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Abstract

Background: Neurofilament light (NfL) is a promising biomarker of active axonal injury and 

neuronal degeneration. We aimed to characterize cross-sectional and longitudinal plasma NfL 

measurements and estimated ages of biomarker onset in an exceptionally large number of 

presenilin (PSEN1) E280A mutation carriers and age-matched non-carriers, 8–75 years of age, 

from the world’s largest autosomal dominant Alzheimer’s disease kindred.

Methods: Between August 1998 and December 2018, members of the familial Alzheimer’s 

disease Colombian kindred were recruited from the Alzheimer’s Prevention Registry at the 

University of Antioquia, Medellín, Colombia. In this cohort study we used a single molecule array 

immunoassay and log-transformed data to examine the relationship between plasma NfL levels 

and age, and determine the earliest age at which NfL separates between mutation carriers and non-

carriers.

Results: We included a cohort of 1,070 PSEN1 E280A mutation carriers and 1,074 non-carriers 

with baseline assessments and 242 mutation carriers and 262 non-carriers with longitudinal (6 ±3 

years) measures, ranging in age from 8 to 75 years. Plasma NfL measurements increased with age 

in both groups (p<0.01), and began to differentiate carriers from non-carriers at age 22 (22 years 

before the estimated median age at mild cognitive impairment [MCI] onset of 44), though the 

ability of plasma NfL to discriminate between carriers and non-carriers only reached high 

sensitivity close to the age of clinical onset.

Interpretation: Our findings support the promise of plasma NfL as a biomarker of active 

neurodegeneration in the detection and tracking of Alzheimer’s disease and the evaluation of 

disease-modifying therapies.

Funding: National Institute on Aging, National Institute of Neurological Disorders and Stroke, 

Banner Alzheimer’s Foundation, COLCIENCIAS, the Torsten Söderberg Foundation, the Swedish 

Research Council, the Swedish Alzheimer Foundation, the Swedish Brain Foundation, and the 

Swedish state under the ALF-agreement.
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INTRODUCTION

Neurofilament light (NfL) –, a major component of the cytoskeleton in large caliber, 

myelinated axons –, is a promising biomarker of active axonal injury and neuronal 

degeneration1,2. NfL concentrations in CSF, serum, and/or plasma have been used to detect 

and track neurodegeneration in individuals with Alzheimer’s Disease (AD) and other 

neurodegenerative, neuroinflammatory, traumatic, and cerebrovascular disorders 3–5. Studies 

on NfL have investigated cognitively unimpaired individuals at risk for AD, transgenic 

mouse models of AD and other neurodegenerative proteinopathies, normal brain aging, and 

neurodegenerative disease intervention trials 6–8.
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The ultra-sensitive single molecule array (Simoa) immunoassay has recently enabled 

measuring NfL concentrations in serum or plasma9. Studies have shown close correlations 

between these blood-based and CSF measurements in persons and animal models of 

neurodegenerative proteinopathies10. Most NfL studies have examined elevations in 

concentrations in patients relative to controls, but minimal work has examined individual 

differences in NfL levels or rates of change. Additional research is needed to understand 

how blood-based NfL measurements behave longitudinally, and to clarify the role of NfL in 

the detection, tracking, treatment, and prevention of neurodegeneration in the preclinical and 

clinical stages of AD.

Researchers from the Dominantly Inherited Network (DIAN) characterized NfL 

concentrations in 405 adult autosomal-dominant AD mutation carriers and non-carriers 

between 28 years before and 15 years after the carriers’ estimated age at symptomatic onset. 

Cross-sectional measurements were estimated to distinguish carriers from non-carriers 

starting about 7 years before the carriers’ predicted age at symptomatic onset and were 

correlated in carriers with cross-sectional CSF NfL concentrations, precuneus cortical 

thickness, lower baseline Mini-Mental State Exam (MMSE) and recall memory scores, as 

well as subsequent rates of decline in precuneus cortical thickness, MMSE, and memory 

recall11. The DIAN study also characterized longitudinal NfL measurements in 196 of these 

participants over a median of 3 years; longitudinal serum NfL increases were estimated to 

distinguish carriers from non-carriers starting about 16 years before the carriers’ predicted 

age at symptomatic onset and were correlated in carriers with decline in precuneus cortical 

thickness, MMSE, and memory.

Weston et al.12,13 also studied serum NfL in ADAD. Cross-sectionally, they studied 48 

samples from ADAD carriers and non-carriers and reported that NfL levels differed between 

impaired carriers, unimpaired carriers and non-carriers, and that elevated serum NfL was 

correlated with smaller brain volumes and lower cognitive performance. Longitudinally, they 

studied 61 samples and reported that levels begin to distinguish carriers from non-carriers 15 

years before their expected symptom onset.

