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Introduction

Abstract

Objective: To develop an age-adjustment model for neurofilament light chain
(NfL), an emerging injury marker in patients with a range of neurologic condi-
tions including multiple sclerosis (MS). Methods: Serum and plasma samples
were collected from a healthy donor (HD) cohort of 118 individuals aged 24 to
66 years, 90 patients with relapsing MS (RMS) and 22 patients with progressive
MS (PMS). Serum and plasma samples were assessed for NfL using the SIMOA
assay (Quanterix NfL Advantage Kit™). A log-linear model was used to evaluate
the relationship between NfL and age and to calculate age-adjusted NfL levels.
Results: Higher serum and plasma NfL levels were significantly associated with
increasing HD age. Log-transformation of blood NfL levels reduced
heteroscedasticity and skewness. A log-linear model enabled adjustment for age-
related increase in serum and plasma NfL levels (2.3% [95% CI, 1.6-2.9] and
2.6% [95% CI, 1.3-3.3] per year, respectively). Following age adjustment, NfL
did not show significant association with HD sex or ethnicity. While unadjusted
serum NfL levels were elevated in patients with PMS (mean age 56 years) com-
pared with those with RMS (mean age 37 years), age-adjusted NfL levels did
not differ. Interpretation: A log-linear, age adjustment model was developed to
enable comparison of NfL levels across populations with different ages. While
additional data and evidence are needed for patient-level adoption, this could
be a valuable tool for interpreting NfL levels across a range of patient groups
with neurologic conditions.

picomolar range.”'® NfL levels partially distinguish indi-
viduals with disease from healthy controls and decrease

Neurofilament light chain (NfL) is expressed in neuronal
axons and shed into the extracellular space and peripheral
blood following neuroaxonal injury in patients with a
range of neurologic conditions." The potential use of NfL
as a biomarker has been proposed for several neurodegen-
erative conditions including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease, other
forms of dementia, multiple sclerosis (MS), traumatic
brain injury, and HIV infection.>” The development of
single molecule array (SIMOA) technology, an ultra-
sensitive enzyme-linked immunosorbent assay (ELISA)
technique, allows for minimally invasive detection of NfL
in peripheral blood samples with sensitivity in the

with effective disease management." Recently, several
studies suggest that NfL may also be useful as a predictor
of future disease activity.''™"?

Importantly, demographic factors such as age, sex, and
ethnicity can all have considerable effects on measures
used in studies of neurological disease.'*** Age, in partic-
ular, appears to influence NfL in both healthy and dis-
eased populations,”>*”!***?*  with  increased age
correlating with greater and more variable NfL levels.”>*’
The evidence to support sex effects on NfL in healthy
donors and in patients with neurological disease, includ-
ing PD and AD is limited.?**® Correlations between eth-
nicity and NfL have also been observed in patients with
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AD and diabetes.”*® These effects have the potential to
confound comparisons of NfL both within and between
various patient cohorts. To avoid biases when using NfL
as a biomarker, considerations are needed to both identify
and control for these factors.

In MS, NfL is elevated with acute inflammatory disease
activity (gadolinium [Gd+] lesions and/or clinical
relapses) and measures of disease severity including the
expanded disability status scale (EDSS);>*!  however,
whether NfL levels differ across patients with relapsing
MS (RMS) versus patients with progressive MS (PMS)
remains unclear, especially given that age differences may
confound a direct comparison between these populations.
To fully characterize NfL in MS and other neurological
disorders, it is important to first understand the non-
disease related behavior of NfL in healthy individuals. In
this analysis, the influence of age (as well as sex and eth-
nicity) on blood NfL levels was examined in a healthy
donor population. A log-linear model based on these
findings was developed to separate disease-related effects
from effects associated with different age distributions.
Finally, the model was applied to a cohort of patients
with MS to examine whether a difference exists in the
NfL distribution between patients with RMS versus
patients with PMS.>>*

