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Abstract

Background and Objectives

To assess whether plasma neurofilament light chain (NfL) levels are elevated before amyo-
trophic lateral sclerosis (ALS) diagnosis and to evaluate whether prediagnostic NfL levels are
associated with metabolic alterations.

Methods

We conducted a matched case-control study nested in 3 large prospective US cohorts (the
Nurses” Health Study, the Health Professionals Follow-up Study, and the Multiethnic Cohort
Study) and identified 84 individuals who developed ALS during follow-up and had available
plasma samples prior to disease diagnosis. For each ALS case, we randomly selected controls
from those who were alive at the time of the case diagnosis and matched on birth year, sex, race/
ethnicity, fasting status, cohort, and time of blood draw. We measured NfL in the plasma
samples and used conditional logistic regression to estimate rate ratios (RRs) and 95% con-
fidence intervals (Cls) for ALS, adjusting for body mass index, smoking, physical activity, and
urate levels.

Results

Higher NfL levels were associated with a higher ALS risk in plasma samples collected within S
years of the ALS diagnosis (RR per 1 SD increase 2.68, 95% CI 1.18-6.08), but not in samples
collected further away from the diagnosis (RR per 1 SD increase 1.16, 95% CI 0.78-1.73). A
total of 21 metabolites were correlated with prediagnostic NfL levels in ALS cases (p < 0.05),
but none of these remained significant after multiple comparison adjustments.

Discussion
Plasma NfL levels were elevated in prediagnostic ALS cases, indicating that NfL may be a useful
biomarker already in the earliest stages of the disease.

Classification of Evidence
This study provides Class II evidence that plasma NfL levels are elevated in prediagnostic ALS.
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Glossary

AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; BMI = body mass index; CI = confidence interval; FDR = false
discovery rate; HPFS = Health Professionals Follow-up Study; ICD-9 = International Classification of Diseases, Ninth
Revision; LOESS = locally estimated scatterplot smoothing; MEC = Multiethnic Cohort Study; MS = multiple sclerosis; NfH =
neurofilament heavy chain; NfL = neurofilament light chain; NHS = Nurses’ Health Study; OR = odds ratio; PD = Parkinson

disease; RR = rate ratio.

Amyotrophic lateral sclerosis (ALS) is a progressive adult-
onset neurodegenerative disease whose etiology is unknown.
Despite efforts to create diagnostic criteria that increase the
sensitivity and reduce time to diagnosis of the disease, the
average time from the first symptom until diagnosis is still 12
months, a figure that has remained similar over the last de-
cade." Neurofilament light chain (NfL), a sensitive and spe-
cific marker of neuroaxonal damage,” has consistently been
reported to be increased in patients with ALS,” suggesting that
it could be a useful biomarker in ALS. However, most of these
studies included patients well into the disease course, making
it difficult to determine whether NfL is a reliable marker early
in the disease. In a study of asymptomatic individuals with ALS-
associated gene mutations, NfL levels were elevated 12 months
before the first clinical syrnptoms,4 suggesting that it is a useful
marker for familial ALS. It remains unclear whether NfL is also a
useful marker in a general ALS population. Prospective cohort
studies with prediagnostic blood samples of patients with ALS
are ideal to evaluate early biomarkers, but they are difficult to
conduct due to the low incidence of the disease.

We conducted a matched case—control study including par-
ticipants from 3 large prospective cohorts to determine
whether plasma NfL concentrations were elevated before the
diagnosis of the disease and examined whether elevation in
prediagnostic NfL levels, which could be a marker of the
biological onset of ALS, were associated with metabolic al-
terations using measurements of over 400 metabolites.®

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

All the studies included were reviewed and approved by the
institutional review board representing the institution where
each study was conducted. All participants provided written
informed consent.