Though work from DIAN and others have contributed to our understanding of NfL in 

preclinical ADAD, we have the opportunity to investigate cross-sectionally and 

longitudinally a unique cohort to a) extend the study to a much larger number of individuals, 

b) do so over a wider age range, and c) do so in a more homogeneous population with or 

without one single ADAD mutation. Antioquia, Colombia is home to the world’s largest 

ADAD kindred due to a single-mutation (E280A) in presenilin-1 (PSEN1). Carriers and 

non-carriers from this kindred have been extensively characterized by researchers from the 

Neurosciences Group of Antioquia (GNA) and the United States. Carriers are virtually 

certain to develop AD, have a well characterized disease course, and have been estimated to 

progress to mild cognitive impairment (MCI) and dementia at the respective ages of 44 (95% 

confidence interval: 43–45) and 49 (95% confidence interval: 49–50) 14,15.

In this study, we used available cross-sectional plasma samples to characterize cross-

sectional NfL concentrations in 2,144 participants of the Colombian API Registry, including 

1,070 PSEN1 E280A mutation carriers and 1,074 non-carriers, 8–75 years of age, who were 
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matched for age. Available longitudinal plasma samples were also analyzed from 262 

carriers and 242 non-carriers who were followed over an average of 6 years to characterize 

changes in plasma NfL. We compared cross-sectional and longitudinal plasma NfL 

measurements in cognitively impaired carriers, cognitively unimpaired carriers, and non-

carriers, and estimated the ages at which cross-sectional and longitudinal NfL elevations in 

carriers began to distinguish carriers from non-carriers. We also characterized the extent to 

which baseline NfL measurements and longitudinal declines are related to baseline memory 

performance and clinical ratings and longitudinal declines in carriers.

METHODS

Study design and participants

Between August 1998 and December 2018, all members of the PSEN1 E280A mutation 

Colombian kindred were invited to enroll the API Colombia Registry, as previously 

described 16,17. For this cohort study, participants were cognitively unimpaired and impaired 

PSEN1 E280A carriers or cognitively unimpaired non-carriers, and were at least 8 years of 

age. Participants were considered cognitively unimpaired if they had a MMSE18 score ≥26, a 

functional assessment staging test (FAST)19 score <2, and no cognitive impairment on the 

Spanish version of the Consortium to Establish a Registry for Alzheimer’s disease (CERAD) 

battery 20. Impaired mutation carriers were required to have a FAST score of >3, and MCI or 

dementia due to Alzheimer’s disease according to National Institute on Aging—Alzheimer’s 

Association criteria 21. Individuals with significant medical, psychiatric or neurological 

disorders, or a history of stroke, seizures, substance abuse, or other disorders that affect 

motor, visuospatial or cognitive abilities were excluded.

This study was approved by the institutional review board at the University of Antioquia, 

Colombia (Francisco Lopera, principal investigator). Informed written consent for Registry 

participation and the use of data and samples was obtained from the cognitively unimpaired 

adult participants, a partner or offspring serving as the legal representative for cognitively 

impaired participants, and a parent serving as the legal representative for participants under 

18 years of age.

Procedures

Clinical and cognitive assessments were undertaken at the University of Antioquia 

(Medellín, Colombia). Adult participants completed a clinical interview and that included 

the MMSE, the Spanish CERAD battery 20, the FAST19, and the Yesavage Geriatric 

Depression Scale 22. Younger participants (<18 years old) completed a clinical interview, 

which included questions about general cognitive functioning).

Testing was conducted in Spanish by neuropsychologists or psychologists trained in 

neuropsychological assessment. Clinical histories and neurological examinations were 

performed by neurologists or physicians trained in the assessment of dementia. Clinical data 

were recorded on SISNE2, a relational database at the GNA.
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For genetic analyses, genomic DNA was extracted from blood by standard protocols, and 

PSEN1 E280A characterization was done at the University of Antioquia using methods 

previously described 23.

Plasma was collected in the morning (not fasting). Three aliquots of 1ml were collected. 

Samples were stored at −80˚C. For NfL analysis, one plasma aliquot was shipped on dry ice 

to the Clinical Neurochemistry Laboratory at Sahlgrenska University Hospital, Mölndal, 

Sweden. NfL concentration was measured using an in-house Single molecule array (Simoa) 

assay, as previously described in detail (manufacturer: Quanterix, Billerica, MA) 9. The 

measurements were performed by board-certified laboratory technicians. One batch of 

reagents and one instrument was used to analyze the whole study. Participants and 

investigators were blinded to genetic test results.

Outcomes

The primary outcome of interest in this study was plasma NfL levels (pg/ml) in the PSEN1 
E280A mutation carriers and non-carriers, which was modeled against age to determine the 

earliest age at which NfL levels separate between mutation carriers and non-carriers. 

