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Plasma neurofilament light (NfL) is a marker for neurodegenerative diseases. Few studies have examined the association of NfL with
middle-aged changes in cognitive performance, and no studies have examined differential NfL effects by race. Using data from the
Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study (n= 625, Agev1: 30–66 y, 41.6% male, 56.3%
African American, 27.8% below poverty), we investigated the associations of initial NfL levels and annualized change with cognitive
performance over time in global mental status, verbal and visual memory, fluency, attention, and executive function. We used
ordinary least squares and mixed-effects regressions stratified by race, while exploring differential associations by age group, sex,
and poverty status. Over a mean follow-up of 4.3 years, we found initial NfL level was associated with a faster decline on normalized
mental status scores in Whites only and in those >50 years old. Annualized increase in NfL was associated with a greater decline in
verbal fluency in men. In other exploratory analyses, annualized increase in NfL was associated with a slower decline in verbal
memory among individuals living above poverty; in the older group (>50 years), first-visit NfL was linked with better performance at
baseline in global mental status and verbal memory. In summary, first-visit NfL was primarily associated with the global mental
status decline among Whites, while exhibiting inconsistent relationships in some exploratory analyses. Plasma NfL levels can be
detected and quantified in non-demented middle-aged adults and changes can be analyzed over time. More longitudinal studies
are needed to address the clinical utility of this biomarker for early cognitive defects.
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INTRODUCTION
When axons become damaged, cytoskeletal proteins known as
neurofilaments are released into the extracellular space, followed
by the cerebrospinal fluid (CSF), with marked transmigration into
the blood at a lower concentration [1]. Notably, among biomarkers
for neurodegenerative disease, there is a need for minimally
invasive, readily available, cost-effective biomarkers as current
methods rely on measures derived from CSF and neuroimaging.
Recently, sensitive methods were developed to measure blood-
levels of neurofilament light (NfL) [2]. This methodological
development for assaying plasma NfL has stimulated potential
opportunities for large-scale applications in clinical practice and in
randomized clinical trials as a method for identifying patients at
risk for dementias, including Alzheimer’s disease (AD) [3]. Thus far,
NfL reflects sub-cortical large-caliber axonal degeneration [4, 5].
Plasma NfL levels correlate strongly with CSF NfL levels [3, 6],
adding to its clinical utility in differential diagnoses for dementias.
While most studies have focused on plasma NfL’s positive
association with AD, including at earlier stages [7–10], as well as
other neurodegenerative diseases [11–14]. Thus, plasma NfL is a
marker of non-specific neurodegeneration.

To date, only few studies have been conducted thus far
reporting its predictive value for future cognitive decline and brain
aging [15–22], and none have tested associations differentially
across racial groups. Furthermore, few studies have examined how
longitudinal changes in plasma NfL are related to change in
cognition over time (e.g., [21]). Thus, our study (i) examined
baseline NfL in relation to baseline and change in cognitive
performance over time; (ii) examined change in NfL in relation to
cognitive performance over time; (iii) examined baseline and
change in NfL in relation to follow-up cognitive performance; and,
(iv) tested racial differentials in those main associations; as well as
exploring those associations across sex, age group, and poverty
status.

MATERIALS AND METHODS
Database
We selected a sample from the Healthy Aging in Neighborhoods of
Diversity across the Life Span (HANDLS) study. Since 2004, HANDLS is an
on-going prospective cohort study of socioeconomically diverse White and
African American adult women and men residing in Baltimore, MD. Initial
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data (visit 1) were collected between 2004 and 2009, in two phases. Phase I
consisted of a home visit, with information collected for screening,
recruitment, and a household in-person interview that included the first
24 h dietary recall of that visit. Phase II (v1) was performed as an in-person
complete physical health examination including a cognitive test battery
inside Medical Research Vehicles (MRV) and included a second 24 h dietary
recall. Participants were invited for follow-up in-person visits (v2) between
2009 and 2013, which applied a similar protocol as v1 (phase II). Fasting
blood samples were obtained from consenting participants in both in-
person examinations. All participants provided written informed consent.
The Institutional Review Board of the National Institutes of Health, National
Institute of Environmental Health Sciences approved the HANDLS study
protocol.

Study sample
In our present study, up to two repeats on cognitive tests were available
from v1 or v2. Exposure data on plasma NfL concentrations were available
at both visits for a sub-sample of Whites and African Americans after
excluding participants who did not survive within a year of follow-up or
who did not have NfL data at v2. As shown in the study design flowchart
(Fig. 1), among 3,720 initially recruited HANDLS participants, N= 674 had
complete v1 and v2 data on plasma NfL. Of those participants, N= 625 had
data on v1 or v2 for all 11 cognitive test scores, with an average number of
observations/participant k= 1.9−2.0, indicating 0–5% missingness on
cognitive test performance outcomes. A sub-set of those participants
had complete and credible v2 cognitive performance data, with somewhat
variable sample sizes. This sub-set was also analyzed, thus excluding those
with unavailable or non-credible v2 cognitive performance on each test.
Mean ± SD follow-up time for the final analytic sample (n= 625
participants) was 4.30 ± 0.95 y. Method S1 shows a detailed description
for sample selection with respect to the NfL exposure. Compared to the
initial sample with incomplete data for our analysis, the final sample had a
lower proportion of individuals living below poverty (27.8% vs. 43.9%, p <
0.001, χ2 test), and a reduced proportion of men (41.6% vs. 45.9%, p=
0.048, χ2 test). A similar pattern was observed when the sample with v1 NfL
(N= 674) was compared with the sample without this data, notwithstand-
ing other exclusions.

Cognitive assessment
HANDLS clinical staff examined cognitive performance with a battery of
tests which included the Mini-Mental State Examination (MMSE), the
California Verbal Learning Test (CVLT) immediate (List A) and Delayed Free
Recall (DFR), the Benton Visual Retention Test (BVRT, # of errors), Brief Test
of Attention (BTA), Animal Fluency test (AF), the Digit Span Forward and
Backwards tests (DS-F and DS-B), the Clock Drawing Test (CDT), Trailmaking
test parts A and B (TRAILS A and B, in seconds), (described in detail in
Method S2). Cognitive domains spanned global mental status, verbal
memory, verbal fluency, attention, visual memory, visuo-spatial abilities,
and executive function, which includes working memory. A total of 11
cognitive test scores were computed from these tests. Total MMSE was
normalized using previously described methods [23]; while Trails A and B
scores (in seconds) were Loge transformed to achieve pseudo-normality.
With the exception of BVRT, Trails A and B, all test scores were in the
direction of higher values reflecting better performance at v1 or over time.

Plasma neurofilament light (NfL)
Fasting, morning plasma samples were collected into EDTA blood
collection tubes. Tubes were centrifuged at 600×g for 15 min and the
buffy coat was removed. These steps were repeated two times and the
samples were visually examined for hemolysis. Plasma was aliquoted and
stored at −80 °C until use. Plasma NfL levels were measured by Quanterix
(Billerica, MA, USA) using the Simoa® NF-light Advantage Kit following the
kit instruction. Longitudinal samples for each person were run on the same
plate and the proportion of people in each demographic group (race/sex/
poverty) were balanced across all plates. Plasma samples were diluted 1:4
and concentrations reflect the dilution correction. Pooled plasma samples
from two individuals were run in duplicate on all plates. These duplicate
pooled plasma samples were used to calculate both the within plate (intra-
assay) and between plates (inter-assay) coefficient of variation (CV). The
average intra-assay CV was 4.5% and the average inter-assay CV was 7%.
The analytical limit of detection (LOD) was calculated as 2.5 standard
deviations above the background (mean of calibrator blanks). For the
analytical lower limit of quantification (LLOQ), triplicate measurements of
serially diluted calibrator were run as unknowns and read on the standard
calibration curve. The LLOQ was determined as the lowest dilution with a
pooled CV ≤ 20% and a sample read back recovery between 80 and 120%
of the expected concentration. The analytical upper limit of detection
(ULOQ) was the highest concentration of the calibrator curve. Analytical
LOD, LLOQ, and ULOD values were converted to functional values by
multiplying by the dilution factor (4×) to enable direct comparison to the
sample results. The functional LOD and the functional LLOQ were 0.152
and 0.696 pg/ml, respectively. The functional ULOD was 1872 pg/ml.

Covariates
Several covariates were considered in this study as potential confounders,
given their previously shown association with cognitive performance or
decline, which may also be associated with NfL exposures. These included
v1 age (continuous, years), sex (male, female), race (White, African
American), poverty status (below vs. above 125% the federal poverty line),
educational attainment (less than high school, high school, more than high
school), and literacy (Wide Range Achievement Test, third edition [WRAT-
3]). Age at v2 was also used to compute time between v1 and v2, a measure
relevant to our main models. Poverty status was operationalized using the
2004 US Census Bureau poverty thresholds [24] based on household
income and total family size (including children <18 years). Furthermore,
lifestyle and health-related factors were among those considered as
potential confounders, given their potential impact on both exposures and
outcomes. Those factors included current smoking status (0= no vs. 1=
yes), illicit drug use (0= no vs. 1= yes, using any of marijuana, opiates, and
cocaine), body mass index (BMI, weight/height2, kg m−2, continuous), self-
rated health status categorized as 0=poor/average (referent), 1= good
and 2= very good/excellent, the Healthy Eating Index 2010 (HEI-2010) [25],
measuring overall diet quality based on food and macronutrient-related
guidelines for Americans, total energy intake (kcal/d), and the 20-item CES-
D total score for depressive symptoms. Moreover, an unweighted co-
morbidity index was also accounted for. This index was composed of
hypertension (0= no, 1= yes), diabetes (0= diabetic, 1= pre-diabetic, 2
= diabetic) and dyslipidemia (or statin use) (0= no, 1= yes), and self-
reported history of any of several cardiovascular disease conditions
(0= no, 1= yes). The latter component screened for the occurrence of
several conditions, namely atrial fibrillation, angina, coronary artery
disease, congestive heart failure, and myocardial infarction. Consequently,
the co-morbidity index could potentially range between 0 and 5.

Statistical methods
Stata release 16 [26] was used to conduct all analyses. We first described
the analytic sample’s characteristics at baseline using means and
proportions with bivariate linear, logistic, and multinomial logit models
to examine racial differences in continuous, binary, and categorical multi-
level covariates, respectively. We then adjusted those models for age, sex,
and poverty status to determine whether racial differences remained
statistically significant. Second, for testing our main hypotheses, a series of
linear models were conducted (mixed-effects and ordinary least-square,
OLS) (Method S3 for mixed-effects models). Separate analyses for 11
cognitive test scores were conducted, adjusting for two sets of covariates:
Model 1: only socio-demographic variables: age at v1, sex, race, and
poverty status; Model 2: socio-demographics+ all other lifestyle and
health-related covariates. To reduce missing data due to the addition of
covariates into different models, given that each covariate had, individually

Fig. 1 Participant flowchart. Abbreviations: HANDLS Healthy Aging
in Neighborhoods of Diversity across the Life Span; k = # of
observations/participant; NfL neurofilament light; v1 visit 1; v2 visit 2.
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Table 1. Study sample characteristics, overall and by race in the final analytic sample with imputed covariates (N= 625), HANDLS 2004–2013a.