Study Populations

We included participants from 3 cohort studies: The Nurses’
Health Study (NHS), the Health Professionals Follow-up
Study (HPES), and the Multiethnic Cohort Study (MEC).
Detailed descriptions of each cohort have been published
previously. The NHS began in 1976 with 121,700 female nurses
aged 30-55 years at baseline.® Blood samples were collected
from 32,826 women between 1989 and 1990. A total of 39
nurses were identified with ALS between blood collection and
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end of follow-up (December 2010). Among these cases, 36 had
blood samples available for this study. The HPFES started in 1986
and included 51,529 male health professionals aged 40-75 years
at baseline.” Blood samples were collected from 18,018 men
between 1993 and 1995. A total of 26 men developed ALS
between blood draw and end of follow-up (December 2010).
The participants in these 2 cohorts are followed up biennially
with questionnaires on medical history and health-related be-
havior. The MEC cohort study began in 1993. It comprised
96,810 men and 118,441 women aged 45-75 years at baseline.®
At baseline, the participants were asked to complete a lifestyle
and disease history questionnaire, and have since then com-
pleted follow-up questionnaires every S years. A total of 67,594
members of the cohort have provided a blood sample, which
were mostly collected between 2001 and 2006. A total of 31
individuals with available blood samples developed ALS between
blood sample collection and end of follow-up (December 2012).

Endpoint Definition

We asked participants in HPFS and NHS to report whether
they had received a diagnosis of ALS on the questionnaires
administered during follow-up, and requested permission
from the participant, or from a family member if the participant
was deceased at the time of writing, to contact the neurologist
and obtain a copy of the medical records. The neurologist was
asked to complete a questionnaire on the certainty of the di-
agnosis (definite, probable, or possible). A neurologist with
clinical experience in ALS confirmed the diagnoses after
reviewing the medical records. We included patients with ALS
with a definite or probable diagnosis. If we were unable to obtain
a copy of the medical record or the neurologist’s questionnaire to
confirm the ALS diagnosis, only patients with an ALS diagnosis
specifically listed on the death certificate were included.

For MEC, we identified patients with ALS by searching the
National Death Index. Participants with the code 335.2
(motor neuron disease) according to the ICD-9 listed as the
underlying or contributing cause of death were considered to
have had ALS. In a validation study, ALS was the primary
diagnosis in 90% of the individuals for whom code 335.2 was
listed as the cause or contributory cause of death.” We
assigned the date of disease diagnosis to 3 years before the
date of death for participants in MEC, based on median
survival in patients with ALS."’

In these 3 cohort studies, we identified a total of 84 ALS cases
with available prediagnostic blood samples for this study. In
addition, we identified 9 ALS cases with blood samples
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collected shortly after ALS diagnosis. For each of the cases, we
randomly selected 1 or 2 controls (depending on available
blood samples) from those who were alive at the time of the
case diagnosis and matched on birth year (£l year), sex,
ethnicity, cohort, fasting status, and time of blood draw.

Assessment of NfL

Pairs and triplets of samples (from 1 case and its matched
controls) were handled identically and assayed in the same batch.
The order of the samples within each case—control pair/triplet
was arranged at random to make sure that the assays were
conducted without knowledge of the case or control status.

Concentrations of NfL were determined in duplicate at the
University Hospital Basel using ultrasensitive single-molecule
array (Simoa) assays. At the start of the study (2018), 157
plasma samples from NHS and HPES were available, and
these samples were analyzed using Simoa Homebrew Assay
(UmanDiagnostics), as previously described."" A total of 114
additional samples, including all of the 93 samples from MEC,
were added to the study in 2020 and were analyzed using the
commercially available NF-Light Advantage Kit (Quanterix).
NfL concentrations determined by the 2 methods are highly
correlated (r* = 0.96, p < 0.0001). CSF and plasma NfL levels
are highly correlated.” NfL is a sensitive marker of neuro-
degeneration in ALS, and could in a longitudinal study dis-
criminate patients with ALS from patients with other
neurodegenerative conditions, including differential diagnosis
of ALS, with high sensitivity and specificity.'> CSF may dis-
criminate patients with ALS from controls with higher sen-
sitivity and specificity compared to serum and plasma levels."?

Assessment of Covariates

Information on body mass index (BMI), smoking, and
physical activity was collected from questionnaires in each
cohort. We used the nearest covariate data collected before or
at the time of blood draw. Only a few participants had missing
values for covariates included in the statistical models. Spe-
cifically, 4 cases (4.3%) and 8 controls (4.5%) had missing
values for physical activity, while 3 cases (3.2%) and 3 controls
(1.7%) had missing values for smoking. We imputed missing
values using single imputation with the most common cate-
gory in individuals with the same case—control status. This
was done to ensure that all statistical models included the
same number of participants. Plasma urate levels were mea-
sured via a colorimetric enzyme assay on the Roche P Mod-
ular system (Roche Diagnostics), as previously described.'*