Secondary outcomes of this study included baseline cognitive performance (MMSE total 

score; CERAD world list delayed recall score); change in cognitive performance on these 

tests and plasma NfL levels (pg/ml/year) were also assessed for participants whom had 

available longitudinal data.

Statistical Analyses

All available plasma samples and clinical data were included in the analyses. For the 

primary analysis of the relationship between plasma NfL levels and age, we used the log 

transformed NfL level measurements for both cross-sectional and longitudinal analysis 

following the same methods reported on a recent paper with a similar ADAD cohort11. The 

relationship between baseline plasma NfL level and age was modeled using a restricted 

cubic spline model. Model parameters were estimated using a Hamiltonian Markov Chain 

Monte Carlo (HMCMC) analysis approach implemented in Stan (http://mc-stan.org). This 

approach allowed the estimation of the median and 99% credible intervals of the model fits 

at every age for non-carriers and mutation carriers. It also allowed the estimation of the 

distribution of the differences in NfL levels between carriers and non-carriers with 99% 

credible interval. Based on the difference curve and its credible interval, we then estimated 

the age of onset as the earliest time where the 99% credible intervals around the differences 

distribution did not overlap. This procedure was applied to the cross-sectional NfL data from 

1070 carriers and 1074 non-carriers. Bivariate local polynomial regression (LOESS) analysis 

was also performed and reported in supplementary to examine the impact of the underlying 

model chosen to fit the NfL data. Additional details about this methodology can be found in 

the appendix, pages 1–2.

For longitudinal analysis, the rate of change in NfL levels was estimated using linear mixed 

effects models (LMEMs) with fixed and random effects for age from baseline and carrier 

status. The overall individual level rate of change was then calculated based on the 

parameters derived from the LMEMs. Based on the estimated rate of change, we used the 

Quiroz et al. Page 6

Lancet Neurol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://mc-stan.org


HMCMC model described above with the restricted cubic spline model to examine the 

relationship between the rate of change and baseline age for mutation carrier and non-

carriers. Again, log transformed NfL levels were used in the primary analysis, and this 

longitudinal analysis was applied to 262 carriers and 242 non-carriers. Analyses without log 

transform and LOESS regression are presented in supplementary for comparison purpose.

Chi-square and independent sample t-tests were used to identify differences between carriers 

and non-carriers in demographic, clinical, and cognitive variables. Given that plasma NfL 

data were not normally distributed, all NfL analyses were performed after log 

transformation. One-way analysis of covariance was used to examine differences in plasma 

NfL levels between groups (carriers vs. non-carriers), after adjusting for age and years of 

education. Pearson correlation analysis was used to assess the relationship between plasma 

NfL levels and age, as well as correlations between both baseline and longitudinal NfL, 

MMSE, and CERAD Delayed Recall. Statistical analyses were performed using statistical 

software (SPSS V.21.0; SPSS Inc, Chicago, Illinois, USA).

Role of the funding source

The sponsors of the study had no role in the study design, data collection, data analysis, data 

interpretation, or the writing or review of this manuscript. The corresponding and senior 

authors have full access to all the data in the study, and all authors have the final 

responsibility for the decision to submit for publication.

RESULTS

Our study cohort consisted of 2,144 Registry participants (age range 8–75), including 1,070 

PSEN1 E280A mutation carriers and 1,074 non-carriers from the same kindred who were 

matched to the carriers for age (using the same age range for both groups; Table 1). 

Longitudinal NfL concentrations were also characterized over 6 ± 3 (1–13) year follow-up in 

504 available plasma samples (262 carriers and 242 non-carriers; Table 2). A subset of 1,470 

adults (>18years old) in the API Registry also consented to baseline clinical and cognitive 

assessments (573 unimpaired carriers, 154 impaired, and 743 non-carriers; Table 3), and 314 

adults also consented to and completed longitudinal cognitive assessments (Table 4). The 

number of participants further stratified by age groups (22 years and above) are presented in 

Supplementary Table 1 in the appendix, page 6.

Intra-assay coefficients of variation (repeatability) for plasma samples were 8.0% and 5.7% 

for two quality control (QC) samples with NfL concentrations of 11.7 and 182 pg/mL, 

respectively, that were run on each plate.

While carriers and non-carriers did not differ in their age (30±15 [8–75] in the overall group) 

or sex (46% female), carriers had significantly lower educational levels (p<0.0001). 

