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Introduction

Neurofilament light chain (NfL) is a biofluid biomarker
of neuroaxonal damage. NfL levels are altered in multiple
neurological diseases, with disease-specific elevations and
a strong, non-linear age relationship.'”
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Abstract

Interpretation of axonal damage biomarker Neurofilament Light chain (NfL)
concentrations is difficult due to the lack of age-specific and disease-specific ref-
erence values. We here developed an interactive interface to support interpreta-
tion of NfL results in human body fluids. We used NfL values of 1698
individuals without a neurological disorder, aged 19-85 years, and patients with
MS and dementias. Percentile regression estimates per diagnosis populate inter-
active graphs, alongside NfL background information (available on: https://
mybiomarkers.shinyapps.io/Neurofilament). This accessible interface provides
reference for interpretation of the individual patient results for clinicians. It
showcases an adaptable method to support interpretation of age-dependent
biomarkers in neurology.

single reference value or cut-off cannot be defined, which
hampers use of NfL results in clinical practice. Age-
specific interpretations have been proposed, but none of
the previous studies included a large age range with both
cerebrospinal fluid (CSF) and blood, or multiple dis-

Therefore, a eases.*® To increase the interpretability of test results, we
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developed an online interactive interface to provide refer-
ence values in relation to age and clinical context that
was evaluated by clinicians. Here, we present this interac-
tive support interface for NfL results in different body
fluids by age and in context of several major neurological
disorders.

Subjects and Methods

Reference sample controls and patients

We included data of healthy individuals that served as a
reference population and of patients with several neu-
rodegenerative diseases to serve as the patient population.
The NfL data were selected based on availability at Ams-
terdam UMC.” '* The patients included in the reference
population were either diagnosed with subjective cogni-
tive complaints during clinic work-up in the Alzheimer
center Amsterdam, which included brain imaging, neu-
ropsychological testing, or as symptomatic controls," fol-
lowing a clinical work-up with a lumbar puncture to
exclude MS, an infection, or metastases.'”'> Reference
samples were also included from general population vol-
unteers during the yearly reference value blood draw-
event of Clinical Chemistry and control participants from
cohort studies, who provided self-report for the absence
of a neurological disorder.'*'* The patient population
consisted of patients from the MS Center Amsterdam and
Amsterdam Dementia Cohort diagnosed with multiple
sclerosis, Alzheimer’s dementia, frontotemporal dementia,
dementia with Lewy bodies.”'® About one-third of the
MS patients was under treatment of interferon, although
we did not see a difference in NfL levels between treated
and untreated patients. All individuals provided informed
consent according to local IRB approvals.

NfL measurements

CSF, serum, and EDTA plasma were collected and bio-
banked at —80°C between 2000 and 2017 according to
standardized biobanking protocols.'®'” NfL levels were
analyzed at the Amsterdam UMC Neurochemistry labora-
tory with the single molecular array (Simoa®) NF-light™
Advantage kit (Quanterix, USA) on the HD-1 or HDx
analyzer according to the user’s manual (n = 1205 serum,
n = 282 plasma, and n = 494 CSF), with the homebrew
NfL Simoa assay (n = 133 serum and »# = 120 plasma) on
the HD-1 analyzer,'® or with the NF-light® enzyme-
linked immunosorbent assay (ELISA; UmanDiagnostics,
Sweden; n = 376 CSF samples). All three assays employ
the same pair of antibodies. Results of the homebrew and
ELISA assay were aligned to the results obtained with the
commercial Simoa assay (details in File S1). Paired serum
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and plasma results were strongly correlated (Pearson’s
rho = 0.92 [0.91-0.94], p-value <2 x 107 '¢), with a mean
ratio of serum to plasma of 0.99, upon which both matri-
ces were together included as “blood (EDTAplasma/
serum).” One value below the LOD was imputed at the
LOD.

Statistical methods

NfL levels were log-transformed. Age-specific percentile
ranges were calculated for the reference group and per
diagnosis by simple quantile regression with age as the
predictor over the available age range per group. The
regression output formed for the 5th, 10th, 25th, 50th,
75th, 90th, and 95th percentile formed the input for the
interactive graph in the interface. The controls were split
at age 50 years to conform the earlier reported infliction
point for NfL increase in serum.” For the median
NfL levels in blood, the formula below 50 years was:
NfLpredicted = 21:622+(agex0023) © and  over 50 years was:
NfL = 20-445+(a8ex0047) " Eor blood, the age-adjusted z-
scores can be approximated based on median percentile,
yielding the following formulas for below 50 years:
z-score = [logz(Nvaalue) — (1.622 + (age x 0.023))]/
0.699, and for 50 years and over: z-score = [log”(NfL
value) — (0.445 + (age x 0.047))]/0.706. We used the
quantreg package in R."