Statistical Analyses

We log-transformed NfL and metabolite levels to improve
normality and standardized the levels (mean 0, SD 1) based
on the distribution among the controls of the same cohort.
This was done to account for potential differences in levels as
a result of the processing methods of blood samples in each
cohort. For NfL, we also standardized the levels within assay
to account for possible differences in the 2 assays used to
determine NfL levels.
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We used conditional logistic regression to estimate odds ra-
tios (ORs) and 95% confidence intervals (CIs) for the asso-
ciation between NfL levels and ALS risk. Because the controls
in the study were selected using risk-set sampling (i.e., the
controls were at risk of becoming a case at the time the actual
case developed ALS), the ORs estimate incidence rate ra-
tios."”> We modeled NfL levels as a continuous variable (per 1
SD increase in controls) to maximize power if linear and as a
categorical variable (tertiles) to explore possible nonlinear
associations. For the categorical analyses, we categorized the
participants into cohort and assay-specific tertiles based on
the distribution among the controls. To test for a linear trend
across the tertiles, we assigned the median value to each tertile
and modeled this as a continuous variable. To evaluate the
influence of potential confounders, we used multivariable
models including BMI (continuous), smoking status (cat-
egorical: never smoker, past smoker, current smoker),
physical activity (categorical: tertiles of metabolic equiva-
lent hours of total physical activity [NHS, HPFS]; tertiles
of the amount of moderate and vigorous physical activity
[MEC]), and plasma urate levels (continuously). To
evaluate whether the association between NfL levels and
ALS varied with time to disease diagnosis, we repeated the
analyses in predefined strata (<S years and > S years to ALS
diagnosis). Only patients with prediagnostic samples were
included in the main analyses. In addition, we estimated the
ratio of NfL levels in each case-control pair/triplet and
plotted these according to time to ALS diagnosis using a
locally estimated scatterplot smoothing (LOESS) curve.
For the triplets, we calculated the ratio using the mean of
the 2 matched controls.

We also evaluated whether NfL levels were associated with
changes in the metabolome in ALS cases with blood samples
collected within $ years of disease diagnosis, as NfL levels during
this phase are more likely to reflect subclinical disease activity
than levels assessed long before the first syrnptoms.5 To evaluate
whether specific metabolites were associated with NfL levels in
patients with ALS, we used linear regression models, modeling
NiL as the dependent variable and metabolite levels as the in-
dependent variable, adjusting for age and sex.

We adjusted for multiple comparisons using the false discovery
rate (FDR) approach. Specifically, we used the Benjamini-
Yekutieli procedure that accounts for correlations between pre-
dictors,' as implemented in the R Stats package. All analyses
were conducted using SAS, version 9.4 software (SAS Institute),
and R, version 3.6.0 (the R Foundation). Figures were made
using the ggplot2 and ggpol R packages. p Values were considered
significant at values <0.05, and all tests were 2-sided.

Data Availability

The datasets analyzed in the current study are not publicly
available because of restricted access, but further information
about the datasets is available from the corresponding author
on request.
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Results

We identified a total of 93 individuals who developed ALS
among the 118,437 participants who provided blood samples
in these 3 cohorts. Among these, 84 individuals had available
prediagnostic samples. The baseline characteristics were

similarly distributed in cases and controls (Table 1), but the
cases had slightly lower BMI, which is consistent with what
has previously been reported,'”'® and were more likely to
have been smokers. Fewer cases had higher educational levels
than high school compared to the controls. Overall, the NfL
concentrations were lower in samples analyzed with NF-Light

Table 1 Selected Age-Standardized Characteristics

Characteristic Cases (n =93) Controls (n = 178) p Value
Age, y* 64.4 (9.0) 64.5(9.0) —
Sex
Male 49 (52.7) 93(52.3) —
Female 44 (47.3) 85 (47.8)
Fasting status, h
<8 32(34.4) 59 (33.2) —
>8 61 (65.6) 119 (66.9)
Interval from blood draw to ALS diagnosis, y 6.4 (2.5-11.0) — —
Body mass index 25.5(3.4) 26.1(4.1) 0.23
Smoking status
Never smoker 33(35.5) 83 (46.6) 0.15
Past smoker 52 (55.9) 77 (43.3)
Current smoker 5 (5.4) 15(8.4)
Unknown 3(3.2) 3(1.7)
Race/ethnicity
White 58 (62.4) 109 (61.2) —
African American 9(9.7) 15(8.4)
Hispanic 7 (7.5) 15(8.4)
Asian 9(9.7) 18(10.1)
Other 6 (6.5) 16 (9.0)
Not reported 4(4.3) 5(2.8)
Education
< High school 7 (7.6) 5(2.8) 0.16
High school 10(10.9) 16 (9.0)
> High school 75 (81.5) 156 (88.1)
Physical activity
Low level 29 (32.6) 51(30.0) 0.44
Medium level 28 (31.5) 67 (39.4)
High level 32 (36.0) 52 (30.6)
Plasma urate, mg/dL 5.3(1.4) 5.5(1.4) 0.51