Compared with unimpaired mutation carriers, cognitively impaired mutation carriers were 

older and scored significantly worse across all cognitive tests. Compared with non-carriers, 

cognitively unimpaired carriers had significantly lower MMSE and CERAD word list 

delayed recall scores (p < 0.01).
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In the entire sample, baseline NfL concentrations were increased in carriers (mean, 18.08 +/

−66.41 pg/mL) compared to non-carriers (mean, 9.09+/−22.72 pg/mL). There was an age-

associated NfL increase in both carriers and non-carriers (carriers: r=.32, p<.01; non-carriers 

r=.26, p<.01). In the subset of carriers and non-carriers (> 18 years old) with clinical data, 

baseline NfL was elevated in impaired carriers (41.83±83.41 pg/mL), compared to non-

carrier (10.73±26.92 pg/mL). There were no significant differences between adult 

unimpaired carriers (9.07±8.34 pg/mL) and age-matched non-carriers. (p > .05). Baseline 

and annual NfL change for the carriers were highly correlated (r=0.72; slope=3.86; 

p<0.0001). Elevated cross-sectional plasma NfL concentrations in carriers began to differ 

from non-carriers at the average age of 22 years (22 years before the estimated age of 44 at 

clinical onset of MCI) (Figure 1). HMCMC models estimated that the age at which the 99% 

CI’s begin to be non-overlapping between carriers and non-carriers when evaluating rate of 

change in NfL is 22 years (again, 22 years before estimated age of clinical onset of MCI) 

(Figure 2). These NfL group differences had low sensitivity at younger ages (i.e., less than 

60% sensitivity) until approximately 3 years prior to the median estimated age of MCI onset. 

Sensitivity and specific values at different age ranges, as well as the methods with which we 

ran this post-hoc analysis, are presented in the appendix, pages 4–6.

Higher baseline plasma NfL levels correlated with lower baseline MMSE scores in impaired 

carriers (r = −0.39, p < .01), and unimpaired carriers (r = −0.22, p <.01). Baseline NfL 

concentrations were also associated with greater longitudinal decline in memory scores in 

carriers (CERAD Word List Recall, r=−.65; slope= −0.36; p <0.01), after adjustment for 

age. Further, in all carriers, baseline NfL levels were associated with rate of annual change 

of MMSE scores (r=−0.66; slope= −1.38; p<.01) (Figure 3).

DISCUSSION

This study characterized cross-sectional plasma NfL measurements and annual changes in 

an exceptionally large number of 8–75 year-old PSEN1 E280A mutation carriers and non-

carriers from the world’s largest single-mutation ADAD kindred. Baseline and longitudinal 

plasma NfL measurements differed significantly in impaired carriers, unimpaired carriers, 

and non-carriers, and increased with age in all groups. Plasma NfL also significantly began 

to differentiate carriers from non-carriers at age 22 (22 years before their estimated median 

age at MCI onset). Baseline and longitudinal plasma NfL were also associated with lower 

baseline and greater annual decline in MMSE and CERAD word list delayed recall.

Although differences in plasma NfL concentrations between carriers and non-carriers were 

observed earlier in this cohort relative to previous reports15, the sensitivity of plasma NfL in 

identifying PSEN1 E280A carriers was low (i.e., less than 60% sensitivity) until 

approximately 3 years prior to the estimated age of MCI onset, similar to reports by the 

DIAN11. Post hoc analyses in a subset roughly the same size as in the DIAN study suggests 

that the earlier age at onset of NfL differentiation between carriers and non-carriers in this 

study is partly but not solely due to the larger sample size (see the appendix, pages 7–8 for 

more discussion). It could be also related to the homogeneity of the Colombian PSEN1 
E280A cohort. We also postulate that increased variability of plasma NfL at older ages is 

attributable to a smaller number of older mutation carriers (and thus age-matched non-
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carriers at older ages), as well as the impact of age and non-AD neuropathological 

conditions on this measure of neuronal injury and neurodegeneration. In future studies, we 

plan to estimate the number of ADAD mutation carriers with elevated NfL levels needed to 

demonstrate a significant effect of an AD-modifying treatment on NfL reductions — and 

based on the robust NfL increases observed in association with clinical onset, we anticipate 

that this measure may have significant power to detect those effects, helping to reduce the 

size and time needed to conduct early phase trials.

Our study adds to previous work on ADAD mutation cohorts 11–13 in three major ways. 

First, we studied a large number of ADAD mutation carriers and non-carriers (i.e., over 

2,000 baseline plasma NfL observations and nearly 400 longitudinal observations with 

plasma NfL and cognitive testing). Second, this work only included carriers with one of the 

nearly 300 known ADAD mutations, which has a well-characterized age at the onset of MCI 

and dementia, mitigating issues of heterogeneity that limit mixed-mutation research. Finally, 

participants in this study span an unprecedented age range in ADAD research – 8 to 75 

years-old – allowing us to examine plasma NfL as a biomarker of axonal degeneration 

across the lifespan and AD trajectory.

