology (e.g., white matter 

hyperintensities, microbleeds, infarcts), and location (e.g. subcortical vs cortical).

Participants with a history of cancer had higher CSF NfL and T-tau levels compared to those 

without. In addition, the association between cancer and CSF T-tau was stronger among A+ 

participants. Notably, among those with a history of cancer, chemotherapy was not 

associated with either NfL or T-tau levels. This suggests that another aspect of cancer may 

be related to neurodegeneration. Alternatively, those who had the most severe cancer and 

recurrent treatments of chemotherapy may have died prior to enrollment in the MCSA or 

were less likely to participate in a lumbar puncture for CSF. We also did not have 

information on type of chemotherapy, dose, or duration. Recent studies have reported 

increased levels of CSF T-tau or P-tau in survivors of children with acute lympoblastic 

leukemia either five or 20 years after diagnosis, and an association between CSF T-tau or P-

tau and cognition at follow-up [30,31]. Given these associations, it is important to better 

understand the relationship between cancer and CSF T-tau, as well as CSF NfL.

As expected, age was strongly associated with increasing levels of all CSF (N) measures, 

although the increase in CSF NfL and T-tau was greater than for Ng, in both the CU and 

MCI/dementia groups. This finding replicates the Bridel et al. study which reported 

associations between age and CSF NfL among participants with cognitive complaints and 

most neurodegenerative conditions [13]. In addition, CSF NfL and Ng levels, but not T-tau, 

differed by sex with men having higher NfL levels and women having higher Ng levels. The 

increased NfL levels among men was equivalent to more than a 7-year increase in age. 

Higher CSF NfL levels among men have previously been reported [13,32], and the higher 

levels have been hypothesized to be related to a greater vascular burden among men. 

Although studies of CSF Ng have adjusted for sex, the studies have not examined whether 

levels differ by sex. Thus, reasons for the sex difference in Ng are not known but warrant 

further exploration.

In multivariable models adjusting for age and sex (and education for cognitive variables), 

most of the associations between the variables and each of the CSF (N) measures were 

attenuated and did not remain significant, including the associations with cognition. This 

finding is not surprising given the strong associations of age with both comorbidities and 
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neurodegeneration. It is interesting to note, however, that after adjustment MCI was only 

associated with higher NfL levels and not with T-tau or Ng. When stratified by cognitive 

status, the association between cognition, especially memory, and each of the CSF (N) 

markers was stronger in the MCI/Dementia group, as would be expected. When examining 

the interaction between variables and A+, gaitspeed and the Charlson comorbidity index 

were more strongly associated with CSF T-tau and Ng in the A+ group compared to the A− 

group. In addition, there were trends for the presence of several comorbidities (stroke, 

myocardial infarction, hypertension and cancer) to be associated with higher CSF T-tau 

among the A+ versus A− participants. These results suggest that additional variables beyond 

age and sex may be important predictors of CSF T-tau, especially among individuals with 

elevated brain amyloid.

The importance of age and sex for CSF NfL levels across neurodegenerative diseases has 

recently been discussed [13]. Despite the cross-sectional increase of each CSF (N) level with 

age, however, it is debatable as to whether age-corrected cutpoints should be developed for 

these markers. The development of cutpoints of other disease-related measures, such as 

hemoglobin A1C levels or blood pressure, has not been defined by age. If age-related 

cutpoints are not used, the results from the univariable analyses become more important for 

clinical interpretation. The CSF (N) measures will most likely be used as measures of 

disease progression than for a clinical diagnosis. Therefore, longitudinal studies with serial 

CSF (N) measures are needed to quantify these aging-related changes and should also 

consider the impact of incident comorbidities.

When we examined interactions between the variables and elevated brain amyloid, we found 

differences for each of the CSF (N) measures. There were no interactions between any of the 

variables and amyloid in multivariable analyses for predicting NfL levels, with the exception 

that CSF Ng was more strongly associated with CSF NfL among A+ compared to A

−participants. This finding is consistent with previous studies suggesting that CSF NfL is a 

non-specific marker of neurodegeneration and independent of brain amyloid [3,32,33].

In contrast to CSF NfL, there were interactions between all cognitive variables (MCI and 

global- and domain-specific z-scores) and amyloid status for CSF T-tau such that worse 

cognition was associated with higher CSF T-tau levels for A+ participants compared to A−. 