Overall Whites African American

(X ± SE), % (X ± SE), % (X ± SE), %

(N= 625) (N= 273) (N= 352)

X ± SE or %±SE

NfL at v1, pg/mL

Loge transformed +1.976 ± 0.020 +2.114 ± 0.029****e +1.870 ± 0.026

Annualized rate of change in Loge NfL between v1 and v2 δNfL +0.044 ± 0.004 +0.038 ± 0.006 +0.050 ± 0.005

Baseline socio-demographic, SES and health-related variables

Sex, % male 41.6 ± 2.0 40.3 ± 3.0 42.6 ± 2.6

Age at v1, yrs. 47.9 ± 0.36 48.7 ± 0.51** 47.3 ± 0.51

African American, % 56.3 ± 2.0 0.00 100.0

Poverty status, % <125% of the 2004 federal poverty guidelines 27.8 ± 1.8 26.0 ± 2.7 29.3 ± 2.4

Education, Completed, %

<HS 5.5 ± 0.9 7.9 ± 1.6**e 3.7 ± 1.0

HS 57.3 ± 2.0 57.3 ± 3.1 57.4 ± 2.6

>HS 37.1 ± 2.0 34.8 ± 3.0 38.9 ± 2.6

Literacy, WRAT-3 score 43.1 ± 0.3 44.9 ± 0.5****e 41.6 ± 0.4

Baseline drug and tobacco use

Any drug, current user, % 16.3 ± 1.6 13.0 ± 2.1* 18.9 ± 2.2

Tobacco, current user, % 40.0 ± 2.0 39.2 ± 3.0 40.6 ± 2.6

BMI, kg/m2 30.2 ± 0.3 30.1 ± 0.4 30.2 ± 0.4

Self-rated health, %

Poor/Average, 19.4 ± 1.6 24.5 ± 2.6***e 15.3 ± 1.9

Good 41.3 ± 2.0 37.4 ± 2.9 44.3 ± 2.6

Very good/excellent 39.4 ± 2.0 38.1 ± 2.9 40.3 ± 2.6

HEI-2010 total score at v1 42.1 ± 0.6 41.2 ± 0.8*e 42.8 ± 0.6

Total energy intake, kcal/day 1,986 ± 44 1,995 ± 64 1,978 ± 56.1

CES-D total score 14.1 ± 0.4 15.1 ± 0.70**e 13.3 ± 0.57

Hypertensionb, % 41.0 ± 2.0 36.2 ± 2.9***e 44.7 ± 2.7

Diabetesb, %

No 66.3 ± 2.0 62.2 ± 3.0 69.5 ± 2.6

Pre-diabetic 21.7 ± 1.6 24.5 ± 2.6* 19.4 ± 2.2

Diabetic 12.0 ± 1.4 13.3 ± 2.1 11.1 ± 1.7

Dyslipidemiab, % 25.6 ± 1.8 29.4 ± 2.9* 22.7 ± 2.4

Cardiovascular diseaseb, % 13.2 ± 1.4 11.6 ± 2.0 14.3 ± 2.0

Co-morbidity indexb 3.26 ± 0.05 3.31 ± 0.08 3.23 ± 0.07

Cognitive performance at v1, unadjusted
c

MMSE, normalized 76.9 ± 0.6 79.8 ± 0.9****e 74.6 ± 0.8

CVLT-List A 24.90 ± 0.28 26.1 ± 0.4****e 23.9 ± 0.4

CVLT-DFR 7.61 ± 0.13 8.30 ± 0.20****e 7.06 ± 0.17

BVRT 6.17 ± 0.20 5.93 ± 0.29 6.35 ± 0.27

BTA 6.80 ± 0.09 7.09 ± 0.14***e 6.52 ± 0.12

AF 19.07 ± 0.22 19.53 ± 0.34* 18.71 ± 0.28

DS-F 7.29 ± 0.09 7.58 ± 0.13***e 7.07 ± 0.11

DS-B 5.61 ± 0.08 6.03 ± 0.14****e 5.28 ± 0.10

CDT 8.77 ± 0.05 8.94 ± 0.07***e 8.64 ± 0.06

Loge (TRAILS A) 3.44 ± 0.02 3.36 ± 0.02****e 3.51 ± 0.02

Loge(TRAILS B) 4.57 ± 0.03 4.37 ± 0.04****e 4.72 ± 0.04

Annualized change in cognitive performance estimated between v1 and v2, unadjusted
c

MMSE, normalized −0.06 ± 0.13 +0.02 ± 0.23 −0.05 ± 0.16

CVLT-List A −1.25 ± 0.06┼ −1.43 ± 0.10┼,**e −1.14 ± 0.06┼

CVLT-DFR −0.44 ± 0.03┼ −0.47 ± 0.04┼ −0.41 ± 0.03┼
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<5% missing on average, we ensured sample sizes were constant between
reduced and fully adjusted models by conducting multiple imputations
(five imputations, ten iterations), using the chained equations methodol-
ogy. All covariates were used simultaneously during this estimation
process, similar to previous studies [27, 28] and continuous covariates were
centered around their means. Thus, for mixed-effects linear regression
models, we applied Models 1 and 2 to two exposures (NfL and δNfL), 11
cognitive test scores with up to two repeats (effect of exposures on v1
cognitive performance (CPv1) and cognitive performance change over time
(δCP)), one main stratifying variable (race), and several exploratory
stratifying variables (sex, age group, and poverty status). NfL was Loge
transformed in all these analyses, and the annualized changes in the Loge
transformed NfL between v1 and v2 were used to operationalize δNfL [i.e.,
δNfL= (Loge(NfLv2)− Loge(NfLv1)/(Agev2− Agev1)], using complete case
analysis. Z-scoring for exposures was done using the final eligible sample
(N= 625). These two exposures were constructed in a similar way in other
studies (e.g., [21]). Racial differences in the association between NfL
exposures and cognitive performance at v1 was tested using NfL × Race
and δNfL × Race interaction terms in separate models, while that of the
association between NfL exposures and cognitive change was carried out
by testing the NfL/δNfL × TIME × Race term in the same model. Following a
similar approach but with a set of OLS linear regression models, race-
specific associations of v1 NfL and δNfL with v2 cognitive performance
(CPv2) as an outcome of interest, were examined, while additionally
adjusting models with the time of follow-up (years) between v1 and v2.
Racial differences were also tested using two-way interaction terms (NfL ×
Race) in unstratified models, as were differences by age group, sex, and
poverty status.
In all models, sample selectivity due to missing exposure and outcome

data, relative to the initially recruited sample, was adjusted for using a two-
stage Heckman selection strategy. Thus, we first predicted an indicator of
selection with socio-demographic factors, namely, v1 age, race, sex, and
poverty status using a probit regression model, which yielded an inverse
mills ratio (IMR), a function of the probability of being selected given those
socio-demographic factors. At a second stage, we estimated our multiple
mixed-effects and OLS linear regression models adjusted for the IMR in
addition to the aforementioned covariates [29].
This study set the Type I error rate a priori for main and interactive effects

before correction for multiple testing to 0.05 and 0.10, respectively [30]. We
accounted for outcome multiplicity (i.e., 11 cognitive test scores) using the
approach of familywise Bonferroni correction [31], specifically for Model 1.

Subsequently, the full model (Model 2) was considered a sensitivity model
in which potentially confounding and/or mediating factors were included.
In addition, a reduced version of Model 2 (Model 3) was tested, whereby
only covariates, aside from those included in Model 1, shown to be
associated with each of the two exposures were included. This model was
only conducted as a sensitivity analysis. Therefore, we adjusted significance
levels for main effects to p < 0.00455 (0.05/11), and for two-way interaction
terms to 0.10/11= 0.00910, similar to previous work [32]. Moreover, q-
values (false discovery rates) were also computed as an alternative means
to correct for multiple testing in Model 1, accounting for multiplicity in
cognitive tests only [33, 34]. Q-values < 0.05 were used for statistical
significance for main effects (e.g., effect of NfLv1), while 0.05 ≤ q-values <
0.10 were considered as significant for two-way interaction terms (e.g.,
effect of NfLv1 × TIME). In our exploratory stratified analysis, all main
hypotheses were tested across sex, age group (≤50 y, >50 y, as 50 y was the
approximate median age) and poverty status (above vs. below poverty),
separately, using the same modeling approach; and only familywise
Bonferroni correction was applied to this part of the analysis (Model 1).
Main findings were illustrated using predictive margins (with estimated
95% CI) of outcomes across time, and by exposure, overall or stratified by
race and/or the other socio-demographic factors, using a specific mixed-
effects or OLS linear regression model. Data analysis code in parts or in full
can be made available upon request to the corresponding author.

RESULTS
Overall, and based on Table 1, participants were ~48 years old at
initial testing; African Americans were significantly older than
Whites (48.7 vs. 47.3, p < 0.05). A significantly higher proportion of
Whites than African Americans had <HS education (7.9% vs. 3.7%).
Although there were no race differences in poverty status, mean
literacy was significantly higher among Whites. Loge transformed
NfLv1 plasma concentration was significantly higher among
Whites compared with African Americans. However, there were
no significant differences between races in the annualized rate of
change values of NfL (delta NfL; δNfL). Current drug use was
higher among African Americans; CES-D total score was higher
among Whites. Although the co-morbidity index did not differ by
race, dyslipidemia was more prevalent among Whites and

Table 1 continued

Overall Whites African American

BVRT +0.49 ± 0.04┼ +0.33 ± 0.06┼,****e +0.59 ± 0.06┼

BTA −0.052 ± 0.021┼ −0.033 ± 0.030 −0.059 ± 0.026┼

AF +0.075 ± 0.038┼ +0.058 ± 0.066 +0.091 ± 0.047

DS-F +0.011 ± 0.015 +0.030 ± 0.026 +0.003 ± 0.019

DS-B +0.024 ± 0.016 +0.055 ± 0.029 +0.009 ± 0.019

CDT −0.015 ± 0.013 −0.028 ± 0.021 −0.004 ± 0.017

Loge (TRAILS A) −0.0003 ± 0.0032 +0.0037 ± 0.0042 −0.004 ± 0.005

Loge(TRAILS B) +0.0156 ± 0.005┼ +0.0234 ± 0.008┼ +0.010 ± 0.007

Abbreviations: AF Animal Fluency; BMI body mass index; BTA Brief Test of Attention; BVRT Benton Visual Retention Test; CDT Clock Drawing Test; CES-D Center
for Epidemiologic Studies-Depression; CVLT-DFR California Verbal Learning Test-Delayed Free Recall; CVLT-List A California Verbal Learning Test-List A; DS-B
Digits Span-Backward; DS-F Digits Span-Forward; HANDLS Healthy Aging in Neighborhoods of Diversity across the Life Span; HEI-2010 Healthy Eating Index,
2010 version; HS high school; MMSE Mini-Mental State Examination; SE standard error; TRAILS A Trailmaking test, part A; TRAILS B Trailmaking test, part B; WRAT-
3 Wide Range Achievement Test, 3rd revision; X mean.
*p < 0.10; **p < 0.05; *** p < 0.010; ****p < 0.001, t-test for the null hypothesis of no between-race differences.
┼p < 0.05, t-test for the null hypothesis of γ1= 0 (fixed effects coefficient for TIME) in mixed-effects linear regression models with TIME as the only variable.
aValues are means (X) ± SE for continuous variables and % for categorical variables. The sample selected has complete data on MMSE and 10 other cognitive
test scores at visits 1 and/or 2 and complete data on ApoE genotypes. Other covariates were multiple imputed (five imputations with ten iterations), using
chained equations. All cognitive test scores are in the direction of higher score → better performance with the exception of BVRT (# of errors) and TRAILS A
and B (# of sec. to complete).
bThe co-morbidity index was calculated as the sum of hypertension, diabetes, and dyslipidemia (or statin use), and self-reported history of cardiovascular
disease included atrial fibrillation, angina, coronary artery disease, congestive heart failure, or myocardial infarction, ranging from 0 to 5.
cCrude baseline cognitive test score. Sample sizes varied between 492 and 624 for the overall sample.
dCrude estimated the annual rate of change in cognitive performance based on mixed-effects linear regression model with TIME as the only covariate.
Difference by race was determined by interacting TIME with race.
ep < 0.05 upon further adjustment for age, sex, and poverty status in multiple linear, logistic, multinomial logit, and mixed-effects linear regression models with
race entered as the main predictor.
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Table 2. Baseline and annual rates of change in plasma neurofilament light (v1 NfL, and δNfL) and their association with cognitive performance at v1

and change over time: overall and race-specific mixed-effects linear regression models: HANDLS 2004–2013a.