Studies of PSEN1 E280A mutation carriers allow us to examine cognitively unimpaired 

individuals who will go on to develop AD in the future with virtual certainty. Previously, our 

group has shown that unimpaired mutation carriers from this kindred had significantly 

greater amyloid burden in their late 20s and increased tau accumulation in their late 30s, 

lower cerebral metabolic rates for glucose and smaller hippocampal volume in their late 30s, 

and lower CSF Aβ1–42, higher CSF total tau and phosphorylated tau in their mid 20s, 

compared to age-matched non-carriers 24,25. The present findings confirm that changes in 

plasma markers can be measured decades before clinical onset, though the sensitivity of 

plasma NfL elevations in identifying PSEN1 E280A mutation carriers was low until within a 

few years of the median age of onset of MCI for carriers in this cohort.

This study highlights the potential to characterize remarkably early changes in blood-based 

biomarker measurements of neurodegeneration when applied to an unusually large 

population--but suggests that the magnitude of these changes may be too small to be 

clinically meaningful in the clinical setting until close to onset of cognitive impairment. It 

also provides a foundation to inform the size and design of therapeutic trials in clinical and 

preclinical stages of AD.

The limitations of this investigation must also be discussed. First, while there are certain 

advantages to the study of a homogeneous ADAD kindred, this design may be less able to 

address the generalizability of findings to other ADAD mutations. In the DIAN report15, 

there were comparable findings in individuals with PSEN1, PSEN2, and APP mutations. 

Similarly, the relevance of our findings to studies in sporadic AD or in Down syndrome is 

also unknown. For instance, it has been suggested that plasma NfL elevations in persons 

with MCI and dementia due to sporadic AD may not be as precise as those in persons with 

ADAD. Third, while we have not yet characterized or assessed the impact of the APOE4 

allele on plasma NfL measurements as a function of age in this Colombian cohort, we are 

eager to use plasma NfL and other blood-based biomarkers as endophenotypes to assess the 
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impact of APOE variants and other genetic and non-genetic risk factors on potentially 

dissectible features of AD. Fourth, we have not yet compared NfL measurements to other 

brain imaging and CSF biomarkers from our ongoing observational and prevention trials, 

and we have a smaller number of participants with each of those longitudinally acquired 

biomarkers than those in the DIAN. Ongoing efforts promise to further inform the temporal 

sequence of these biomarker changes. Finally, additional analyses are needed to inform the 

size and design of treatment and prevention trials in this kindred, and findings from effective 

AD-modifying treatments will be required to clarify the theragnostic role of plasma NfL 

endpoints in the evaluation of promising interventions to treat and prevent AD, including 

Crenezumab, the drug now being evaluated in the API ADAD Colombia trial.26

Though our findings suggest that plasma NfL changes may begin in preclinical AD, 

additional studies are needed to clarify the temporal relationship between the onset of 

different biomarker effects. Our study used the same log transformation, cubic spline, and 

age at biomarker onset procedures as previously reported by DIAN11. While findings 

depend in part on the data analysis method and its underlying assumptions, we have 

confidence in the estimate we have calculated using these methods and we expect to see 

similar results using other downstream biomarkers in future reports. The statistical approach 

that we used also yielded low correlation coefficients that, though significant, reflect how 

changes in plasma NfL are evident, but are subtle across the lifespan of PSEN1 E280A 

carriers relative to non-carriers. Also, the lack of other biomarkers in this study (e.g., 

plasma, CSF, PET Aβ or tau) limits the interpretation at this time of the utility of NfL in 

therapeutic trails, but is a major focus of our ongoing work in the COLBOS (Colombia-

Boston) biomarker study and other groups.

Our findings add to the growing evidence that plasma and serum NfL measurements can be 

useful in detecting neurodegeneration and axonal injury, starting with early, subtle elevations 

long before the onset of AD clinical symptoms and greater, more sensitive elevations closer 

to the impending onset of clinical impairment. This research lays the foundation for further 

exploration of blood-based NfL measurements as a way to inform prognosis and evaluate 

treatments aimed at preventing AD and related disorders (several of which are associated 

with NfL elevations). More generally, our work illustrates the feasibility of acquiring large 

amounts of blood-based biomarkers which will continue to be important in the race to find 

better diagnostic tools and treatments for AD.

RESEARCH IN CONTEXT

Evidence before this study.

We searched PubMed for studies that examined NfL in neurodegenerative disorders 

published in any language up to December 31st, 2019. Search terms included “neurofilament 

light” “plasma biomarker” AND “neurodegeneration” OR “Alzheimer’s disease” OR 

“dementia” OR “cognition”. The literature elucidated that NfL, a constituent of myelinated 

neurons, is a promising biomarker of active axonal injury and neurodegeneration in a wide 

range of neurological disorders. In multiple sclerosis and spinal muscular atrophy, it has 

been seen that CSF NfL levels decrease 6–12 months after the initiation of successful 

treatments. In addition, serum NfL measurements have been shown to be elevated in persons 
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with MCI and dementia due to sporadic AD and to be associated with lower CSF amyloid-

β42 levels (an indicator of amyloid-β plaque burden) and MRI measurements of brain 

atrophy. More recently, serum NfL levels were reported in persons with and without 

different ADAD mutations. These studies (involving measurements in up to about 50 and 

400 kindred members, respectively) have reported differences between cognitively impaired 

carriers, unimpaired carriers, and non-carriers, as well as correlations between greater serum 

NfL and smaller brain volumes, lower cognitive test scores, and greater cognitive decline. 