Methodology

Participants

Healthy donor serum and EDTA-plasma samples were
acquired from 118 individuals aged 24 to 66 years as part
of a Genentech employee donor program or purchased
from PrecisionMed Inc. (Solano Beach, CA, USA). The
Genentech employee donor program screens for individu-
als in general good health without known neurologic con-
ditions or a history of neurologic injury, bloodborne
infections (HIV, HCV, HBV) or anemia. Of 83 individu-
als with medical comorbidity data, 65 (79%) reported
no known conditions. Other participants reported
hypothyroidism (5), diabetes mellitus (4), hypertension
(4), asthma (2), dyslipidemia (2), and rheumatoid arthri-
tis (1). Blood draws occurred during business hours, pri-
marily in the morning (median 10:30 AM, range
7:15 AM-2:00 PM). For healthy donor samples obtained
from PrecisionMed Inc., these cognitively normal donors
had no neurological disease and no history or family his-
tory of significant neuropsychiatric disease. Further, they
required a Mini Mental State Examination (MMSE) of
>28 to qualify. Human serum and EDTA-plasma from 90
patients with RMS and 22 patients with PMS (17 with
primary progressive MS [PPMS], five with secondary pro-
gressive MS [SPMS]) were obtained through a research
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collaboration agreement between Genentech, Inc. and the
University of California San Francisco (UCSF, San Fran-
cisco, USA). Patients with MS were recruited at UCSF
between 2012 and 2017. International Panel (McDonald)
Criteria was used for diagnosis of RMS and PPMS.**
Lublin et al. 2014 criteria (retrospective diagnosis by a
history of gradual worsening after an initial relapsing dis-
ease course, with or without acute exacerbations during
the progressive course) was used for diagnosis of SPMS.*

NfL measurements

Frozen serum and plasma samples were assessed for NfL
using a SIMOA assay (Quanterix NfL Advantage Kit™)
that has demonstrated adequate sensitivity and precision
to measure in both matrices. Complete methodological
details have been previously described.’® In brief, a cali-
brator curve (rhuman) was freshly prepared from concen-
trate in SIMOA NfL Advantage calibrator diluent
(Quanterix). Individual paired human matrix samples
(serum, EDTA-plasma) were diluted 1:4 in the SIMOA
NfL advantage sample diluent according to the kit proto-
col. All samples were transferred to a SIMOA microtiter
plate and two replicates from each microtiter well were
measured for the analysis.

Statistical analyses

Associations between NfL and patient demographic fac-
tors (age, sex, and ethnicity) were determined using
Spearman’s r analysis, f-test, and one-way ANOVA,
respectively. A log-linear model was used to calculate age-
adjusted NfL levels. Theoretical age-adjusted NfL per-
centiles based on the assumption of a log-normal
distribution of NfL conditional on age with fixed variance
calculated. Unadjusted and age-adjusted NfL
distributions in the MS cohort were compared using the
Kolmogorov—Smirnov test (K-S test). All tests were two-

were

sided and had a significance level of 0.05. Computation
of the percentiles was performed with distribution tables
or standard statistical software. Univariate and multiple
linear regression was used to assess the relationship
between demographic, clinical, and MRI features (inde-
pendent variables) with NfL levels (dependent variable).

Results

Relationship between age and blood serum
NfL in healthy donors

The healthy donor cohort age distribution is shown in
Figure 1A. In this cohort, a significant correlation was
observed between age and serum NfL (Spearman’s
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Figure 1. Age distribution of healthy donor cohort and relationship
between serum NfL and age before age adjustment in the MS cohort.
MS, multiple sclerosis; NfL, neurofilament light chain. (A) Age
distribution of the healthy donor cohort. (B) Log axis NfL age
relationship in the MS cohort. (C) NfL-age relationship in the MS
cohort.
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r = 0.54; p < 0.001). A similar relationship was observed
between age and plasma NfL (Spearman’s r = 0.53;
p < 0.001) (Figure S1A), and a significant correlation was
found between serum and plasma NfL (Spearman’s
r=0.95 p <0.001) (Figure S1B). Further inspection of
serum NfL versus age in the healthy donor population
showed a heteroscedastic relationship (increased variabil-
ity with higher age) with a positively skewed distribution.
Application of log;, transformation to serum NfL reduced
the heteroscedasticity and skew compared with the
untransformed data (Figure 1B). Therefore, subsequent
development of the model for interpreting patient NfL
levels included log;, transformation prior to adjustments
for age.

Derivation of the age-adjustment model

The relationship between log;oNfL and age was deter-
mined using linear regression analysis (Table 1), which
identified an age-related increase in serum and plasma
NfL of 2.3% (95% CI, 1.6%-2.9%) and 2.6% (95% CI,
1.8%-3.3%) per year, respectively. The resulting model
derived from this analysis enabled calculation of age-
adjusted NfL levels and percentiles relative to a healthy
donor population (Figure 2).