NfL, pg/mL, (v1 Loge
transformed, z-scored)

δNfL, pg/mL (annualized
change between v1 and v2,
Loge transformed, z-score)

Model 1 Model 2 Model 1 Model 2

γ ± SE γ ± SE γ ± SE γ ± SE

Overall (N= 625, k= 1.9−2.0) (N= 625, k= 1.9−2.0) (N= 625, k= 1.9−2.0) (N= 625, k= 1.9−2.0)

Outcome= Cognitive performance test score

Normalized MMSE

Exposure, γ0a +1.024 ± 0.667b +0.688 ± 0.607b +0.719 ± 0.574 +1.009 ± 0.508**

Exposure × TIME, γ1a −0.254 ± 0.158c −0.208 ± 0.161c −0.004 ± 0.144 −0.086 ± 0.143

CVLT-List A

Exposure, γ0a +0.404 ± 0.310 +0.486 ± 0.302 −0.208 ± 0.264 −0.177 ± 0.249

Exposure × TIME, γ1a −0.078 ± 0.067 −0.051 ± 0.070 +0.061 ± 0.060 +0.035 ± 0.060

CVLT-DFR

Exposure, γ0a +0.164 ± 0.144 +0.226 ± 0.143 −0.127 ± 0.122 −0.139 ± 0.118

Exposure × TIME, γ1a −0.038 ± 0.031 −0.029 ± 0.032 +0.051 ± 0.027* +0.045 ± 0.028

BVRT

Exposure, γ0a −0.072 ± 0.223 −0.211 ± 0.216 −0.038 ± 0.192 −0.042 ± 0.181

Exposure × TIME, γ1a +0.059 ± 0.048 +0.058 ± 0.051 +0.005 ± 0.044 +0.015 ± 0.044

BTA

Exposure, γ0a +0.164 ± 0.105 +0.100 ± 0.105 +0.073 ± 0.088 +0.102 ± 0.086

Exposure × TIME, γ1a −0.036 ± 0.025 -0.037 ± 0.026 −0.013 ± 0.022 −0.016 ± 0.022

AF

Exposure, γ0a −0.107 ± 0.253 −0.176 ± 0.250 +0.094 ± 0.218 +0.097 ± 0.210

Exposure × TIME, γ1a +0.007 ± 0.046 +0.006 ± 0.048 −0.071 ± 0.041* −0.077 ± 0.042*

DS-F

Exposure, γ0a +0.104 ± 0.103 +0.046 ± 0.098 −0.021 ± 0.089 0.0077 ± 0.083

Exposure × TIME, γ1a −0.015 ± 0.018 −0.018 ± 0.019 −0.010 ± 0.016 −0.011 ± 0.017

DS-B

Exposure, γ0a +0.056 ± 0.097b +0.009 ± 0.091 +0.066 ± 0.084 +0.094 ± 0.076

Exposure × TIME, γ1a −0.023 ± 0.020 −0.025 ± 0.020 +0.005 ± 0.018 +0.000 ± 0.018

CDT

Exposure, γ0a +0.057 ± 0.056b +0.040 ± 0.057b −0.005 ± 0.048 −0.005 ± 0.048

Exposure × TIME, γ1a −0.011 ± 0.015c −0.010 ± 0.016c −0.003 ± 0.014 c +0.001 ± 0.014 c

Loge(TRAILS A)

Exposure, γ0a +0.032 ± 0.016* +0.025 ± 0.017 +0.013 ± 0.014 +0.014 ± 0.014

Exposure × TIME, γ1a −0.001 ± 0.004 −0.001 ± 0.004 +0.002 ± 0.004 +0.0021 ± 0.004

Loge(TRAILS B)

Exposure, γ0a +0.026 ± 0.029 +0.023 ± 0.028 +0.014 ± 0.025 +0.010 ± 0.024

Exposure × TIME, γ1a −0.004 ± 0.006 −0.004 ± 0.006 +0.001 ± 0.006 +0.002 ± 0.006

Whites (N= 273, k= 1.9−2.0) (N= 273, k= 1.9−2.0) (N= 273, k= 1.9−2.0) (N= 273, k= 1.9−2.0)

Outcome= Cognitive performance test score

Normalized MMSE

Exposure, γ0a +2.334 ± 0.988** +1.616 ± 0.836* +0.279 ± 0.880 +0.581 ± 0.731

Exposure × TIME, γ1a −0.661 ± 0.252*** −0.565 ± 0.246** +0.060 ± 0.239 +0.005 ± 0.230

CVLT-List A

Exposure, γ0a +0.311 ± 0.458 +0.194 ± 0.433 −0.518 ± 0.395 −0.369 ± 0.370

Exposure × TIME, γ1a −0.025 ± 0.116 +0.026 ± 0.120 +0.099 ± 0.106 +0.071 ± 0.108

CVLT-DFR

Exposure, γ0a +0.238 ± 0.214 +0.190 ± 0.208 −0.299 ± 0.184 −0.290 ± 0.178

Exposure × TIME, γ1a −0.032 ± 0.049 −0.008 ± 0.050 +0.092 ± 0.045** +0.086 ± 0.045*
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Table 2 continued

NfL, pg/mL, (v1 Loge
transformed, z-scored)

δNfL, pg/mL (annualized
change between v1 and v2,
Loge transformed, z-score)

BVRT

Exposure, γ0a -0.217 ± 0.319 -0.206 ± 0.294 +0.147 ± 0.283 +0.008 ± 0.257

Exposure × TIME, γ1a +0.076 ± 0.067 +0.066 ± 0.069 −0.058 ± 0.063 −0.027 ± 0.063

BTA

Exposure, γ0a +0.375 ± 0.160** +0.273 ± 0.158* −0.010 ± 0.135 +0.013 ± 0.130

Exposure × TIME, γ1a −0.072 ± 0.040* −0.055 ± 0.040 −0.002 ± 0.036 −0.003 ± 0.035

AF

Exposure, γ0a −0.282 ± 0.379 −0.442 ± 0.363 +0.048 ± 0.335 −0.004 ± 0.321

Exposure × TIME, γ1a +0.004 ± 0.075 −0.005 ± 0.077 −0.075 ± 0.070 −0.063 ± 0.071

DS-F

Exposure, γ0a 0.122 ± 0.154 +0.030 ± 0.136 +0.118 ± 0.136 +0.108 ± 0.118

Exposure × TIME, γ1a −0.021 ± 0.030 −0.025 ± 0.030 +0.012 ± 0.028 +0.016 ± 0.028

DS-B

Exposure, γ0a +0.217 ± 0.153 +0.103 ± 0.137 +0.167 ± 0.136 +0.207 ± 0.119*

Exposure × TIME, γ1a −0.048 ± 0.033 −0.044 ± 0.034 +0.031 ± 0.031 +0.022 ± 0.031

CDT

Exposure, γ0a −0.075 ± 0.079 −0.066 ± 0.078 +0.085 ± 0.070 +0.091 ± 0.068

Exposure × TIME, γ1a +0.036 ± 0.023 +0.035 ± 0.024 −0.041 ± 0.022* −0.043 ± 0.022*

Loge(TRAILS A)

Exposure, γ0a +0.034 ± 0.021 +0.038 ± 0.020* +0.004 ± 0.019 +0.004 ± 0.018

Exposure × TIME, γ1a −0.002 ± 0.005 −0.001 ± 0.005 +0.002 ± 0.004 +0.001 ± 0.005

Loge(TRAILS B)

Exposure, γ0a +0.000 ± 0.041 +0.018 ± 0.037 +0.029 ± 0.036 +0.019 ± 0.032

Exposure × TIME, γ1a −0.002 ± 0.009 −0.004 ± 0.009 +0.002 ± 0.008 +0.002 ± 0.008

African American (N= 352, k= 1.9) (N= 352, k= 1.9) (N= 352, k= 1.9) (N= 352, k= 1.9)

Outcome= Cognitive performance test score

Normalized MMSE

Exposure, γ0a −0.183 ± 0.910 −0.075 ± 0.870 +1.153 ± 0.756 +1.305 ± 0.705*

Exposure × TIME, γ1a +0.047 ± 0.203 +0.025 ± 0.210 −0.053 ± 0.180 −0.102 ± 0.182

CVLT-List A

Exposure, γ0a +0.336 ± 0.413 +0.562 ± 0.412 +0.097 ± 0.343 +0.053 ± 0.332

Exposure × TIME, γ1a −0.099 ± 0.080 −0.108 ± 0.084 +0.040 ± 0.068 +0.023 ± 0.070

CVLT-DFR

Exposure, γ0a +0.066 ± 0.193 +0.216 ± 0.197 +0.039 ± 0.160 −0.009 ± 0.158

Exposure × TIME, γ1a −0.046 ± 0.040 −0.052 ± 0.042 +0.022 ± 0.034 +0.017 ± 0.035

BVRT

Exposure, γ0a +0.158 ± 0.317 −0.117 ± 0.314 −0.228 ± 0.264 −0.139 ± 0.255

Exposure × TIME, γ1a +0.025 ± 0.069 +0.034 ± 0.072 +0.046 ± 0.060 +0.043 ± 0.061

BTA

Exposure, γ0a +0.020 ± 0.140 +0.005 ± 0.141 +0.157 ± 0.116 +0.173 ± 0.115

Exposure × TIME, γ1a −0.023 ± 0.032 −0.036 ± 0.034 −0.025 ± 0.028 −0.022 ± 0.028

AF

Exposure, γ0a −0.110 ± 0.336 −0.062 ± 0.337 +0.193 ± 0.280 +0.182 ± 0.275

Exposure × TIME, γ1a +0.007 ± 0.059 +0.016 ± 0.061 −0.075 ± 0.051 −0.098 ± 0.052*

DS-F

Exposure, γ0a +0.081 ± 0.139 +0.043 ± 0.137 −0.130 ± 0.116 −0.085 ± 0.112

Exposure × TIME, γ1a −0.011 ± 0.024 −0.013 ± 0.025 −0.023 ± 0.021 −0.025 ± 0.021

DS-B

Exposure, γ0a −0.086 ± 0.126 −0.082 ± 0.118 −0.020 ± 0.103 −0.021 ± 0.096

Exposure × TIME, γ1a −0.004 ± 0.024 −0.007 ± 0.025 −0.008 ± 0.021 −0.007 ± 0.022
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hypertension was more prevalent among African Americans. In
this select sample, Whites performed better than African
Americans on most cognitive tests at v1. Whites had a greater
rate of decline on CVLT-List A and a smaller rate of decline on the
BVRT than African Americans.
Our main hypotheses of associations between plasma NfL

exposures and time-dependent cognitive outcomes were exam-
ined by mixed-effects and OLS regression models (Tables 2, 3) and
are summarized in Fig. S1. Our exploratory analyses by age group,
sex, and poverty status are presented in Tables S1−S3. Over a
mean follow-up of 4.3 years, no association retained statistical
significance upon correction for multiple testing in the total
sample. However, we found initial NfL (i.e., NfLv1) was associated
with faster decline on normalized mental status scores in Whites
only (δMMSEnorm:: γ11=−0.661 ± 0.252, P= 0.0085, q= 0.094,
reduced model), an association that retained significance in the
fully adjusted model 2. This association (NfLv1 vs. decline in
performance) was also found in those >50 years of age
(δMMSEnorm: γ11=−0.705 ± 0.242, P= 0.004, reduced model);
(Tables 2 and S2). Annualized increase in NfL was associated with
greater decline in verbal fluency in men (δAF: γ11=−0.181 ± 0.058,
P= 0.002, full model); (Table S1). In other exploratory analyses
(Tables S1−S3), annualized increase in NfL was associated with
slower decline in verbal memory among individuals living above
poverty (δCVLT-DFR:+0.104 ± 0.036, P= 0.004, reduced model),
while, in the older group (>50 years), first-visit NfL was linked with
better performance at baseline in global mental status and verbal
memory (P < 0.004). Finally, and upon correction for multiple
testing, no stratum-specific associations were found between NfLv1
(or δNfL) and follow-up cognitive performance. Reduction of Model
2 to Model 3, leaving in only additional covariates (in addition to
socio-demographics) that were associated with NfL exposures, did
not alter our main findings.
The main finding among Whites, for NfLv1 vs. normalized MMSE

scores across time is presented in terms of predictive margins of

outcome per SD of exposure in Fig. 2A. The Figure indicates that
among those with higher NfLv1 (i.e., v1 Loge transformed plasma
NfL, z-scored: mean+ 1 SD), normalized MMSE score was on a
decline over a period of 5 years as opposed to participants with
NfLv1 at the mean or at mean− 1 SD, whose performance was
improving over time, from an initial low level. This was not the
case among African Americans. Figure S1 summarizes findings
from Model 1, across race, for all regression analyses with 11
cognitive test scores, three types of outcomes, and two exposures.
Figure 2B−E shows predictive margins of cognitive performance
tests across exposure levels (NfLv1 and δNfL: z-score for annualized
change in Loge transformed plasma NfL between v1 and v2) and
by sex, age group, and poverty status, highlighting the key
exploratory findings.