Abbreviation: ALS = amyotrophic lateral sclerosis.

Values are standardized to the age distribution of the study population. Values of categorical variables may not sum up to 100% due to rounding. p Values are
not given for matching factors (age, sex, race/ethnicity, and fasting status), as these are similar in the 2 groups by design. Values are mean (SD), n (%), or

median (interquartile range).
?Value is not age-adjusted.
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Figure 1 Box Plots and Dot Plots of Neurofilament Light Chain (NfL) Levels in Prediagnostic Amyotrophic Lateral Sclerosis
(ALS) Cases and Matched Controls as Quantified by 2 Methods
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The figure illustrates levels of NfL in ALS cases and matched controls. Log-transformed NfL levels were compared using linear mixed-effects models with
random effects for matched pairs/triplets. The lower and upper hinges correspond to the first and third quartiles. The upper whisker extends to the largest
value at most 1.5 * interquartile range from the hinge, while the lower whisker extends to the smallest value no further than 1.5 * interquartile range of the

hinge.

Kit than the Simoa Homebrew Assay (Figure 1), as illustrated
by the lower median levels comparing the assays among the
healthy controls, which is consistent with other studies."""?

Higher prediagnostic NfL levels were associated with a higher
ALS risk in analyses adjusted for age, sex, and matching factors
in continuous and categorical analyses (Table 2). The results
remained similar in a multivariable model further adjusted for
BMI, smoking, physical activity, and urate levels. In the fully
adjusted multivariable model, the rate ratio (RR) for ALS per 1
SD increase in prediagnostic NfL was 1.40 (95% CI 1.03-1.91, p
= 0.03). The RR comparing the top vs lowest tertiles and the p
for trend across the tertiles did not reach statistical significance.

In analyses stratified on time to ALS diagnosis, prediagnostic
NfL levels were only significantly associated with ALS risk in
the analysis restricted to those with shorter interval (0 to <S
years) between blood draw and diagnosis (Table 2). The
multivariable-adjusted RR for ALS per 1 SD increase in pre-
diagnostic NfL in this group was 2.68 (95% CI 1.18-6.08, p =
0.02), as compared to 1.16 (95% CI 0.78-1.73, p = 0.47) in
the group with an interval of S years or longer. The RRs
comparing the top vs lowest quartiles and the p for trend did
not reach statistical significance. When we plotted the ratio of
NfL in matched case—control pairs/triplets according to time
to ALS diagnosis, we observed that the levels were similar in
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cases and controls until 1-2 years before the diagnosis
(Figure 2). In the 2 years before the diagnosis, the ratio was
positive (i.e., NfL levels were higher in the cases compared to
matched controls) in 9 of the 13 pairs/triplets (69.2%).
Among ALS cases with postdiagnostic samples (n = 9), NfL
levels were higher in cases than in controls in 7 of the 9 pairs/
triplets (77.8%), but the risk estimates did not reach statistical
significance (RR per 1 SD increase in NfL: 3.04, 95% CI
0.95-9.79, p = 0.06). In a sensitivity analysis, the estimates
remained similar when restricting the analysis to participants
with no missing values for covariates. The multivariable-
adjusted RR for ALS per 1 SD increase in prediagnostic NfL
levels within S years of ALS diagnosis was 2.39 (95% CI
1.08-5.29; p = 0.03).

The risk estimates were higher in male than in female patients,
but the proportion of samples collected within 5 years of ALS
diagnosis was considerably lower in female (24.4%) than in
male (45.9%) patients. Similarly, there was only a significant
association between NfL and ALS in samples assayed with the
NfL kit (Figure 1), but the proportion of samples collected
within S years of ALS diagnosis was 70.0%, as compared to
14.8% for the Simoa Homebrew assay.