Cross-sectional and longitudinal measurements showed that NfL significantly distinguished 

carriers from non-carriers 7 and 15 years before the carrier’s estimated symptom onset, 

respectively.

Added value of this study.

On this study, we examined more than 2,100 mutation PSEN1 E280A mutation carriers and 

non-carriers, 8–75 years of age, from the world’s largest single-mutation ADAD kindred. 

Cross-sectional and longitudinal plasma NfL levels, as well as baseline and longitudinal 

cognitive assessments, allowed us to extend previous reports and identify the age at which 

plasma NfL begins to differ between PSEN1 E280A carriers and non-carriers (22 years old, 

or 22 years before the median estimated age at onset of MCI in this cohort), as well as the 

associations of plasma NfL with baseline and subsequent cognitive performance. Of note, 

these NfL between-group differences had low sensitivity at younger ages and only showed 

high sensitivity near the age of clinical onset.

Implications of all the available evidence.

The emerging evidence supports the promise of plasma NfL and other blood-based 

biomarkers in the detection and tracking of AD and related disorders, the evaluation of risk 

modifiers for these neurodegenerative diseases, and the evaluation of disease modifying 

treatments. Additional studies are needed to clarify the generalizability of the findings, the 

relationship between different blood-based and other biomarkers of AD and related 

disorders, and the role of these peripheral markers of neurodegeneration in the evaluation of 

interventions to treat and prevent these disorders, as well as implications for their future use 

in clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Cross-sectional plasma NfL levels start to divert between mutation carriers and non-
carriers 22 years before estimated clinical onset (44 years)
A. Log-transformed cross-sectional plasma NfL values of non-carriers (blue triangles, n = 

1074) and mutation carriers (red circles, n = 1070) as a function of age. B. Differences in 

log-transformed plasma NfL (i.e., the space between the carrier and non-carrier mean values 

at any given age) between carriers and non-carriers as a function of age. Non-carrier levels 

are set at zero. The curves and credible intervals are drawn from the actual distributions of 

model fits derived by the Hamiltonian Markov chain Monte Carlo analyses. Baseline plasma 

NfL increases in PSEN1 E280A mutation carriers began to differ from non-carriers at age 

22, 22 years before the carriers’ estimated mean age of 44 at MCI onset. For A and B the 

shaded areas represent the 99% credible intervals around the model estimates.

Numbers below 1A indicate number of participants breaking into separate age ranges 

matching x-axis label.

Pg/ml= Picograms Per Milliliter
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FIGURE 2. Rate of change in Plasma NfL levels as a function of age in mutation carriers and 
non-carriers: Log-transformed longitudinal data
A. Longitudinal change rates of plasma NfL as a function of age. B. Change rate differences 

between carriers & non-carriers as a function of age (i.e., the space between the carrier and 

non-carrier mean values at any given age). Non-carrier rates are set at zero. The rate of NfL 

increases in PSEN1 E280A mutation carriers began to differ from non-carriers at age 22, 22 

years before the carriers’ estimated median age of 44 at MCI onset. Log-transformed data 

were modeled using Linear Mixed Effects Models (LMEMs), a restricted cubic spline, & 

Hamiltonian Markov chain Monte Carlo (MCMC) analyses. The shaded areas represent 99% 

credibility intervals. The underlying modeling procedures used in the generation of these 

representations of the longitudinal changes rates of plasma NfL are very similar to those 

used to generate the representations in Figure 1 (cross-sectional plasma NfL between 

carriers and non-carriers) but the dependent variable (i.e. the rate of change in NfL) of the 

models was different between the analyses.

Pg/ml= Picograms Per Milliliter
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FIGURE 3. Correlations between baseline and longitudinal plasma NfL and subsequent clinical 
and cognitive decline for unimpaired and impaired carriers
Baseline plasma NfL levels & annual change rates are associated with annual clinical and 

cognitive decline rates in impaired & unimpaired mutation carriers. A. Correlations between 

baseline plasma NfL and annual decline in MMSE scores. B. Correlations between annual 

increase in plasma NfL and annual decline in MMSE scores. C. Correlations between 

baseline plasma NfL and annual decline in CERAD word delayed recall scores. D. 

Correlations between annual increase in plasma NfL and annual decline in CERAD word 
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delayed recall scores. Impaired carriers are shown in red circles and unimpaired carriers are 

shown in blue triangles.

Pg/ml= Picograms Per Milliliter
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Table 1.