DISCUSSION
Main findings
This study is one of the few to examine plasma NfL baseline level
(NfLv1) and its annualized rate of change over a 5 y follow-up
(δNfL) and the longitudinal associations with cognitive perfor-
mance in middle-aged adults over the same period of time. The
study was specifically conducted among a bi-racial urban cohort
of middle-aged men and women who were free from dementia at
baseline. The sampling strategy allowed us to examine key tested
associations across racial groups, and secondarily across sex, age,
and poverty status groups. Cognitive performance was measured
twice for most selected participants, reflecting global mental
status and domains of verbal memory and fluency, visual memory
and visuo-spatial abilities, attention, and executive functions. Over
a mean follow-up of 4.3 years, we found initial NfL was associated
with a faster decline on normalized mental status scores in Whites
only and in those >50 years old. Annualized increase in NfL was
associated with a greater decline in verbal fluency in men. In other
exploratory analyses, annualized increase in NfL was associated

Table 2 continued

NfL, pg/mL, (v1 Loge
transformed, z-scored)

δNfL, pg/mL (annualized
change between v1 and v2,
Loge transformed, z-score)

CDT

Exposure, γ0a +0.156 ± 0.079* +0.134 ± 0.081 −0.072 ± 0.066 −0.070 ± 0.066

Exposure × TIME, γ1a −0.046 ± 0.021** −0.043 ± 0.021** +0.022 ± 0.0180 +0.026 ± 0.018

Loge(TRAILS A)

Exposure, γ0a +0.025 ± 0.025 +0.008 ± 0.025 +0.020 ± 0.021 +0.027 ± 0.020

Exposure × TIME, γ1a −0.001 ± 0.006 −0.001 ± 0.006 +0.003 ± 0.005 +0.003 ± 0.005

Loge(TRAILS B)

Exposure, γ0a +0.039 ± 0.042 +0.019 ± 0.042 −0.001 ± 0.035 −0.001 ± 0.034

Exposure × TIME, γ1a −0.004 ± 0.009 −0.003 ± 0.009 +0.001 ± 0.007 +0.003 ± 0.007

Abbreviations: AF Animal Fluency; BTA Brief Test of Attention; BVRT Benton Visual Retention Test; CDT Clock Drawing Test; CES-D Center for Epidemiologic
Studies-Depression; CVLT-DFR California Verbal Learning Test-Delayed Free Recall; CVLT-List A California Verbal Learning Test-List A; DS-B Digits Span-Backward;
DS-F Digits Span-Forward; HANDLS Healthy Aging in Neighborhoods of Diversity across the Life Span; HEI-2010 Healthy Eating Index, 2010 version; k number of
observations/participant; MMSE Mini-Mental State Examination; SD standard deviation; SE standard error; NfL neurofilament light; TRAILS A Trailmaking test,
part A; TRAILS B Trailmaking test, part B; WRAT-3 Wide Range Achievement Test, 3rd revision; X mean.
*p < 0.10; **p < 0.05; ***p < 0.010; ****p < 0.001, test for null hypothesis of γ= 0. Bolded values passed correction for multiple testing; underlined values passed
q < 0.05 correction for multiple testing in Model 1.
aModels 1A.1−1K.2 included each of NfL (Loge transformed, z-scored) or δNfL (annualized change in Loge transformed NfL, z-scored), separately as the main
predictor for v1 cognitive performance and cognitive change over time (11 test scores), using a series of mixed-effects linear regression models, carried out in
the overall population, and stratified by race. These models adjusted only for age, sex, race, poverty status, and the inverse mills ratio. Models 2A.1−2K.2
followed a similar approach but adjusted further for selected socio-demographic, lifestyle, and health-related factors, namely educational attainment, the
WRAT-3 score, current drug use, current tobacco use, body mass index, self-rated health, co-morbidity index, HEI-2010, total energy intake, and the CES-D total
score. 1 SD of baseline Loge(NfL) is estimated at 0.51; mean= 1.98. dNfL values are annualized changes in Loge transformed NfL between v1 and v2, z-scored.
1 SD of annualized change in Loge(NfL) is estimated at 0.101; mean= 0.044.
bp < 0.05 for Race × NfL/δNfL in models that are unstratified by race to which this three-way interaction was included.
cp < 0.05 for Race × NfL/δNfL × TIME in models that are unstratified by race to which this two-way interaction was included.
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Table 3. Baseline plasma neurofilament light (v1 NfL and δNfL) and their association with cognitive performance at v2: overall and race-specific
multiple ordinary least square linear regression models: HANDLS 2004−2013a.

Whites African
Americans

Model 1 Model 2 Model 1 Model 2

β ± SE β ± SE β ± SE β ± SE

NfL, pg/mL, (v1 Loge transformed, z-scored)

Outcome= cognitive performance test score

Normalized MMSE N= 258 N= 258 N= 330 N= 330

−0.622 ± 0.915 −0.852 ± 0.869 +0.134 ± 0.923 +0.048 ± 0.935

CVLT-List A N= 272 N= 272 N= 349 N= 349

+0.208 ± 0.515 +0.243 ± 0.521 −0.180 ± 0.442 −0.062 ± 0.447

CVLT-DFR N= 272 N= 272 N= 349 N= 349

+0.117 ± 0.226 +0.148 ± 0.230 −0.139 ± 0.189 −0.033 ± 0.193

BVRT N= 273 N= 273 N= 350 N= 350

+0.127 ± 0.330 +0.146 ± 0.318 +0.311 ± 0.316 +0.089 ± 0.310

BTA N= 266 N= 266 N= 346 N= 346

+0.072 ± 0.153 +0.015 ± 0.149 −0.091 ± 0.146 −0.163 ± 0.146

AF N= 273 N= 273 N= 351 N= 351

−0.289 ± 0.386 −0.488 ± 0.387 −0.111 ± 0.332 −0.032 ± 0.338

DS-F N= 258 N= 258 N= 345 N= 345

+0.041 ± 0.169 −0.073 ± 0.155 +0.012 ± 0.145 −0.039 ± 0.145

DS-B N= 257 N= 257 N= 343 N= 343

−0.037 ± 0.170 −0.160 ± 0.153 −0.103 ± 0.136 −0.123 ± 0.133

CDT N= 273 N= 273 N= 351 N= 351

+0.065 ± 0.088 +0.067 ± 0.090 −0.055 ± 0.080 −0.074 ± 0.083

Loge(TRAILS A) N= 273 N= 273 N= 351 N= 351

+0.024 ± 0.023 +0.031 ± 0.022 +0.021 ± 0.025 +0.007 ± 0.026

Loge(TRAILS B) N= 272 N= 272 N= 351 N= 351

−0.001 ± 0.043 +0.008 ± 0.04 +0.023 ± 0.046 +0.01 ± 0.045

δNfL, pg/mL (annualized change between v1 and v2, Loge transformed, z-scored)

Outcome= Cognitive performance test score

Normalized MMSE N= 258 N= 258 N= 330 N= 330

+0.484 ± 0.812 +0.692 ± 0.756 +1.371 ± 0.780* +1.144 ± 0.783

CVLT-List A N= 272 N= 272 N= 349 N= 349

−0.193 ± 0.457 −0.135 ± 0.456 +0.270 ± 0.368 +0.186 ± 0.365

CVLT-DFR N= 272 N= 272 N= 349 N= 349

+0.032 ± 0.201 +0.043 ± 0.202 +0.154 ± 0.157 +0.097 ± 0.157

BVRT N= 273 N= 273 N= 350 N= 350

−0.048 ± 0.293 −0.062 ± 0.272 −0.049 ± 0.265 +0.034 ± 0.253

BTA N= 266 N= 266 N= 346 N= 346

+0.007 ± 0.135 +0.016 ± 0.129 +0.054 ± 0.122 +0.073 ± 0.118

AF N= 273 N= 273 N= 351 N= 351

−0.217 ± 0.343 −0.234 ± 0.334 −0.141 ± 0.277 −0.211 ± 0.275

DS-F N= 258 N= 258 N= 345 N= 345

+0.168 ± 0.147b +0.165 ± 0.132 −0.219 ± 0.120 *b −0.186 ± 0.119

DS-B N= 257 N= 257 N= 343 N= 343

+0.296 ± 0.148**b +0.315 ± 0.13** −0.060 ± 0.115b −0.067 ± 0.110

CDT N= 273 N= 273 N= 351 N= 351

−0.064 ± 0.078 −0.069 ± 0.078 +0.023 ± 0.067 +0.042 ± 0.068

Loge(TRAILS A) N= 273 N= 273 N= 351 N= 351

+0.012 ± 0.020 +0.013 ± 0.019 +0.033 ± 0.021 +0.037 ± 0.021*

Loge(TRAILS B) N= 272 N= 272 N= 351 N= 351

+0.033 ± 0.038 +0.031 ± 0.035 0.000 ± 0.038 +0.009 ± 0.037

Abbreviations: AF Animal Fluency; BTA Brief Test of Attention; BVRT Benton Visual Retention Test; CDT Clock Drawing Test; CES-D Center for Epidemiologic
Studies-Depression; CVLT-DFR California Verbal Learning Test-Delayed Free Recall; CVLT-List A California Verbal Learning Test-List A; DS-B Digits Span-Backward;
DS-F Digits Span-Forward; HANDLS Healthy Aging in Neighborhoods of Diversity across the Life Span; HEI-2010 Healthy Eating Index, 2010 version; MMSE Mini-
Mental State Examination; k number of observations/participant; SD standard deviation; NfL neurofilament light; TRAILS A Trailmaking test, part A; TRAILS B
Trailmaking test, part B; WRAT-3 Wide Range Achievement Test, 3rd revision.
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with slower decline in verbal memory among individuals living
above poverty, while, in the older group (>50 years), first-visit NfL
was linked with better performance at baseline in global mental
status and verbal memory.