In analyses comparing NfL levels with the levels of 404 me-
tabolites in ALS cases, we detected 21 metabolites that were
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Table 2 Rate Ratios (95% Confidence Intervals) for Amyotrophic Lateral Sclerosis According to Prediagnostic
Neurofilament Light Chain Levels

Tertile 1 Tertile 2 Tertile 3 p Trend 1SD increase p Value

All participants

Cases/controls, n 19/53 29/56 36/52

Model 1 1.00 (ref) 1.44 (0.72-2.89) 1.90 (0.95-3.79) 0.10 1.53(1.14-2.04) 0.004

Model 2 1.00 (ref) 1.04 (0.49-2.22) 1.40 (0.67-2.96) 0.39 1.40 (1.03-1.91) 0.03
Male

Cases/controls, n 9/29 12/29 21/22

Model 1 1.00 (ref) 1.49 (0.51-4.31) 3.14(1.11-8.93) 0.027 2.23(1.36-3.68) 0.002

Model 2 1.00 (ref) 1.03 (0.31-3.41) 2.13(0.67-6.74) 0.14 2.12(1.22-3.66) 0.007
Female

Cases/controls, n 10/24 17/27 15/30

Model 1 1.00 (ref) 1.47 (0.58-3.75) 1.22(0.48-3.13) 0.83 1.15(0.77-1.71) 0.49

Model 2 1.00 (ref) 1.42 (0.49-4.15) 1.06 (0.36-3.12) 0.89 1.08 (0.70-1.67) 0.72
< 5years to ALS diagnosis

Cases/controls, n 6/19 10/19 15/17

Model 1 1.00 (ref) 2.18 (0.58-8.26) 3.85(0.98-15.2) 0.083 2.22(1.22-4.03) 0.009

Model 2 1.00 (ref) 2.75(0.61-12.4) 5.29 (1.01-27.8) 0.086 2.68 (1.18-6.08) 0.02
> 5 years to ALS diagnosis

Cases/controls, n 13/34 19/37 21/35

Model 1 1.00 (ref) 1.28 (0.56-2.91) 1.52(0.68-3.44) 0.37 1.32(0.93-1.87) 0.12

Model 2 1.00 (ref) 0.71 (0.26-1.89) 1.12(0.44-2.88) 0.77 1.16 (0.78-1.73) 0.47

Model 1: Adjusted for matching factors (age, sex, fasting status, and time of blood draw). Model 2: Additionally adjusted for body mass index, smoking,
physical activity, and plasma urate levels.

Figure 2 Ratio of Neurofilament Light Chain (NfL) Levels in Amyotrophic Lateral Sclerosis (ALS) Cases and Matched Controls
According to Time to ALS Diagnosis.
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The figure illustrates the relative difference (ratio) in NfL levels in ALS cases and matched controls. The locally estimated scatterplot smoothing (LOESS) curve illustrates

the changes in the ratio over time. Each point corresponds to 1 case-control pair/triplet. (A) The LOESS curve was estimated from all case-control pairs/triplets. (B) A
LOESS curve was estimated for each cohort separately. HPFS = Health Professionals Follow-up Study; MEC = Multiethnic Cohort Study; NHS = Nurses' Health Study.
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nominally significantly correlated with NfL. None of these
associations retained significance after we accounted for
multiple comparisons.

Discussion

In this study, we found that NfL levels were increased in ALS
cases compared to their matched controls before the diagnosis
of the disease. The levels increased closer to time of diagnosis,
in particular in the last 12-24 months. These results suggest
that NfL is a useful biomarker already in the earliest stages of
the disease.