Baseline plasma NfL levels, clinical measures, and demographics in all mutation carriers and non-carriers

Carriers Non-carriers p-value

N 1070 1074

Age (years) 30±15 (8 – 73) 29±16 (8 – 75) 0.65

Male(%) 488(45.6%) 490(45.6%) 0.99

Female(%) 582(54.4%) 584(54.4%) 0.99

Education (years) 6.8±4.1 8.0±4.4 <0.0001

MMSE 26.60±5.25 28.74±2.35 <0.0001

CERAD Word List Delayed Recall 4.92±2.73 6.25±1.91 <0.0001

NfL (pg/ml) 18.08±66.41 9.09±22.72 <0.0001

Reported values are means and standard deviation (SD). All p-values are based on the raw measures (without log transformation) and without 
adjusting for covariates.

*
P-values are based on ANOVA comparing the three groups.

Note: NfL = neurofilament light

MMSE = Mini-Mental State Exam

CERAD = Consortium to Establish a Registry for Alzheimer’s Disease

Pg/ml= Picograms Per Milliliter
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Table 2.

Longitudinal demographic and plasma NfL measurements in mutation carriers and non-carriers

Carriers Non-carriers p-value

N 262 242

Baseline age (years) 29±16 (8 – 73) 27±16 (8 – 72) 0.28

Male (%) 114(43.5%) 95(39.3%) 0.33

Female (%) 148(56.5%) 147(60.7%) 0.33

Education (years) 7.3±4.1 7.9±4.2 0.13

Follow-up duration for NfL measurements (years) 4.6±3.0(1 – 23) 5.3±2.8(1 – 15) 0.01

Annual NfL change (pg/ml/yr) 15.26±75.88 (−19.89 – 824.90) 1.99±16.47 (−2.96 – 242.63) 0.01

Reported values are means and standard deviation (SD). All p-values are based on the raw measures (without log transformation) and without 
adjusting for covariates P-values are based on ANOVA comparing the three groups.

Note: NfL = neurofilament light.

Pg/ml= Picograms Per Milliliter

Lancet Neurol. Author manuscript; available in PMC 2021 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quiroz et al. Page 20

Ta
b

le
 3

.

B
as

el
in

e 
pl

as
m

a 
N

fL
 le

ve
ls

, c
lin

ic
al

 m
ea

su
re

s,
 a

nd
 d

em
og

ra
ph

ic
s 

in
 im

pa
ir

ed
 c

ar
ri

er
s,

 u
ni

m
pa

ir
ed

 c
ar

ri
er

s 
an

d 
no

n-
ca

rr
ie

rs
 (

ag
e 

ab
ov

e 
18

 y
ea

rs
 o

ld
)

Im
pa

ir
ed

 c
ar

ri
er

s
U

ni
m

pa
ir

ed
 c

ar
ri

er
s

N
on

-c
ar

ri
er

s
p-

va
lu

e*

N
15

4
57

3
74

3

A
ge

 (
ye

ar
s)

50
±

6 
(3

9 
– 

73
)

31
±

9 
(1

8 
– 

67
)

37
±

13
 (

18
 –

 7
5)

<
0.

00
01

M
al

e(
%

)
68

(4
4.

2%
)

25
7(

44
.9

%
)

32
7(

44
.0

%
)

0.
95

Fe
m

al
e(

%
)

86
(5

5.
8%

)
31

6(
55

.1
%

)
41

6(
56

%
)

0.
95

E
du

ca
tio

n 
(y

ea
rs

)
5.

1±
3.

7
7.

9±
4.

4
8.

6±
4.

8
<

0.
00

01

M
M

SE
17

.6
1±

7.
00

28
.3

4±
2.

18
28

.7
1±

2.
39

<
0.

00
01

C
E

R
A

D
 W

or
d 

L
is

t D
el

ay
ed

 R
ec

al
l

1.
84

±
1.

55
5.

78
±

2.
00

6.
28

±
1.

82
<

0.
00

01

N
fL

 (
pg

/m
l)

41
.8

3±
83

.4
1

9.
07

±
8.

34
10

.7
3±

26
.9

2
<

0.
00

01

R
ep

or
te

d 
va

lu
es

 a
re

 m
ea

ns
 a

nd
 s

ta
nd

ar
d 

de
vi

at
io

n 
(S

D
).

 A
ll 

p-
va

lu
es

 a
re

 b
as

ed
 o

n 
th

e 
ra

w
 m

ea
su

re
s 

(w
ith

ou
t l

og
 tr

an
sf

or
m

at
io

n)
 a

nd
 w

ith
ou

t a
dj

us
tin

g 
fo

r 
co

va
ri

at
es

.

* P-
va

lu
es

 a
re

 b
as

ed
 o

n 
A

N
O

V
A

 c
om

pa
ri

ng
 th

e 
th

re
e 

gr
ou

ps
.