Previous studies and biological mechanisms
Currently, methods to diagnose and monitor neuropathology are
based on various imaging modalities, which are expensive with
limited availability. CSF biomarkers, including NfL, have also been
utilized, but require invasive procedures. Therefore, non-invasive
biomarkers of neurocognitive decline are needed to identify those
individuals at risk for AD and other neurodegenerative diseases.
Plasma NfL may be one such non-invasive biomarker. Recent
technological advances indicate that NfL levels measured in the
blood, i.e., plasma NfL, are associated with AD diagnosis and with
various cognitive, imaging, and biochemical disease measures
[1, 15, 35]. CSF NfL also was inversely associated with the clinical
dementia rating scale, the Recognition Memory Test [9], and the
cognitive sub-scale of an AD assessment battery [10]. Several
studies have indicated that CSF NfL is elevated in the early stages
of dementia and is a strong predictor for cognitive decline in Aβ
positive individuals [36, 37], and in the general non-demented
older adult population [22]. Given that Aβ positivity alone was not
sufficient to predict symptoms of cognitive decline in AD,
identifying additional markers of neurodegeneration that are
downstream from Aβ accumulation has high utility for screening
individuals in pre-symptomatic trials [9].
Given the high correlation between plasma and CSF NfL levels,

and the invasiveness of acquiring CSF, plasma NfL may have greater
overall utility as a screening tool. Several recent studies have shown
that plasma NfL may accurately predict the estimated year of onset
for dementia [38, 39]. In fact, several recent studies have shown that
serum or plasma NfL are direct indicators of axonal degeneration
based on neuroimaging markers, including gray and white matter
pathology [21, 40, 41], and can act as a proxy for hypometabolism in
AD-vulnerable brain regions, particularly in Aβ-positive individuals
[42]. Generally, the demyelination of axons triggers inefficiency in
energy utilization, dysfunction of the mitochondria, and oxidative
stress accumulation, alterations that increase axonal fragmentation
and result in neurodegeneration [43]. The spread of such pathology
can occur at independent tract locations and their associated gray
matter structures [44]. Since such axonal retraction does not often
occur simultaneously, it is more likely that baseline plasma NfL rather
than follow-up or change in NfL, is associated with change or follow-
up outcome of neurodegeneration, as well as adverse cognitive
performance outcomes [40, 45]. This is in line with our main findings.
Among older adults, several studies have indicated that plasma

NfL is a good predictor for cognitive decline or impairment,
independently of neuroimaging markers. One recent study found
that individuals with AD or fronto-temporal dementia cases had
higher plasma NfL compared to cognitively normal controls, with
no differences detected for other neuropsychiatric disorders [46].
Upon adjustment for baseline hippocampal atrophy and memory
scores, plasma NfL predicted greater cognitive decline among the
cognitively impaired [46]. Another study among older adults
suggested that a combination of markers (low plasma Aβ42/Aβ40

ratio and high plasma NfL level) was associated with a greater
decline in cognitive performance over time [20]. These findings
were recently corroborated by Mielke and colleagues who
examined both plasma and CSF NfL in relation to cognitive and
neuroimaging outcomes in a small sample of older adults (N= 79,
median age: 76 y) participating in the Alzheimer’s Disease Neuro-
imaging (ADNI) study. Their findings indicate that elevated
baseline plasma NfL may adequately predict cognitive decline
and brain imaging neurodegenerative measures, with comparable
effect sizes to baseline CSF NfL [21]. Furthermore, Rajan and
colleagues found that 1,327 older participants, plasma NfL >
25.5 pg/ml (determined 4–8 y prior to AD onset) was associated
with 110% faster cognitive decline over 16 y of follow-up, as well
as a faster decline in cortical thickness [18]. Similarly, He and
colleagues found that among 452 older adults, a combination of
elevated Aβ and plasma NfL was associated with faster decline on
the MMSE compared with lower levels, even upon adjustment for
APOE4 status [20]. Moreover, Nyberg and colleagues found that
plasma NfL, while reflecting white matter alteration, may not be a
good predictor for cognitive impairment or impending AD [19].
Most recently, Rübsamen et. al. (2021) evaluated associations
between NfL and tau serum levels, neuropsychological function-
ing, and brain structure among a sample of 385 adults aged 65+
years enrolled in the Memory and Morbidity in Augsburg Elderly
study [16]. The authors used linear regression models adjusted for
age, sex, years of education, and comorbidities and reported a
cross-sectional association between NfL serum levels and neu-
ropsychological functioning which included standardized cogni-
tive tests spanning the domains of short-term memory, cognitive
speed, attention, and motor speed [16]. Furthermore, in a study by
Khalil and colleagues (2020), the authors examined age-related
changes in NfL serum levels and their associations with brain
structure and functioning [17]. In a sample of 335 men and
women drawn from the prospective and ongoing Austrian Stroke
Prevention Family Study, the authors used backwards stepwise
regression while considering comorbidities and observed that
individuals with elevated and more variable NfL serum levels
tended to show accelerated rates of neuronal injury which may be
attributed to subclinical comorbid pathologies [17]. Moreover, the
authors reported that baseline NfL serum levels were negatively
associated with annualized changes in scores obtained from the
Mini-Mental State Examination [17]. Taken together, these studies
may suggest associations between NfL levels and changes in brain
volume which may, in turn, influence neuropsychological
functioning.
Our data in middle-aged adults is in agreement with other

studies among older adults, indicating the utility of blood-based
NfL as a non-invasive biomarker of cognitive decline, which may
allow for disease monitoring. Few studies have examined long-
itudinal change in blood levels of NfL. In one study of AD,
longitudinal plasma NfL levels increased in individuals with several
baseline AD-disease measures [10]. Here, we examined long-
itudinal changes in plasma NfL in non-demented middle-aged
adults. Therefore, we were able to assess baseline and rates of
change of NfL in relation to longitudinal cognitive test perfor-
mance across race and other socio-demographic variables (sex,

*p < 0.10; **p < 0.05; ***p < 0.010; ****p < 0.001, test for null hypothesis of β= 0. Bolded values (if any) passed correction for multiple testing; Underlined values
(if any) passed q < 0.05 correction for multiple testing in Model 1.
aModels 1A.1−1K.2 included each of NfL (Loge transformed, z-scored) or δNfL (annualized change in Loge transformed NfL, z-scored), separately as the main
predictor for v2 cognitive performance (11 test scores), using a series of multiple linear regression models, stratified by race. These models adjusted only for
age, sex, race, poverty status, length of follow-up (years), and the inverse mills ratio. Models 2A.1−2K.2 followed a similar approach but adjusted further for
selected socio-demographic, lifestyle, and health-related factors, namely educational attainment, the WRAT-3 score, current drug use, current tobacco use,
body mass index, self-rated health, co-morbidity index, HEI-2010, total energy intake, the CES-D total score. 1 SD of baseline Loge(NfL) is estimated at 0.51;
mean= 1.98. dNfL values are annualized changes in Loge transformed NfL between v1 and v2, z-scored. 1 SD of annualized change in Loge(NfL) is estimated at
0.101; mean= 0.044.
bp < 0.05 for Race × NfL in models that are unstratified by race to which this two-way interaction was included.
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age group, and poverty status). This is important given the limited
information about the longitudinal changes in plasma NfL,
especially in non-diseased cohorts. These associations we found,
highlight the underlying neurodegeneration that occurs over time
and suggests that baseline plasma NfL levels in Whites and in
individuals >50 y may be valuable to predict those individuals who
will cognitively decline faster than others. The lack of association
between NfL and cognitive decline among African Americans may
be due to less variability in NfL and limited change in cognitive
performance over time within this racial group, especially among
middle-aged adults, as compared with Whites and therefore a
reduced statistical power to detect such an association. Among
Whites, the only other cognitive performance test that was
suggestive of an association between first-visit NfL and cognitive
decline over time was BTA, reflecting attention, though this
relationship did not survive correction for multiple testing (γ11=
−0.072 ± 0.040, p < 0.10, Model 1).
More generally, our study detected few associations between

plasma NfL and cognitive decline compared with other studies,
due to several possible reasons. First, our sample consisted of
middle-aged adults, while most other studies were conducted
among older adults aged over 60 y at baseline. This would result in
a less steep decline in cognition over time in our sample
compared to others of older mean age at baseline, which in turn
would reduce the statistical power to detect an association
between exposure and change in cognition over time, keeping
exposure variability the same across samples. However, younger
age also results in less variability in the plasma NfL exposures,

further reducing statistical power. Second, our sample consisted of
a diverse group of middle-aged adults, whereas most other
studies recruited middle to upper-middle-class White older adults.
This difference in age group, racial, and SES composition is
expected to yield diverging findings between our study and those
of others, mainly due to differing baseline exposure and outcome
levels. Finally, we have adjusted for a large number of potential
confounders, including body mass index, and cardio-metabolic
risk factors, some of which were shown to be associated with
plasma NfL in previous studies [47, 48]. We also accounted for
literacy, depressive symptoms, and other important factors that
most other studies have not controlled for.

Strengths and limitations
Our study has several notable strengths. First, it is one of the
largest longitudinal studies to examine plasma NfL levels in
relation to cognition, using data from a community-based
population, and the first to do so among middle-aged adults. In
addition, plasma NfL was detected and quantified in non-
demented individuals, which adds value to utilizing this biomarker
as an early marker to monitor cognitive decline over time. Second,
we had access to an extensive battery of cognitive tests that
spanned the main domains of cognition, as well as measuring
global mental status. Test scores had mostly two repeats, as did
the main exposure of interest, plasma NfL. Third, the well-
balanced sampling of HANDLS allowed for stratification of our
analyses by race, sex, age group, and poverty status. Fourth, we
used advanced statistical techniques, including mixed-effects

Fig. 2 Summary of key findings by race, sex, age group, and poverty status across NfL exposuresa,b. aNfLv1 values are Loge transformed
and z-scored. Levels of exposure are −1: mean− 1 SD; 0: at mean; +1: mean+ 1 SD. 1 SD of baseline Loge(NfL) is estimated at 0.51; mean=
1.98. dNfL values are annualized changes in Loge transformed NfL between v1 and v2, z-scored. 1 SD of annualized change in Loge(NfL) is
estimated at 0.101; mean= 0.044. All test scores presented in these figures are coded in the direction of higher score → better performance.
bA Predicted margins for normalized MMSE total score across NfLv1 are based on Model 1 among Whites and African Americans in Table 2;
B predicted margins for animal fluency scores across dNfL are based on Model 2 among women and men in Table S1; C predicted margins for
normalized MMSE total score across NfLv1 are based on Model 1 among ≤50 y vs. >50 y age groups in Table S2; D predicted margins for CVLT-
List A across NfLv1 are based on Model 1 among ≤50 y vs. >50 y age groups in Table S2; E predicted margins for CVLT-DFR across dNfL are
based on Model 2 among “above poverty” vs. “below poverty” groups in Table S3. Abbreviations: AF Animal Fluency; BC baseline cognitive
performance; CVLT-DFR California Verbal Learning Test-Delayed Free Recall; CVLT-List A California Verbal Learning Test-List A; dNfL z-scores of
annualized rates of change NfL, Loge transformed; NfLv1 plasma NfL levels, Loge transformed, z-scored at v1.
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linear regression models, multiple imputations, and 2-stage
Heckman selection to test our key hypotheses, while reducing
confounding and selection biases. The availability of two
concurrent repeats of exposures and outcomes, allowed us to
examine relationships in a detailed and bi-directional manner,
though mainly focusing on the potential impact of NfL on
cognition, rather than the reverse direction. Nevertheless, our
study also has some limitations. First, our study sample was
relatively young with a low mean NfL at baseline, when compared
to previous studies that examined these questions in older adults.
In addition, cognitive decline was limited in that age group, and
was only evident above the age of 50 y. This may have reduced
our ability to detect an association between NfL at v1 and change
in cognitive function in the overall population. However, our
results among Whites and the older group, suggest that NfL at v1
may be a predictor of decline in global mental status in middle-
age in those groups who have a high performance on the MMSE
at baseline and are prone to decline over a period of ~5 y.

CONCLUSIONS
In summary, first-visit NfL was primarily associated with the global
mental status decline among Whites, while exhibiting inconsistent
relationships in some exploratory analyses. More comparable
longitudinal studies are needed among middle-aged adults to
determine the utility of plasma NfL both at baseline and as a
marker of change over time in relationship to cognitive
performance and decline.
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Method S1: NfL sample selection 

   Plasma NfL was quantified in a sub-cohort of participants from HANDLS from visits v1 (2004-

2009), v2 (2009-2013) and v3 (2013-2018), from which we extracted data from only v1 and v2 for 

our present study. This sub-sample included participants from the HANDLS SCAN, an ancillary 

neuroimaging sub-study, (n=238)1 This sub-study of the HANDLS cohort excluded participants 

with a history of dementia, stroke, transient ischemic attack, and carotid endarterectomy, MRI 

contraindications, terminal illness, HIV positivity or other neurological disorders 1. All HANDLS 

SCAN participants included in this sub-study had donated plasma samples at three different visits 

except for one participant that had samples from only 2 of 3 visits. In addition, we also included 

participants (n=463; 1389 samples) that donated plasma samples at v1, v2 and v3, who were HIV 

negative, had complete cognitive tests [Trailmaking test, part A (TRAILS A) and Digits Span-

Forward (DS-F)[ at v1 and v2, Centers of Epidemiologic Studies-Depression (CES-D) scores at all 

3 visits and with no history of HIV, stroke, transient ischemic attack, dementia, epilepsy, 

Parkinson’s disease or brain cancer. Participants (n=3) were also included who had plasma samples 

available from v1, v2 and v3, who also had genome wide DNA methylation data at v12-4. These 

participants had the exclusions listed above. Thus, overall, N=694 HANDLS participants had 

plasma NfL data at v1 and N=709 at v2.  