Formula for age-adjusted NfL levels

To account for the impact of age on NfL, a log-linear
model was used to adjust the NfL level to a reference age
of 18 years:

NfI‘adj _ 1OlogIO(NfI)—Slope(Age—IS) (1)

Applying the model coefficients derived from the healthy
donor cohort, this translated to:

serum Nfz‘adj _ lolaglo(serum NfL)—0.009767(Age—18) (2)

plasma NfLadj — lologlo(plusmu NfL)—0.01103x(Age—18) (3)

The resulting NfL,; values reflect what the NfL levels
would be at an age of 18 years, facilitating like-for-like
comparisons between populations with different age dis-
tributions (Table 2).

Relationship between NfL and sex and
ethnicity in the HD cohort following age
adjustment

Following adjustment for age, no significant association
was observed between NfL levels and sex (Figure 3A), and
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Table 1. Linear regression analysis of log;oNfL (serum and plasma)
with age.

Component/Compartment  Intercept Slope (Age)  SD Residuals
Serum 0.439271 0.009767 0.1524622
Plasma 0.27973 0.01103 0.1715229

NfL, neurofilament light chain.

no significant differences were observed in NfL levels
between patients of different ethnicities (Figure 3B) in the
healthy donor cohort.

Application of the NfL age-adjustment
model to a MS cohort

The impact of age adjustment on NfL levels was assessed
in a cohort of 90 patients with RMS (mean age, 37.0; SD,
9.1 years) and 22 patients with PMS (mean age, 56.0; SD,
11.7 years). Additional clinical characteristics of this
cohort are shown in Table 3. Before adjusting for age, a
right-shift (elevation) in the distribution of NfL levels was
observed among patients with PMS versus RMS (K-S test;
p = 0.055; Figure 4A), which might initially be attributed
to differences between MS subtypes. However, after
applying this model to these data, this effect was largely
removed and considerable overlap was observed between
the two cohorts (K-S test; p = 0.6; Figure 4B), suggesting
that the degree of currently occurring neuroaxonal injury
detected in blood is not necessarily higher in patients
with PMS compared with RMS. Interestingly, following
age-adjustment, NfL levels were observed to decrease with
age (Spearman rank correlation; r = —0.236, p = 0.012),

Figure 2. NfL age-adjusted healthy
donor  percentile  curves.  The
modelled median (50th percentile)
NfL level with age is shown with the
bolded black line. NfL, neurofilament
light chain.
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especially in patients with RMS (r = —0.244, p = 0.020)
(Figure 4C). By contrast, no significant relationship
between age and unadjusted NfL was observed in this
population (Figure 1C). Clinical relapses and inflamma-
tory disease activity are known to associate with a shorter
disease course,”” which may partially explain the NfL ele-
vation observed in younger patients. While this cohort
was underpowered to evaluate the relationship between
age and NfL stratified by acute disease activity, the
observed inverse relationship between age and NfL
appeared to be more evident in patients with RMS with
recent inflammatory activity on MRI (Figure S1). Lastly,
analysis of demographic, clinical, and MRI variables repli-
cated previous reports that a key driver of NfL elevation
is recent disease activity detectable on MRI, and this rela-
tionship was more pronounced when examining adjusted
NfL levels (Table 4). These findings demonstrated that
age adjustment of NfL levels may help reduce confound-
ing factors and/or uncover relationships more relevant to
the underlying disease biology.

Discussion

NfL is emerging as a useful injury marker in patients with
a range of nervous system conditions. In healthy individ-
uals, NfL is reported to increase nonlinearly with age.*’
This model describing an exponential increase in serum
NfL with age at approximately 2.3% increase per year in
this healthy donor cohort (age 24-66 years) is generally
consistent with published results, and may have better
evidence in the middle age ranges compared with pub-
lished studies. The nonlinear increase in NfL may be due
to a combination of natural brain volume loss associated

0%

Age (years)
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Table 2. Theoretical serum NfL values (pg/mL) corresponding to age-adjusted percentiles.

. HARP ET AL.