There was a similar association for CSF Ng, but the association was less robust. For 

example, a higher global z-score and a higher attention z-score, but not other domains, were 

associated with lower Ng levels for A+ versus A− individuals. Thus, CSF T-tau appears to 

be a better (N) marker related to AD pathology compared to CSF Ng, which is consistent 

with a recent study that included participants across the AD clinical spectrum [7]. A 

complication with this assertion, though, is that we and others have shown that CSF T-tau is 

very highly correlated with CSF P-tau [2–4] and CSF P-tau is thought to be specific to AD 

pathology. As a result, CSF Ng is likely to be more useful as a marker of AD-associated 

neurodegeneration. This finding is similar to three previous studies which reported that CSF 

Ng was associated with AD-related neurodegeneration [7,9,34]. One other study did not find 

a cross-sectional association between CSF Ng and CSF Aβ42, but did find that the 

association emerged over the follow-up [35]. Longitudinal studies with serial CSF measures 

are needed to better determine the relationships between the CSF measures, CSF Aβ42, and 
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the variables examined over time. Additional research is also needed to better understand 

what CSF Ng represents and how it can best be utilized as a (N) marker.

Strengths of the study include the large sample size, community-based sample, and the 

characterization of the cohort. The medical comorbidities of all participants were abstracted 

from the medical records by nurse abstractors rather than relying on self-report, which is less 

accurate. A limitation of the study, as mentioned above, is that the MCSA participants who 

agreed to LP for the collection of CSF were generally younger, more likely to be male, and 

healthier than those who did not agree. Therefore, the associations between comorbidities 

and the CSF levels may be conservative. In addition, we had a small number of individuals 

with dementia and CSF.

The present results support the notion that CSF T-tau and Ng may reflect a neuronal 

response to amyloid pathology, and AD-specific neurodegeneration, whereas CSF NfL is a 

more general biomarker for neurodegeneration. As CSF NfL, T-tau, and Ng move towards 

use in the clinic, or for clinical trials as markers of disease progression and 

neurodegeneration, it is critical to better understand what these markers are measuring. 

Further, with a move to clinical use, the development of reference ranges is needed. 

Although reference ranges are typically developed in populations without disease, it is 

extremely difficult to find elderly individuals without any of these comorbidities. Thus, it is 

important to understand what comorbidities affect these CSF (N) measures. Further 

discussion will be needed on whether age-, and even sex-specific cutpoints, should be used. 

Longitudinal studies are needed to better estimate change over time, after accounting for 

medical comorbidities and demographic variables that can affect levels. In addition, future 

studies will need to compare multiple neuroimaging measures of neurodegeneration 

including cerebrovascular pathologies, diffusion tensor imaging, cortical atrophy, and 

cortical thickness in order to better understand how each potential CSF (N) marker reflects 

neurodegeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature using traditional (e.g., 

PubMed) resources. Studies examining CSF T-tau, NfL, or Ng as markers of 

neurodegeneration have primarily focused on diagnostics, cognition, or their 

relationship to neuroimaging. Identifying the variables that affect the levels of 

these markers will be important for their clinical interpretation

2. Interpretation: Multiple variables were differentially associated with CSF NfL 

and T-tau levels, but not Ng. Most associations were attenuated after 

adjustment for age and sex. T-tau had the greatest sensitivity for predicting 

cognition in the presence of amyloidosis. Variables associations with NfL did 

not differ amyloid status.

3. Future directions: Future studies should compare multiple neuroimaging 

measures of neurodegeneration including cerebrovascular pathologies, 

diffusion tensor imaging, cortical atrophy, and cortical thickness in order to 

better understand how each potential CSF (N) marker reflects 

neurodegeneration. Longitudinal studies with serial assessments of the CSF 

(N) markers are also needed.
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Highlights

• Multiple variables were associated with levels of CSF NfL and T-tau, but not 

Ng.

• Most relationships were attenuated after adjustment for age and sex.

• There was not an interaction between the variables and amyloid (A+) for NfL 

levels.

• Among A+, CSF T-tau had greater sensitivity than Ng for predicting 

cognition.
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Fig. 1. 
Associations between each variable and CSF levels of neurofilament light chain (NfL), 

Total-tau (T-tau) and Neurogranin (Ng). Red (top line) represents beta estimates from 

univariable models. Blue (bottom line) represents beta estimates from multivariable models 

adjusting for age and sex. Models including cognitive variables also adjusted for education.
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Fig. 2. 
Associations between each variable and CSF levels of neurofilament light chain (NfL), 

Total-tau (T-tau) and Neurogranin (Ng) by amyloid status. Red (top line) shows associations 

for those who are amyloid positive (A+). Blue (bottom line) shows associations for those 

who are amyloid negative (A−). Models including cognitive variables also adjusted for 

education.
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Table 1

Participant characteristics (N=777)

Characteristics Median (IQR)/N(%)

Age 72.9 (64.0, 79.3)

Male 443 (57.0%)

Education 14.0 (12.0, 16.0)