Method S2: Description of cognitive tests, literacy and the CES-D 

 

Mini-Mental State Examination (MMSE) 

The MMSE 5 is a cognitive screener that  captures global cognitive functioning by briefly 

measuring orientation, concentration, immediate and short-term memory, language and 

constructional praxis. Scores range from 0 to 30. Higher scores suggest better cognitive function.  
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California Verbal Learning Test (CVLT) 

    The CVLT 6 is a verbal learning and memory test that includes a 16-item word list. A 

modified version of the CVLT was used with three, as opposed to five, learning trials. Cued 

recall was not administered. To capture verbal learning and memory, CVLT outcomes variables 

were total correct score for List A (learning) and List A long-delay free recall (memory). The 

learning score ranged from 0 to 48 and the memory score ranged from 0 to 16. Higher scores 

indicate better verbal learning and memory. A more comprehensive description of CVLT can be 

found elsewhere 6. 

Benton Visual Retention Test (BVRT) 

The BVRT 7 is a measure of nonverbal memory and visuo-constructional abilities. 

Administration A, Form D was used. A modified error scoring system based off the BVRT 

manual was used to guide two trained examiners in scoring the BVRT. Resolution of 

discrepancies in scoring were attempted by the two examiners, however, if a consensus could not 

be achieved, MKT, a research psychologist, provided the score. The outcome variable was total 

errors, with higher values indicating lower visual memory scores. 

Digit Span Forward and Backward (DS-F and DS-B) 

The Wechsler Adult Intelligence Scale, Revised8 Digit Span Forward and Backward 

primarily capture attention and working memory, a component of executive function. The tests 

were administered according to the manual’s instructions. The outcome variable was the total 

score, which was the total number of correct answers for each test. 

Category Fluency 
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Category fluency9,10 is a measure of semantic verbal fluency, where participants are asked 

to generate as many animals as possible within a 60 second duration. Higher scores indicate better 

category fluency. The outcome variable was the total number of correctly generated words (i.e., 

words that were not intrusions and perseverations).  

Brief Test of Attention (BTA) 

For the BTA 11, a test of divided auditory attention,  the examiner administered up to 10 

trials of letters and numbers (4-18 items) that increased in length with each trial. Only the numbers 

portion of the test was administered. For each trial, participants were asked to disregard the number 

of letters read, while tracking how many numbers were recited. They were also told to keep their 

hands in fists to avoid finger counting. The outcome variable was the total number of correct trials. 

Trail Making Tests A and B (TRAILS A and B)  

      The Trail Making Tests A and B12 primarily capture attention and executive functioning, 

respectively. The main executive function subdomain that TRAILS B captures is set-shifting and 

cognitive control. Both trials also measure visuo-motor scanning and processing speed. 

Participants were asked to draw a line between consecutive numbers (TRAILS A) and alternate 

between numbers and letters (TRAILS B) as quickly as they could. They were informed that they 

were being timed. The examiner pointed out errors that were then corrected by the participant.  

Errors were captured via increased time. Scores for TRAILS A and B reflected seconds to 

completion, where higher scores indicate poorer performance. 

Clock Drawing Test – Clock to Command (CDT) 

The Clock Drawing Test 13 is a measure of visuo-spatial abilities, that also captures 

elements of memory and executive function. Participants are instructed to draw a clock, put in all 
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of the numbers, and set the hands to 10 minutes past 11. Performance is based off correct drawings 

of the clock face (0-2), numbers (0-4) and hands (0-4). Scores ranged from 0 to 10, with higher 

scores indicating better performance. Participants who did not score a perfect score on the 

command portion of the test were also asked to copy a clock with the hands set to 10 minutes after 

11.  

Wide Range Achievement Test – 3rd Edition: Word and Letter Reading Subtest (WRAT) 

The WRAT Word and Letter Reading Subtest 14 is a test of reading ability that is often 

used as a proxy for literacy and quality of education. Participants were instructed to correctly read 

a list of 50 words that increased in difficulty. If the first five words were not correctly pronounced, 

letter reading was also administered. Standard instructions were used with the tan form. The 

outcome variable used was the total number of correctly pronounced words.  

Center for Epidemiological Studies Depression Scale (CES-D) 

The CES-D 15 is a 20-item measure of depressive symptomatology. Participants are asked 

to consider the frequency and severity of their symptoms over the last week. Scores ranged from 

0 to 60. Scores of >16 indicated significant depressive symptoms and scores of >20 indicated a 

clinically significant amount of depressive symptoms. 
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Method S3: Mixed-effects regression models 

 

 

The main multiple mixed-effects regression models can be summarized as follows: 
  Multi-level models   vs. Composite models 

Eq. 

1.1-1.4 

 

 

 
 

  

 

 

Where Yij is the outcome (Each cognitive test score measured at v1 and/or v2) for each 

individual “i” and visit “j”; is the level-1 intercept for individual i; is the level-1 

slope for individual i; is the level-2 intercept of the random intercept ; is the 

level-2 intercept of the slope ; is a vector of fixed covariates for each individual i 

that are used to predict level-1 intercepts and slopes, which can include socio-

demographic variables among others. In this analysis, mixed-effects regression models  

included NfL and δNfL exposures (Xij) along with covariates (Zij).  and are level-

2 disturbances; is the within-person level-1 disturbance 16.  

    It is worth noting that the models were fit using the entire HANDLS cohort with 

complete data on either v1 or v2 on cognitive tests was used to improve reliability of 

predicted estimates.  
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Table S1. Summary of exploratory analysis findings by sexa 

 Annual rate of change 
γ1a±SE 

 Baseline performance 
γ0a±SE 

 Follow-up performance 
β±SE 

 Women Men  Women Men  Women Men 
 N=365, k=1.9-

2.0 
N=260, k=1.9-
2.0 

 N=365, k=1.9-
2.0 

N=260, k=1.9-
2.0 

 N=345-364 N=243-260 

MODEL 1         
V1 NFL         
Normalized MMSE -0.102±0.209 -0.363±0.244   +0.362±0.906 +1.613±0.991   -0.212±0.870 -0.119±0.973 
CVLT-List A -0.058±0.102 -0.059±0.085   -0.058±0.465 +0.810±0.404**   -0.346±0.507 +0.480±0.423 
CVLT-DFR -0.025±0.044 -0.039±0.042   +0.031±0.221 +0.289±0.177   -0.066±0.217 +0.092±0.186 
BVRT 0.057±0.070 +0.040±0.066   +0.123±0.308 -0.215±0.327   +0.377±0.317 +0.062±0.325 
BTA -0.044±0.036 -0.026±0.036   +0.267±0.153* +0.050±0.144   +0.072±0.148 -0.094±0.149 
AF -0.060±0.064 +0.086±0.067   +0.043±0.335 -0.338±0.386   -0.259±0.337 +0.036±0.385 
DS-F -0.006±0.027 -0.019±0.025   +0.055±0.140 +0.163±0.153   +0.028±0.147 +0.063±0.163 
DS-B -0.001±0.028 -0.038±0.028   -0.052±0.134 +0.161±0.143   -0.076±0.147 -0.060±0.155 
CDT +0.006±0.022 -0.035±0.023   -0.001±0.079 +0.100±0.079   +0.087±0.084 -0.075±0.081 
  Loge (TRAILS A) +0.000±0.010 -0.008±0.006   +0.005±0.042 +0.060±0.024**   +0.021±0.022 +0.026±0.026 
  Loge(TRAILS B) -0.250±0.196 -0.006±0.007   +1.427±0.771 +0.039±0.041   +0.007±0.045 +0.016±0.043 
                 
δNFL                 
Normalized MMSE -0.25±0.196 +0.191±0.217   +1.427±0.771* -0.036±0.864   +0.600±0.750 +1.193±0.856 
CVLT-List A +0.057±0.090 +0.058±0.075   -0.009±0.386 -0.408±0.355   +0.191±0.433 -0.126±0.370 
CVLT-DFR +0.076±0.040* +0.024±0.037   -0.213±0.183 -0.032±0.155   +0.058±0.185 +0.129±0.162 
BVRT +0.032±0.065 -0.015±0.058   -0.287±0.263 +0.227±0.284   -0.151±0.272 +0.111±0.284 
BTA -0.042±0.032 +0.009±0.031   +0.085±0.127 +0.060±0.122   -0.052±0.126 +0.117±0.130 
AF +0.025±0.060 -0.156±0.057***   -0.081±0.285 +0.241±0.335   -0.019±0.289 -0.433±0.335 
DS-F +0.002±0.025 -0.025±0.021   -0.011±0.119 -0.009±0.134   -0.004±0.127 -0.089±0.139 
DS-B +0.024±0.026 -0.016±0.024   +0.041±0.114 +0.096±0.125   +0.138±0.127 +0.051±0.132 
CDT -0.024±0.020 +0.011±0.020   -0.014±0.068 +0.002±0.068   -0.111±0.072 +0.061±0.071 
  Loge (TRAILS A) +0.005±0.005 +0.000±0.006   +0.015±0.019 +0.010±0.021   +0.032±0.019* +0.014±0.023 
  Loge(TRAILS B) -0.002±0.009 +0.006±0.006   +0.021±0.036 +0.000±0.035   +0.007±0.039 +0.025±0.038 
         
MODEL 2         
V1 NFL         
Normalized MMSE -0.011±0.219 -0.394±0.245   -0.175±0.841b +1.639±0.900*b   -0.238±0.863 -0.378±0.973 
CVLT-List A -0.020±0.110 -0.024±0.088   -0.123±0.456 +0.963±0.398**   -0.287±0.523 +0.639±0.429 
CVLT-DFR +0.009±0.047 -0.025±0.044   -0.008±0.225 +0.372±0.177**   +0.002±0.224 +0.187±0.188 
BVRT +0.066±0.074 +0.019±0.068   +0.023±0.307 -0.448±0.302   +0.294±0.320 -0.198±0.303 
BTA -0.038±0.038 -0.013±0.037   +0.135±0.155 +0.027±0.143   -0.047±0.150 -0.095±0.145 
AF -0.065±0.068 +0.105±0.069   -0.017±0.343 -0.562±0.371   -0.363±0.351 -0.128±0.383 
DS-F -0.012±0.029 -0.007±0.026   -0.031±0.138 +0.175±0.142   -0.088±0.150 +0.128±0.153 
DS-B -0.008±0.029 -0.024±0.028   -0.141±0.127 +0.168±0.134   -0.206±0.142 -0.022±0.146 
CDT +0.013±0.022 -0.027±0.023   -0.017±0.082 +0.084±0.080   +0.048±0.088 -0.074±0.085 
  Loge (TRAILS A) +0.007±0.005 -0.011±0.006*   -0.006±0.023 +0.058±0.024**   +0.021±0.023 +0.011±0.026 
  Loge(TRAILS B) +0.000±0.010 -0.006±0.007   -0.004±0.042 +0.027±0.037   +0.000±0.046 +0.012±0.041 
         