Age (years)

Percentile 25 30 35 40 45 50 55 60
10th 2.75 3.08 3.44 3.85 4.31 4.82 5.40 6.04
25th 3.40 3.81 4.26 4.77 5.33 5.97 6.68 7.48
50th 4.31 4.82 5.40 6.04 6.76 7.56 8.46 e
75th 5.46 6.11 6.84 7.66 8.57 9.59 10.73 12.00
90th 6.76 7.57 8.47 9.47 10.60 11.86 13.27 14.85
NfL, neurofilament light chain.
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Figure 3. NfL relationship with sex and ethnicity following age adjustment. NfL, neurofilament light chain. (A) Log-transformed age-adjusted
healthy donor serum NfL relationship with sex. (B) Log-transformed age-adjusted healthy donor serum NfL relationship with ethnicity.

with aging and/or decreased cerebrospinal fluid turnover
commonly found in older individuals.*>*®

This study established a straightforward log-transform
model to calculate age-adjusted NfL values, enabling a

more informed comparison of NfL distributions across

different patient cohorts. This model is suited for cohort
investigations of NfL and may be most applicable in pop-
ulations within the age range established by this healthy
donor cohort. Moreover, this study contributed an
important healthy donor reference for examining NfL in
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Table 3. Healthy donor and MS cohort characteristics.

Age-adjusted model for blood NfL

Progressive MS

Healthy Donor RMS PPMS SPMS (PPMS + SPMS)
(n=118) (n =90) (n=17) (n=05) (n=22)
Age, mean (SD), years 42.5 (9.8) 37.0(9.1) 53.2 (11.5) 65.8 (5.9) 56.0 (11.7)
Female, n (%) 71 (60.2) 61 (67.8) 8 (47.1) 2 (40.0) 10 (45.5)
Ethnicity, n (%)?
White 66 (55.9) 55 (61.1) 12 (70.6) 5(100.0) 17 (77.3)
Black 8 (6.8) 4(4.4) 1(5.9) 0 1(4.5)
Hispanic 15 (12.7) 7 (7.8) 0 0 0
Asian 29 (24.6) 2(2.2) 0 0 0
Serum NfL, median (IQR), pg/mL
Unadjusted 7.13 (1.37-20.8) 7.64 (5.42-12.90) 9.99 (7.38-16.10) 12.80 (11.70-14.00) 11.11 (8.02-16.37)
Adjusted 4.09 (1.00-11.0) 4.95 (3.58-8.06) 4.12 (2.94-7.93) 4.95 (4.67-5.22) 4.30 (3.24-7.06)
EDSS, n (%)°
<4 - 68 (75.6) 6 (35.4) 0 6 (27.3)
>4 - 10 (11.1) 9(52.9) 2 (40.0) 11 (50.0)
Patients receiving steroids, - 7(7.7) 1(5.8) 0 1(4.5)
n (%)
Patients receiving DMT, - 15 (16.7) 1(5.8) 3 (60.0) 4(18.2)
n (%)°
Subcutaneous injection - 6 (6.7) 1(5.8) 0 1(4.5)
(interferon beta-1a,
glatiramer acetate)
Oral (fingolimod, dimethyl - 6 (6.7) 0 2 (40.0) 2(9.1)
fumarate, teriflunomide)
Intravenous infusion (rituximab, - 3(3.3) 0 1(20.0) 1(4.5)
natalizumab)
Patients with brain MRI within - 67 (74.4) 10 (58.8) 3 (60) 13 (59.1)
prior 3 months, n (%)¢
Patients with T1 Gd+ lesions, - 30 (33.3) 2(11.8) 0 2(9.1)
n (%)
Time from brain MRI to - 0 (0-84) 0 (0-0) - 0 (0-74)
NfL measurement in patients
with Gd + lesion, median
(range), days
Patients receiving lumbar - 86 (95.6) 16 (94.1) 3 (60) 19 (86.4)
puncture, n (%)
Patients with OCB positivity, - 72 (80) 14 (82.3) 3 (60) 17 (77.3)

n (%)

DMT, disease-modifying therapy; EDSS, extended disability status scale; Gd, gadolinium; IQR, interquartile range; N/A, not available; MS, multiple
sclerosis; NfL, neurofilament light chain; OCB, oligoclonal band; PPMS, primary progressive multiple sclerosis; RMS, relapsing multiple sclerosis.
Ethnicity data were not available for 22 people with RMS and four people with PPMS.

PEDSS scores missing for 12 people with RMS, two people with PPMS and three people with SPMS.

“Treatment information missing for one person with PPMS.