Presence of APOE ε4 allele 211 (27.2%)

Body Mass Index 28.0 (25.1, 31.3)

Gaitspeed 1.1 (1.0, 1.3)

Charlson comorbidity index 2.0 (1.0, 4.0)

Hypertension 487 (62.7%)

Dyslipidemia 627 (80.7%)

Diabetes 131 (16.9%)

Stroke 21 (2.7%)

Head trauma 112 (15.8%)

Myocardial infarction 86 (11.1%)

Atrial Fibrillation 50 (6.4%)

Cancer 176 (22.7%)

Cancer with chemotherapy 31 (4.0%)

Spinal Stenosis 68 (8.8%)

Mild Cognitive Impairment 83 (10.7%)

Dementia 7 (0.9%)

Global Z-score 0.0 (−0.6, 0.8)

Memory Z-score 0.0 (−0.7, 0.7)

Language Z-score 0.1 (−0.6, 0.7)

Attention Z-score 0.1 (−0.6, 0.7)

Visuospatial Z-score 0.1 (−0.6, 0.7)

CSF NfL (pg/ml) 520.2 (374.3, 745.4)

CSF Total Tau (pg/ml) 217.2 (167.5, 278.1)

CSF Neurogranin (pg/ml) 166.6 (132.9, 220.8)

CSF Amyloid-beta 42 (pg/ml) 1074.0 (761.5, 1527.0)

Abbreviations: APOE, apolipoprotein E; IQR, interquartile range; NfL, neurofilament light.
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Table 2

Univariate associations between each characteristic and z-log transformed CSF neurofilament light chain, total 

tau, and neurogranin

Neurofilament light Total tau Neurogranin

Characteristics estimate (se) P value estimate (se) P value estimate (se) P value

Age, per decade 0.46 (0.03) <.0001 0.44 (0.03) <.0001 0.20 (0.04) <.0001

Male 0.35 (0.07) <.0001 0.05 (0.07) .518 −0.14 (0.07) .054

Education, per year 0.0002 (0.01) .988 −0.04 (0.01) 0.004 −0.03 (0.01) .047

Presence of APOE ε4 allele 0.08 (0.08) .350 0.10 (0.08) .197 0.12 (0.08) .140

Body Mass Index −0.03 (0.01) <.0001 −0.03 (0.01) <.0001 −0.02 (0.01) .007

Gaitspeed −0.66 (0.15) <.0001 −0.57 (0.15) <.001 −0.06 (0.15) .692

Beck Depression Inventory −0.18 (0.13) .148 −0.09 (0.13) .459 0.04 (0.13) .767

Beck Anxiety Inventory −0.01 (0.01) .255 −0.01 (0.01) .417
−0.004
(0.01) .621

Ever smoker −0.08 (0.07) .254 0.05 (0.07) .488 0.04 (0.07) .589

Charlson comorbidity index 0.07 (0.01) <.0001 0.06 (0.01) <.0001 0.03 (0.01) .012

Hypertension 0.37 (0.07) <.0001 0.23 (0.07) .002 0.13 (0.07) .090

Dyslipidemia 0.15 (0.09) .103 0.02 (0.09) .865 −0.06 (0.09) .524

Diabetes 0.26 (0.10) .007 0.20 (0.10) .034 0.12 (0.10) .198

Stroke 0.54 (0.22) .014 0.08 (0.22) .718 −0.15 (0.22) .509

Myocardial infarction 0.24 (0.11) .035 0.34 (0.11) .003 0.10 (0.11) .364

Atrial Fibrillation 0.27 (0.15) .066 0.28 (0.15) .054 0.03 (0.15) .832

Spinal Stenosis 0.03 (0.13) .823 0.07 (0.13) .574 0.01 (0.13) .930

Head trauma −0.18 (0.10) .079 −0.09 (0.10) .383 −0.05 (0.10) .635

Cancer 0.21 (0.09) .014 0.27 (0.09) .002 0.14 (0.09) .114

Cancer with chemotherapy vs. no chemotherapy −0.01 (0.17) .954 −0.26 (0.19) .169 −0.30 (0.17) .078