δNFL         
Normalized MMSE -0.365±0.197* +0.162±0.213   +1.600±0.684** +0.186±0.767   +0.312±0.717 +1.189±0.833 
CVLT-List A +0.027±0.093 +0.037±0.075   +0.037±0.356 -0.410±0.346   +0.129±0.426 -0.209±0.368 
CVLT-DFR +0.069±0.040* +0.017±0.038   -0.224±0.175 -0.043±0.152   +0.029±0.183 +0.094±0.162 
BVRT +0.036±0.067 -0.002±0.058   -0.280±0.251 +0.228±0.259   -0.105±0.259 +0.206±0.259 
BTA -0.050±0.033 +0.010±0.031   +0.127±0.123 +0.061±0.119   -0.025±0.122 +0.102±0.123 
AF +0.021±0.061 -0.181±0.058***   -0.076±0.280 +0.377±0.316   -0.018±0.288 -0.402±0.325 
DS-F -0.004±0.026 -0.030±0.021   +0.009±0.113 +0.020±0.122   -0.001±0.122 -0.086±0.127 
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DS-B +0.021±0.026 -0.026±0.024   +0.052±0.104 +0.134±0.115   +0.138±0.118 +0.057±0.121 
CDT -0.016±0.020 +0.006±0.020   -0.026±0.067 +0.023±0.069   -0.092±0.071 +0.062±0.073 
  Loge (TRAILS A) +0.005±0.005 +0.000±0.006   +0.021±0.019 +0.004±0.021   +0.035±0.019* +0.014±0.022 
  Loge(TRAILS B) +0.001±0.009 +0.006±0.006   +0.025±0.034 -0.009±0.032   +0.016±0.037 +0.026±0.035 

Abbreviations: AF=Animal Fluency; BTA=Brief Test of Attention; BVRT=Benton Visual Retention Test; 
CDT=Clock Drawing Test; CES-D=Center for Epidemiologic Studies-Depression; CVLT-DFR=California Verbal 
Learning Test-Delayed Free Recall; CVLT-List A=California Verbal Learning Test-List A; DS-B=Digits Span-
Backward; DS-F=Digits Span-Forward; HEI-2010=Healthy Eating Index, 2010 version; MMSE=Mini-Mental State 
Examination; k=number of observations/participant; SD=Standard Deviation; NfL=Neurofilament Light; TRAILS 
A=Trailmaking Test, Part A; TRAILS B=Trailmaking Test, Part B; WRAT-3 = Wide Range Achievement Test, 3rd 
revision; X = mean.   

 

a Models 1A.1-1K.2 included each of NfL (Loge transformed, z-scored) or δNfL (annualized change in Loge 
transformed NfL, z-scored), separately as the main predictor for v1 cognitive performance, cognitive change over 
time, and v2 cognitive performance (11 test scores), using a series of multiple linear mixed-effects and ordinary least 
square regression models, stratified by sex. These models adjusted only for age, sex, race, poverty status, length of 
follow-up (years) (for models with follow-up outcome) and the inverse mills ratio. Models 2A.1-2K.2 followed a 
similar approach but adjusted further for selected socio-demographic, lifestyle and health-related factors, namely 
educational attainment, the WRAT-3 score, current drug use, current tobacco use, body mass index, self-rated 
health, co-morbidity index, HEI-2010, total energy intake, and the CES-D total score. 1 SD of baseline Loge(NfL) is 
estimated at  0.51; Mean=1.98.  dNfL values are annualized changes in Loge transformed NfL between v1 and v2, z-
scored. 1 SD of annualized change in Loge(NfL) is estimated at 0.101 ; Mean=0.044. 

 

b p<0.05 for Sex×NfL in models that are unstratified by sex to which this 2-way interaction was included.  

*p < 0.10** p < 0.05; *** p < 0.010; ****p<0.001, test for null hypothesis of γ=0 or β=0. Bolded values passed 
correction for multiple testing in Model 1.  
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Table S2. Summary of exploratory analysis findings by age groupa 

 Annual rate of change 
γ1a±SE 

 Baseline performance 
γ0a±SE 

 Follow-up performance 
β±SE 

 ≤50y >50y  ≤50y >50y  ≤50y >50y 
 N=353, k=1.9-

2.0 
N=268, k=1.9-2.0  N=353, k=1.9-

2.0 
N=268, k=1.9-2.0  N=337-355 N=251-269 

MODEL 1         
V1 NFL         
Normalized MMSE +0.053±0.202b -0.705±0.242***b   -0.532±0.858b +3.158±1.04***b   -0.194±0.846 -0.293±0.998 
CVLT-List A -0.034±0.090 -0.159±0.100   -0.252±0.431b +1.359±0.438***b   -0.407±0.450 0.644±0.503 
CVLT-DFR +0.003±0.043 -0.095±0.042**   -0.179±0.200b +0.607±0.205***b   -0.135±0.197 0.179±0.212 
BVRT +0.033±0.059 +0.075±0.082   +0.233±0.275* -0.504±0.366**   +0.385±0.292 -0.075±0.359 
BTA -0.012±0.033 -0.067±0.039   +0.032±0.134 +0.345±0.166   -0.027±0.140 0.025±0.158 
AF +0.026±0.061 -0.019±0.069   -0.216±0.339 +0.059±0.377   -0.097±0.342 -0.069±0.379 
DS-F -0.027±0.025 +0.002±0.027   +0.140±0.139 +0.071±0.152   -0.01±0.147 0.091±0.162 
DS-B -0.030±0.025 -0.022±0.031   -0.029±0.133 +0.197±0.140   -0.182±0.140 0.067±0.162 
CDT -0.024±0.020 +0.005±0.025   +0.067±0.072 +0.046±0.086   -0.035±0.072 0.073±0.098 
Loge (TRAILS A) -0.036±0.039 -0.003±0.006   +0.018±0.019 +0.044±0.027*   +0.021±0.023 0.028±0.024 
Loge(TRAILS B) -0.008±0.008 +0.003±0.010   +0.065±0.037* -0.038±0.047   +0.037±0.039 -0.024±0.051 
                 
δNFL                 
Normalized MMSE -0.145±0.182 +0.168±0.235   +0.737±0.735 +0.426±0.917   +0.503±0.738 +1.178±0.876 
CVLT-List A +0.026±0.078 +0.097±0.093   -0.111±0.361 -0.381±0.389   -0.006±0.387 +0.007±0.443 
CVLT-DFR +0.024±0.037 +0.071±0.040*   -0.110±0.168 -0.149±0.181   +0.021±0.169 +0.145±0.186 
BVRT -0.024±0.052 +0.063±0.077   +0.040±0.236 -0.119±0.321   -0.042±0.252 +0.056±0.315 
BTA -0.029±0.028 +0.002±0.036   +0.146±0.110 -0.035±0.146   +0.033±0.121 +0.016±0.139 
AF -0.040±0.054b -0.148±0.064**b   -0.398±0.289 +0.802±0.328**   -0.572±0.292* +0.204±0.333 
DS-F -0.031±0.022 +0.014±0.025   +0.037±0.119 -0.094±0.133   -0.074±0.126 -0.032±0.140 
DS-B 0.000±0.022 +0.008±0.029   +0.131±0.114 -0.044±0.123   +0.173±0.120 -0.018±0.141 
CDT -0.005±0.018 -0.006±0.023   -0.001±0.061 -0.017±0.075   -0.016±0.062 -0.041±0.086 
 Loge (TRAILS A) +0.006±0.004 -0.001±0.006   +0.005±0.017 +0.021±0.023   +0.025±0.020 +0.018±0.021 
 Loge(TRAILS B) 0.000±0.007 +0.005±0.009   -0.005±0.032 +0.038±0.042   -0.012±0.034 +0.055±0.045 
         
MODEL 2         
V1 NFL         
Normalized MMSE +0.087±0.206b -0.578±0.246*b   -0.860±0.802b +2.784±0.915***b   -0.401±0.840 -0.109±0.982 
CVLT-List A -0.052±0.095 -0.067±0.105   -0.026±0.423b +1.245±0.436***b   -0.326±0.451 +0.878±0.519* 
CVLT-DFR -0.004±0.045 -0.053±0.045   -0.114±0.202b +0.670±0.207**b   -0.108±0.199 +0.394±0.218* 
BVRT +0.015±0.061 +0.100±0.086   +0.176±0.266 -0.755±0.358**   +0.279±0.278 -0.233±0.359 
BTA -0.005±0.034 -0.069±0.039*   -0.059±0.135 +0.287±0.162*   -0.110±0.139 -0.034±0.156 
AF +0.027±0.063 -0.021±0.073   -0.280±0.322 +0.040±0.385   -0.171±0.335 -0.077±0.397 
DS-F -0.037±0.026 +0.002±0.029   +0.100±0.133 +0.031±0.146   -0.102±0.140 +0.053±0.164 
DS-B -0.041±0.026 -0.020±0.033   -0.045±0.125 +0.158±0.132   -0.257±0.132* +0.013±0.157 
CDT -0.022±0.020 -0.005±0.026   +0.040±0.073 +0.096±0.089   -0.057±0.074 +0.083±0.102 
Loge (TRAILS A) 0.000±0.005 -0.001±0.007   +0.012±0.019 +0.039±0.027   +0.017±0.024 +0.027±0.025 
Loge(TRAILS B) -0.008±0.008 +0.002±0.010   +0.061±0.035* -0.042±0.047   +0.036±0.038 -0.034±0.051 
                 
δNFL                 
Normalized MMSE -0.289±0.181 +0.168±0.229   +1.53±0.667* +0.068±0.791   +0.521±0.72 +0.798±0.841 
CVLT-List A +0.021±0.080 +0.081±0.094   +0.046±0.346 -0.51±0.378   +0.130±0.380 -0.187±0.449 
CVLT-DFR +0.026±0.038 +0.064±0.040   -0.054±0.163 -0.226±0.177   +0.067±0.167 +0.052±0.188 
BVRT -0.017±0.052 +0.038±0.080   -0.061±0.221 +0.042±0.308   -0.106±0.231 +0.201±0.310 
BTA -0.029±0.028 +0.015±0.036   +0.202±0.107* -0.070±0.140   +0.101±0.117 -0.019±0.134 
AF -0.054±0.055 -0.148±0.066**   -0.251±0.268b +0.805±0.328**b   -0.518±0.278* +0.178±0.340 
DS-F -0.027±0.022 +0.010±0.027   +0.120±0.110 -0.155±0.126   +0.030±0.117 -0.107±0.138 



Supplementary information 
 

DS-B +0.002±0.023 +0.004±0.030   +0.209±0.103**b -0.106±0.114b   +0.259±0.111**b -0.102±0.133b 
CDT -0.004±0.018 -0.001±0.024   +0.029±0.061 -0.054±0.076   +0.019±0.063 -0.063±0.088 
Loge (TRAILS A) +0.006±0.004 -0.001±0.006   +0.004±0.016 +0.022±0.023   +0.023±0.020 +0.026±0.022 
Loge(TRAILS B) +0.001±0.007 +0.004±0.009   -0.021±0.029 +0.054±0.041   -0.019±0.032 +0.076±0.043* 

Abbreviations: AF=Animal Fluency; BTA=Brief Test of Attention; BVRT=Benton Visual Retention Test; 
CDT=Clock Drawing Test; CES-D=Center for Epidemiologic Studies-Depression; CVLT-DFR=California Verbal 
Learning Test-Delayed Free Recall; CVLT-List A=California Verbal Learning Test-List A; DS-B=Digits Span-
Backward; DS-F=Digits Span-Forward; HEI-2010=Healthy Eating Index, 2010 version; MMSE=Mini-Mental State 
Examination; k=number of observations/participant; SD=Standard Deviation; SE=Standard Error; 
NfL=Neurofilament Light; TRAILS A=Trailmaking Test, Part A; TRAILS B=Trailmaking Test, Part B; WRAT-3 = 
Wide Range Achievement Test, 3rd revision; X = mean.   