9T1 Gd+ lesions data were unavailable for 36 people with RMS, nine people with PPMS, and five people with SPMS.

a variety of neurologic conditions, especially those that
impact patients in early to middle adulthood, including
MS. Importantly, use of a healthy donor-derived adjust-
ment helped to distinguish the impact of natural aging
on NfL levels, which may be distinct from disease-specific
age-related changes and otherwise indistinguishable
through analysis of a disease cohort alone.

Application of this NfL age adjustment to a MS cohort
demonstrated the relevance of this method for

© 2022 F. Hoffmann-La Roche Ltd. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

understanding the role of NfL in MS. While NfL is ele-
vated with MS disease activity and disease burden,'®* it
remains unclear whether NfL is a useful marker for dis-
tinguishing between patients with a predominantly relaps-
ing versus progressive disease course. While initial
analysis showed an elevation in unadjusted serum NfL
levels in patients with PMS versus those with RMS, this
observation did not hold following age adjustment, sug-
gesting that the observed difference was driven by age
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Figure 4. Application of the age-adjustment model to the MS
cohort. MS, multiple sclerosis; NfL, neurofilament light chain; PMS,
progressive multiple sclerosis; RMS, relapsing multiple sclerosis. (A)
Distribution of NfL in patients with PMS or RMS before age
adjustment. (B) Distribution of NfL in patients with PMS or RMS after
age adjustment. (C) Relationship between age and age-adjusted
serum NfL in the PMS and RMS populations.
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difference between these groups. While elevated NfL levels
may reflect injury due to acute disease activity and/or
insidious progressive biology, the lack of clear difference
in adjusted NfL between patients with RMS or PMS sup-
ports the notion that neuroaxonal injury, including insid-
ious progressive injury, occurs throughout the disease
spectrum. Additional investigation is needed to under-
stand the clinical utility of NfL given the dual contribu-
tion of relapse and progressive MS injury on NfL levels.*’
Nonetheless, this model, derived from an independent
healthy donor cohort, helps to advance understanding of
NfL by adjusting for an important confounder in inter-
preting results.

Despite the accessibility and relevance of the developed
model, additional investigation is needed to understand
model performance at the individual level and implica-
tions for clinical practice. The limited sample size and age
range of healthy donor participants were important limi-
tations, as age-related NfL elevations may be dispropor-
tionally greater in older individuals (60+ years) compared
with a younger cohort.”> The limited sample size does
not allow for reliable estimation of the amount of devia-
tion from normal individuals, particularly beyond the
90th percentile. This model did not account for potential
comorbidities associated with older age (e.g., cardiovascu-
lar disease,*’ diabetes*, and cognitive impairment) or
other factors that could impact NfL levels (e.g., body
weight, normalized brain volume). This model was devel-
oped using NfL data analyzed on the SIMOA platform,
and additional investigation is needed to understand gen-
eralizability to data collected on other platforms.
Nonetheless, these methods provided here may be useful
for deriving appropriate healthy donor models based on
other platforms. Despite these limitations, this study pro-
vided important data to contextualize NfL levels in rela-
tion to age and provided a simple model and reference
that may be useful across a range of neurologic condi-
tions on the group level.

In conclusion, a log-linear, age adjustment model was
developed to enable comparison of NfL levels across pop-
ulations with different ages. While additional evidence is
needed for patient-level adoption, this could be a valuable
tool for interpreting NfL levels across a range of neuro-
logic conditions.
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Table 4. Association of demographic, clinical, and MRI variables with serum NfL in the MS cohort using univariate and multiple linear regression.

Unadjusted NfL

Age-adjusted NfL

Univariate Univariate Multivariate
1 SD or unit of Effect on log10 p Effect on log10 p Effect on log10 p
Variable change NfL value NfL value NfL value
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0.091) -0.087) —-0.005)
Sex Male vs Female 0.239 (0.126, 7.4e-5 0.221(0.102, 4.3e-4 0.166 (0.025, 0.025
0.354) 0.341) 0.307)
Disease type PMS vs RMS 0.074 (-0.074, 0.33 —0.112 (-0.264, 0.15 —0.016 (—0.305, 0.92
0.222) 0.040) 0.274)
Brain MRI Gd + lesions (within ~ 4.34 0.120 (0.050, 0.0012 0.145 (0.075, 1.2e-4  0.112 (0.040, 0.0032
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Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Figure S1 Scatterplots of plasma NfL relationship with
age and serum NfL

Figure S2. Relationship between age and age-adjusted
serum NfL in patients with RMS with brain and spine
MRI data within 3 months prior to same acquisition
(n =52).
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