Mild Cognitive Impairment 0.52 (0.11) <.0001 0.40 (0.12) <.001 0.19 (0.12) .098

Dementia 0.97 (0.37) .009 0.73 (0.38) .053 0.11 (0.38) .773

Global Z-score −0.29 (0.04) <.0001 −0.27 (0.04) <.0001 −0.15 (0.04) <.001

Memory Z-score −0.27 (0.03) <.0001 −0.24 (0.03) <.0001 −0.14 (0.04) <.001

Language Z-score −0.23 (0.04) <.0001 −0.23 (0.04) <.0001 −0.11 (0.04) .002

Attention Z-score −0.26 (0.04) <.0001 −0.23 (0.04) <.0001 −0.09 (0.04) .010

Visuospatial Z-score −0.16 (0.04) <.0001 −0.17 (0.04) <.0001 −0.12 (0.04) <.001

CSF NfL 0.41 (0.03) <.0001 0.29 (0.03) <.0001

CSF Total Tau 0.41 (0.03) <.0001 0.74 (0.02) <.0001

CSF Neurogranin 0.29 (0.03) <.0001 0.74 (0.02) <.0001

CSF Amyloid-beta 42 0.06 (0.04) .074 0.27 (0.03) <.0001 0.29 (0.03) <.0001

Abbreviations: NfL, neurofilament light; SE, standard error. CSF Neurofilament light chain, total tau, and neurogranin were log-transformed and z-
scored in order to compare the coefficients.
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Table 3

Associations between each characteristic and z-log transformed CSF neurofilament light chain, total tau, and 

neurogranin after adjustment for age and sex

Neurofilament light Total tau Neurogranin

Characteristics b (se) P value b (se) P value b (se) P value

Education, per year 0.02 (0.01) .165 −0.02 (0.01) .134 −0.01 (0.01) .279

Presence of APOE ε4 allele 0.13 (0.07) .067 0.15 (0.07) .037 0.14 (0.08) .079

Body Mass Index −0.01 (0.01) .060 −0.02 (0.01) .012 −0.01 (0.01) .134

Gait speed −0.04 (0.15) .766 0.15 (0.15) .312 0.38 (0.16) .018

Beck Depression Inventory 0.04 (0.11) .725 0.08 (0.12) .461 0.10 (0.12) .416

Beck Anxiety Inventory 0.003 (0.01) .703 0.001 (0.01) .840 −0.002 (0.01) .796

Ever smoker −0.17 (0.06) .006 0.001 (0.07) .992 0.04 (0.07) .605

Charlson comorbidity index 0.001 (0.01) .939 −0.001 (0.01) .945 0.01 (0.01) .558

Hypertension 0.05 (0.07) .513 −0.08 (0.07) .283 −0.001 (0.08) .993

Dyslipidemia −0.05 (0.08) .544 −0.16 (0.08) .054 −0.13 (0.09) .146

Diabetes 0.13 (0.08) .124 0.10 (0.09) .242 0.09 (0.09) .340

Stroke 0.07 (0.20) .698 −0.33 (0.20) .107 −0.31 (0.22) .157

Myocardial infarction −0.09 (0.10) .372 0.10 (0.11) .353 0.02 (0.11) .833

Atrial Fibrillation −0.09 (0.13) .486 −0.001 (0.13) .997 −0.07 (0.15) .637

Spinal Stenosis −0.11 (0.11) .327 −0.07 (0.12) .529 −0.06 (0.12) .621

Head trauma −0.09 (0.09) .332 0.03 (0.09) .767 0.02 (0.10) .834

Cancer −0.10 (0.08) .184 0.0002 (0.08) .998 0.03 (0.09) .722

Cancer with chemotherapy vs. no chemotherapy 0.17 (0.15) .278 −0.16 (0.19) .398 −0.32 (0.17) .063

Mild Cognitive Impairment 0.26 (0.10) .013 0.11 (0.11) .295 0.05 (0.12) .645

Dementia 0.35 (0.34) .298 0.19 (0.35) .577 −0.08 (0.38) .825

Global Z-score −0.10 (0.04) .014 −0.04 (0.04) .284 −0.05 (0.04) .252

Memory Z-score −0.11 (0.04) .002 −0.08 (0.04) .029 −0.08 (0.04) .034

Language Z-score −0.08 (0.04) .023 −0.07 (0.04) .077 −0.04 (0.04) .273

Attention Z-score −0.03 (0.04) .444 0.01 (0.04) .746 0.02 (0.04) .645

Visuospatial Z-score −0.04 (0.04) .244 0.01 (0.04) .834 −0.03 (0.04) .444

CSF NfL 0.28 (0.04) <.0001 0.28 (0.04) <.0001

CSF Total Tau 0.27 (0.03) <.0001 0.80 (0.03) <.0001

CSF Neurogranin 0.23 (0.03) <.0001 0.68 (0.02) <.0001

CSF Amyloid-beta 42 0.09 (0.03) .004 0.30 (0.03) <.0001 0.30 (0.03) <.0001

Abbreviations: APOE, apolipoprotein E; NfL, neurofilament light; SE, standard error.

CSF Neurofilament light chain, total tau, and neurogranin were log-transformed and z-scored in order to compare the coefficients. Models 
including cognitive variables also adjusted for education.
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