N
ot

e:
 N

fL
 =

 n
eu

ro
fi

la
m

en
t l

ig
ht

M
M

SE
 =

 M
in

i-
M

en
ta

l S
ta

te
 E

xa
m

C
E

R
A

D
 =

 C
on

so
rt

iu
m

 to
 E

st
ab

lis
h 

a 
R

eg
is

tr
y 

fo
r 

A
lz

he
im

er
’s

 D
is

ea
se

Pg
/m

l=
 P

ic
og

ra
m

s 
Pe

r 
M

ill
ili

te
r

Lancet Neurol. Author manuscript; available in PMC 2021 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Quiroz et al. Page 21

Ta
b

le
 4

.

Im
pa

ir
ed

 c
ar

ri
er

s,
 u

ni
m

pa
ir

ed
 c

ar
ri

er
s 

an
d 

no
n-

ca
rr

ie
rs

 w
ith

 lo
ng

itu
di

na
l c

lin
ic

al
 a

ss
es

sm
en

ts
 a

nd
 lo

ng
itu

di
na

l N
fL

 m
ea

su
re

m
en

ts
 (

ag
e 

ab
ov

e 
18

 y
ea

rs
 

ol
d)

Im
pa

ir
ed

 c
ar

ri
er

s
U

ni
m

pa
ir

ed
 c

ar
ri

er
s

N
on

-c
ar

ri
er

s
p-

va
lu

e*

N
38

11
6

16
0

B
as

el
in

e 
ag

e 
(y

ea
rs

)
50

±
6 

(4
0 

– 
73

)
32

±
9 

(1
8 

– 
67

)
36

±
12

 (
18

 –
 7

2)
<

0.
00

01

M
al

e 
(%

)
16

(4
2.

1%
)

47
(4

0.
5%

)
52

(3
2.

5%
)

0.
30

Fe
m

al
e 

(%
)

22
(5

7.
9%

)
69

(5
9.

5%
)

10
8(

67
.5

%
)

0.
30

E
du

ca
tio

n 
(y

ea
rs

)
5.

9±
3.

9
8.

8 
±

4.
2

8.
3 

±
4.

7
0.

01

Fo
llo

w
-u

p 
du

ra
tio

n 
fo

r 
N

fL
 m

ea
su

re
m

en
ts

 (
ye

ar
s)

4.
7±

3.
0 

(1
 –

 1
4)

5.
7±

2.
8 

(1
 –

 1
3)

6.
0±

3.
1 

(1
 –

 1
5)

0.
07

N
um

be
r 

of
 f

ol
lo

w
-u

p 
N

fL
 m

ea
su

re
m

en
ts

2.
2±

0.
4 

(2
–3

)
2.

2±
0.

4 
(2

–3
)

2.
1±

0.
3 

(2
–3

)
0.

06

B
as

el
in

e 
N

fL
 le

ve
l (

pg
/m

l)
33

.3
9±

17
.5

7
10

.0
0±

6.
85

8.
65

±
14

.3
9

<
0.

00
01

A
nn

ua
l N

fL
 c

ha
ng

e 
(p

g/
m

l/y
r)

80
.8

9±
18

1.
76

 (
−

19
.8

9 
– 

82
4.

90
)

6.
25

±
25

.6
7 

(−
4.

93
 –

 1
87

.7
1)

2.
98

±
20

.1
9 

(−
2.

96
 –

 2
42

.6
3)

<
0.

00
01

R
ep

or
te

d 
va

lu
es

 a
re

 m
ea

ns
 a

nd
 s

ta
nd

ar
d 

de
vi

at
io

n 
(S

D
).

 A
ll 

p-
va

lu
es

 a
re

 b
as

ed
 o

n 
th

e 
ra

w
 m

ea
su

re
s 

(w
ith

ou
t l

og
 tr

an
sf

or
m

at
io

n)
 a

nd
 w

ith
ou

t a
dj

us
tin

g 
fo

r 
co

va
ri

at
es

P-
va

lu
es

 a
re

 b
as

ed
 o

n 
A

N
O

V
A

 c
om

pa
ri

ng
 th

e 
th

re
e 

gr
ou

ps
.

N
ot

e:
 N

fL
 =

 n
eu

ro
fi

la
m

en
t l

ig
ht

.

Pg
/m

l=
 P

ic
og

ra
m

s 
Pe

r 
M

ill
ili

te
r

Lancet Neurol. Author manuscript; available in PMC 2021 June 01.


	Abstract
	INTRODUCTION
	METHODS
	Study design and participants
	Procedures
	Outcomes
	Statistical Analyses
	Role of the funding source

	RESULTS
	DISCUSSION
	RESEARCH IN CONTEXT
	Evidence before this study.
	Added value of this study.
	Implications of all the available evidence.

	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	Table 1.
	Table 2.
	Table 3.
	Table 4.