 

a Models 1A.1-1K.2 included each of NfL (Loge transformed, z-scored) or δNfL (annualized change in Loge 
transformed NfL, z-scored), separately as the main predictor for v1 cognitive performance, cognitive change over 
time, and v2 cognitive performance (11 test scores), using a series of multiple linear mixed-effects and ordinary least 
square regression models, stratified by age group. These models adjusted only for age, sex, race, poverty status, 
length of follow-up (years) (for models with follow-up outcome) and the inverse mills ratio. Models 2A.1-2K.2 
followed a similar approach but adjusted further for selected socio-demographic, lifestyle and health-related factors, 
namely educational attainment, the WRAT-3 score, current drug use, current tobacco use, body mass index, self-
rated health, co-morbidity index, HEI-2010, total energy intake, and the CES-D total score. 1 SD of baseline 
Loge(NfL) is estimated at  0.51; Mean=1.98.  dNfL values are annualized changes in Loge transformed NfL between 
v1 and v2, z-scored. 1 SD of annualized change in Loge(NfL) is estimated at 0.101 ; Mean=0.044. 

 

b p<0.05 for Age(group)×NfL in models that are unstratified by race to which this 2-way interaction was included.  

**p < 0.10** p < 0.05; *** p < 0.010; ****p<0.001, test for null hypothesis of γ=0 or β=0. Bolded values passed 
correction for multiple testing in Model 1.  
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Table S3. Summary of exploratory analysis findings by poverty status groupa 

 Annual rate of change 
γ1a±SE 

 Baseline performance 
γ0a±SE 

 Follow-up performance 
β±SE 

 Above Poverty Below Poverty  Above Poverty Below 
Poverty 

 Above 
Poverty 

Below  
Poverty 

 N=451, k=1.9-2.0 N=174, k=1.9-
2.0 

 N=451, k=1.9-
2.0 

N=174, k=1.9-
2.0 

 N=425-451 N=163-173 

MODEL 1         
V1 NFL         
Normalized MMSE -0.144±0.199 -0.401±0.261   +0.969±0.823 +0.983±1.124   +0.356±0.796 -1.824±1.093* 
CVLT-List A -0.086±0.086 -0.049±0.102   +0.357±0.369 +0.335±0.561   -0.005±0.408 -0.153±0.576 
CVLT-DFR -0.063±0.039 +0.033±0.050   +0.201±0.177 -0.024±0.240   -0.048±0.178 +0.035±0.248 
BVRT +0.084±0.061 +0.011±0.081   -0.196±0.259 +0.27±0.422   +0.167±0.273 +0.563±0.411 
BTA -0.007±0.031 -0.084±0.043*   +0.103±0.123 +0.261±0.205   +0.051±0.124 -0.185±0.200 
AF -0.027±0.059 +0.081±0.073   -0.169±0.309 -0.121±0.425   -0.33±0.310 +0.148±0.429 
DS-F +0.000±0.022 -0.028±0.032   +0.128±0.123 +0.020±0.188   +0.133±0.132 -0.164±0.195 
DS-B -0.001±0.025 -0.065±0.032**   -0.008±0.120 +0.217±0.165   -0.048±0.129 -0.121±0.187 
CDT +0.002±0.019 -0.035±0.026   +0.026±0.069 +0.093±0.098   +0.039±0.071 -0.051±0.104 
 Loge (TRAILS A) -0.001±0.004 -0.003±0.008   +0.031±0.018* +0.029±0.034   +0.028±0.019 +0.021±0.034 
 Loge(TRAILS B) +0.002±0.007 -0.011±0.012   +0.020±0.035 +0.028±0.055   +0.030±0.036 -0.029±0.063 
                 
δNFL                 
Normalized MMSE 0.000±0.193 -0.013±0.222   +0.608±0.712 +0.939±0.961   +1.113±0.706 +0.778±0.905 
CVLT-List A +0.099±0.080 0.000±0.084   -0.559±0.318*b +0.660±0.462b   -0.198±0.355 +0.724±0.479 
CVLT-DFR +0.104±0.036***b -0.025±0.041b   -0.330±0.152**b 0.290±0.197b   +0.074±0.154 +0.197±0.207 
BVRT +0.045±0.057 -0.053±0.070   -0.020±0.224 -0.183±0.361   +0.139±0.238 -0.487±0.346 
BTA -0.012±0.028 -0.011±0.036   +0.073±0.105 +0.051±0.166   +0.053±0.107 +0.005±0.170 
AF -0.087±0.055 -0.063±0.062   -0.055±0.267 +0.594±0.361   -0.368±0.269 +0.311±0.360 
DS-F -0.004±0.021 -0.022±0.028   -0.091±0.107 +0.157±0.160   -0.086±0.114 +0.053±0.165 
DS-B +0.001±0.023 +0.014±0.028   +0.083±0.103 +0.023±0.142   +0.102±0.112 +0.094±0.158 
CDT -0.014±0.018 +0.011±0.022   +0.013±0.059 -0.036±0.084   -0.039±0.062 +0.003±0.087 
 Loge (TRAILS A) -0.002±0.004 +0.009±0.007   +0.026±0.016* -0.009±0.029   +0.019±0.017 +0.032±0.029 
 Loge(TRAILS B) +0.002±0.007 +0.001±0.010   +0.030±0.030 -0.027±0.047   +0.033±0.032 -0.020±0.053 
         
MODEL 2         
V1 NFL         
Normalized MMSE -0.137±0.206 -0.276±0.260   +0.752±0.747 +0.339±1.024   +0.129±0.791 -1.842±1.093* 
CVLT-List A -0.041±0.091 -0.049±0.103   +0.553±0.358b +0.406±0.555b   +0.288±0.413 -0.100±0.596 
CVLT-DFR -0.049±0.041b +0.028±0.049b   +0.299±0.177*b +0.103±0.230b   +0.067±0.181 +0.137±0.255 
BVRT +0.048±0.064 +0.037±0.082   -0.367±0.253 +0.329±0.400   -0.096±0.266 +0.734±0.398* 
BTA -0.005±0.032 -0.094±0.044**   +0.032±0.125 +0.215±0.203   -0.037±0.123 -0.282±0.200 
AF -0.038±0.062 +0.075±0.073   -0.125±0.308 -0.318±0.414   -0.355±0.320 -0.003±0.426 
DS-F +0.004±0.024 -0.044±0.033   +0.133±0.120 -0.110±0.163   +0.156±0.132 -0.377±0.175** 
DS-B +0.008±0.026 -0.079±0.033**   -0.033±0.113 +0.119±0.152   -0.048±0.125 -0.285±0.168* 
CDT +0.005±0.020 -0.042±0.026   +0.035±0.070 +0.055±0.098   +0.055±0.074 -0.118±0.106 
Loge (TRAILS A) -0.002±0.005 +0.001±0.008   +0.026±0.018 +0.009±0.033   +0.020±0.020 +0.014±0.033 
Loge(TRAILS B) +0.000±0.008 -0.007±0.012   +0.005±0.034 +0.039±0.053   +0.013±0.036 +0.003±0.060 
                 
δNFL                 
Normalized MMSE -0.059±0.194 -0.131±0.220   +0.780±0.630 +0.912±0.887   +0.947±0.677 +0.415±0.918 
CVLT-List A +0.069±0.082 +0.019±0.085   -0.625±0.300** +0.651±0.459   -0.349±0.348 +0.767±0.498 
CVLT-DFR +0.098±0.037*** -0.010±0.040   -0.380±0.147** +0.189±0.190   +0.029±0.153 +0.159±0.215 
BVRT +0.058±0.058 -0.046±0.070   +0.041±0.215 -0.342±0.345   +0.236±0.223 -0.547±0.339 
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BTA -0.013±0.029 -0.005±0.036   +0.105±0.104 +0.040±0.163   +0.075±0.103 +0.022±0.171 
AF -0.095±0.057* -0.072±0.063   -0.070±0.261 +0.458±0.358   -0.391±0.267 +0.087±0.361 
DS-F -0.001±0.022 -0.010±0.029   -0.099±0.102 +0.123±0.142   -0.082±0.110 +0.049±0.152 
DS-B -0.005±0.024 +0.016±0.028   +0.107±0.095 +0.011±0.131   +0.101±0.104 +0.069±0.143 
CDT -0.012±0.018 +0.019±0.022   -0.003±0.059 -0.053±0.085   -0.039±0.063 +0.031±0.090 
 Loge (TRAILS A) -0.001±0.004 +0.005±0.007   +0.029±0.016* -0.001±0.029   +0.025±0.017 +0.023±0.028 
 Loge(TRAILS B) +0.005±0.007 +0.004±0.010   +0.029±0.028 -0.045±0.046   +0.043±0.030 -0.025±0.051 

Abbreviations: AF=Animal Fluency; BTA=Brief Test of Attention; BVRT=Benton Visual Retention Test; 
CDT=Clock Drawing Test; CES-D=Center for Epidemiologic Studies-Depression; CVLT-DFR=California Verbal 
Learning Test-Delayed Free Recall; CVLT-List A=California Verbal Learning Test-List A; DS-B=Digits Span-
Backward; DS-F=Digits Span-Forward; HEI-2010=Healthy Eating Index, 2010 version; MMSE=Mini-Mental State 
Examination; k=number of observations/participant; SD=Standard Deviation; SE=Standard Error; 
NfL=Neurofilament Light; TRAILS A=Trailmaking Test, Part A; TRAILS B=Trailmaking Test, Part B; WRAT-3 = 
Wide Range Achievement Test, 3rd revision; X = mean.   

a Models 1A.1-1K.2 included each of NfL (Loge transformed, z-scored) or δNfL (annualized change in Loge 
transformed NfL, z-scored), separately as the main predictor for v1 cognitive performance, cognitive change over 
time, and v2 cognitive performance (11 test scores), using a series of multiple linear mixed-effects and ordinary least 
square regression models, stratified by poverty status group. These models adjusted only for age, sex, race, poverty 
status, length of follow-up (years) (for models with follow-up outcome) and the inverse mills ratio. Models 2A.1-
2K.2 followed a similar approach but adjusted further for selected socio-demographic, lifestyle and health-related 
factors, namely educational attainment, the WRAT-3 score, current drug use, current tobacco use, body mass index, 
self-rated health, co-morbidity index, HEI-2010, total energy intake, and the CES-D total score. 1 SD of baseline 
Loge(NfL) is estimated at  0.51; Mean=1.98.  δNfL values are annualized changes in Loge transformed NfL between 
v1 and v2, z-scored. 1 SD of annualized change in Loge(NfL) is estimated at 0.101 ; Mean=0.044. 

b p<0.05 for Poverty×NfL in models that are unstratified by race to which this 2-way interaction was included.  

*p < 0.10** p < 0.05; *** p < 0.010; ****p<0.001, test for null hypothesis of γ=0 or β=0. Bolded values passed 
correction for multiple testing in Model 1.  
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FIGURE S1. Summary of main findings by race, Model 1a,b,c 

Abbreviations: AA=African American; AF=Animal Fluency; BC=Baseline cognitive performance; BTA=Brief Test 
of Attention; BVRT=Benton Visual Retention Test; CC=Cognitive change; CDT=Clock Drawing Test; CVLT-
DFR=California Verbal Learning Test-Delayed Free Recall; CVLT-List A=California Verbal Learning Test-List A; 
dNfL=z-scores of annualized rates of change NfL, Loge transformed; DS-B=Digits Span-Backward; DS-F=Digits 
Span-Forward;  FC=Follow-up cognition; NfLv1=Plasma NfL levels, Loge transformed, z-scored at v1; TRAILS 
A=Trailmaking Test, Part A; TRAILS B=Trailmaking Test, part B.  

a 1 SD of baseline Loge(NfL) is estimated at  0.51; Mean=1.98.  1 SD of annualized change in Loge(NfL) is estimated 
at 0.101 ; Mean=0.044. BVRT, TRAILS A and B are coded in the direction of higher score à poorer performance. 
All other test scores are in the direction of higher score à better performance.  

bCognitive tests were: 1. Normalized MMSE; 2.CVLT-List A; 3.CVLT-DFR;4.BVRT;5.BTA;6.AF;7.DS-F;8.DS-

B;9.CDT;10.TRAILS A;11.TRAILS B.  
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