Few studies have evaluated the role of NfL in prediagnostic
ALS. One study followed asymptomatic carriers at risk of
developing ALS over time, and found that, among those who
phenoconverted (n = 10), NfL levels appeared to increase
approximately 12 months before the earliest clinical symp-
toms or signs of the disease.” Later analyses in the same cohort
of patients suggest that the presymptomatic NfL elevation
may depend on genotype, as changes occurred as early as 3.5
years before the disease onset in a patient with a COORF72
repeat expansion, but only 6-12 months before the onset in
patients with an SODI A4V mutation.”® Due to the low
number of patients with each genetic mutation, these results
may be prone to random variation. In a separate study in-
cluding asymptomatic carriers, NfL levels were not signifi-
cantly different from controls.”’ However, most samples in
this study were collected more than 24 months before clinical
onset, which may have been too early to detect any differ-
ences. Furthermore, age at onset was imputed based on the
parental age at ALS onset, which may have led to mis-
classification of the actual time to onset. There are no studies
on NfL in prediagnostic sporadic ALS, but a recent study
found a significant increase in serum neurofilament heavy
chain (NfH) up to 18 months before diagnosis.22 Ten of the
patients in this study had available presymptomatic blood
samples, and S of these had NfH levels above a predefined
cutoff, which discriminated patients with ALS from ALS
mimics in a previous study.23 NfH was a less sensitive marker
than NfL during the presymptomatic phase in asymptomatic
carriers,”” suggesting that results from studies on NfH and
NfL may not be directly comparable. Our findings indicate
that NfL levels are elevated shortly before the clinical onset,
making it a useful biomarker at the earliest disease stages of
ALS. This is consistent with the findings in a larger study of
patients with ALS, where serum and CSF NIiL levels were
consistently increased in patients early in their disease course
(<6 months from symptom onset) and could discriminate
patients with ALS from those with other neurologic
diseases.**

In our study, we found that elevated prediagnostic NfL levels,
which likely reflect early disease processes in ALS, were not
associated with a distinct metabolomic signature. This is
consistent with the results from our previous metabolomics

Neurology | Volume 97, Number 15 | October 12,2021

study suggesting ALS is not preceded by distinct metabolic
alterations, but a broad, poorly defined metabolic dysregula-
tion.> We observed that 21 metabolites correlated signifi-
cantly with NfL levels in the S years before ALS diagnosis.
None of the metabolites retained significance after we
accounted for multiple comparisons, which likely reflects the
low statistical power in these analyses, but could also reflect
that few metabolic markers are consistently elevated in the
years before ALS diagnosis, even after the disease processes
have started (i.e., the biological onset of the disease).

Several neurologic diseases, including Alzheimer disease
(AD),” Parkinson disease (PD),*® and multiple sclerosis
(MS),”” appear to have a preclinical phase lasting several years
before the first clinical symptoms become apparent. This can
make it challenging to conduct etiologic research, as an ex-
posure must precede the outcome to be causal,”® and a long
preclinical phase makes it difficult to separate risk factors from
consequences of presymptomatic disease processes. In our
study, we found no association between NfL and ALS in
samples obtained S years or longer before ALS diagnosis and
observed that the biomarker levels only appeared to increase
12-24 months before the diagnosis. This suggests that ALS is
characterized by a shorter preclinical phase than AD, PD, and
MS. Still, the preclinical phase may be longer than suggested
by our results, as our analyses were based on time of diagnosis,
and symptom onset may start some time before the disease is

diagnosed.

Our study has several strengths. The nested case—control
design makes it unlikely that there were any systematic dif-
ferences between cases and controls in their source pop-
ulation and procedures of blood collection and processing. As
the blood samples from cases and controls were analyzed at
the same time, blindly, and in random order, it is unlikely that
there were any artefactual differences in the measured NfL
levels. Our study also has some limitations to consider. While
we included participants from 3 large cohort studies, we only
identified 84 patients with ALS who had prediagnostic blood
samples available for our study, which may have limited the
statistical power in some analyses and made our estimates
more prone to random variation. This challenge is inherent to
the difficulty of conducting prospective studies of a rare dis-
ease like ALS. For MEC, we did not have access to clinical
information and relied on death certificates to identify indi-
viduals who developed ALS. This may have led to mis-
classification of ALS in some participants, but use of death
certificate appears to be an adequate, although not ideal, tool
to capture patients with ALS in epidemiologic studies.”
Furthermore, because of the lack of clinical information, we
imputed time of ALS diagnosis among participants in MEC,
which likely led to misclassification of the time of the onset in
some individuals. Still, our results are consistent with previous
studies on neurofilaments in prediagnostic ALS. We imputed
missing values for covariates to ensure that all models in-
cluded the same number of participants, which could lead to
bias if data are not missing at random. The results remained
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similar in a sensitivity analysis restricted to individuals without
missing data. We did not have clinical and genetic information
on the ALS cases to distinguish ALS subtypes and therefore
could not separate sporadic from familial cases in our study.
Lastly, as is inherent to any observational study, we cannot
exclude the possibility that the results may be affected by
residual or unmeasured confounding that we could not ac-
count for.
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