Online interface approach and clinician
input

We developed an interactive interface to support the
interpretation of NfL levels. We consulted neurologists
with sub-specialties in multiple sclerosis and cognitive
disorders and held a questionnaire about the interface
and NfL in clinical practice among 31 neurologists, psy-
chiatrists, and geriatricians. Those results informed the
content of the interface (full report in File S1). We used
the Shiny package in R.*°

Results

Reference values by age

For the presented version 2.5.1, we used data from 1698
individuals, aged 19 to 87 years, 45% female (Table 1).
NfL data were available for 833 individuals without a
neurological disorder and 75 patients with multiple scle-
rosis, 293 patients with Alzheimer’s disease dementia, 373
patients with frontotemporal dementia, and 124 patients
with dementia with Lewy bodies (Fig. 1A and B). These
data formed the input for the fitted 5th to 95th percentile
values per age and disorder for the support interface. In
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Table 1. Population characteristics.

L. Vermunt et al.

Reference values Alzheimer’s Dementia with Fronto-temporal Multiple
controls dementia Lewy bodies dementia Sclerosis

N 833 293 124 373 75
Age, years mean £ SD 54 + 14 64 £ 8 69 £ 7 63 £ 8 46 £ 9
Age, years range 19-85 37-81 52-85 26-87 25-68
Female, N (%) 408 (49%) 156 (53%) 12 (10%) 161 (43%) 36 (48%)
Blood NfL, pg/mL mean + SD 107 19 £ 12 20 £ 18 39 £ 57 11 +£12
Blood NfL, pg/mL range 2-113 5-123 5-160 2-608 2-69
CSF NfL, pg/mL mean + SD 723 + 500 1337 + 1108 1270 + 1106 3137 + 2393 1579 + 2213
CSF NfL, pg/mL range 157-4722 189-13,111 183-7499 548-17,925 465-17,558

SD, standard deviation; NfL, Neurofilament light chain; Blood, EDTAplasma or serum; CSF, cerebrospinal fluid.

the reference control population, blood NfL values (me-
dian [5th-95th percentile]) ranged from 5 [3-10] pg/mL
at age 30 to 19 [10-37] pg/mL at age 80 (Table 2). CSF
NfL values ranged in the reference control population
from a median [5th-95th percentile] of 212 [98-620] pg/
mL at age 30 to 1243 [812-2104] pg/mL at age 80.

Reference value interface

All reference values per included diagnosis are available in
the interface. The interface is publicly accessible since July
2021, and currently on v2.5.1, Sept 2022 (Fig. 1C, https://
mybiomarkers.shinyapps.io/Neurofilament). When the age
of the patient and the NfL value is entered at the top of
the screen, the value for the patient is graphically repre-
sented relative to the reference control population. In
addition, relevant disease group ranges can be included in
the graph by ticking the diagnoses boxes. For differential
diagnostic purpose, the entered NfL value is represented
in a table as percentile for healthy controls, as well as per-
centile for disease context. An overview table with impor-
tant reference values is included at the bottom of the
tool. The interface contains background information on
NfL. Informed by the feedback of clinicians, we included
information on NfL in neurological disorders and several
potential pitfalls for NfL value interpretation. The clini-
cians also made suggestions that could not be imple-
mented, such as on the clinical inference and integration
in clinical protocols and the electronic health record
(EHR) because it requires specialty consensus of more
data. The NfL interpretation support interface is ver-
sioned and is suitable for further refinement, for example,
additional data input, translation, and visualization.

Discussion

The interactive NfL interface provides clinical users a tool
for the interpretation of the individual patient results in
blood and CSF, against age-dependent reference ranges

and in the context of several major neurological diseases.
The publicly available interface allows for updates of ref-
erence data, for example, extension of age ranges, addi-
tional disease groups, and other biomarkers. Moreover,
the accompanying information can be adapted and pre-
sented in additional languages. A strength of the interac-
tive interface is the accessible, intuitive presentation of
complex information to guide clinicians in the diagnostic
or monitoring process.

Our results are very comparable to earlier reported NfL
Simoa reference values and population reports.>**!' Our
values tend to be slightly lower at the 90th and 95th per-
centile, which might be due to a stringent selection of
most participants to be neurologically screened in con-
trast to general population data. The increase of NfL
levels in blood of around 2.5-5 percent per year that
increases by age seems robust between studies. Within the
included neurological diseases, blood NfL levels seemed
to show a stronger age-related increase than CSF NfL
levels, corroborating previous work.>”

Methodologically, involving a diverse group of physi-
cians during the development of the interface is a
strength. This also informed the background information
and use of percentiles. NfL outliers strongly contribute to
the differential diagnostics, for example, between demen-
tia types, whereas outlier information is lost when abnor-
mality status is based on single cut-offs. Using a
percentile presentation (or normalized scores) was also
the choice in the parallel developed recent publication of
NfL reference values for MS studies.” A limitation in our
data currently used to build our v2.5 tool is that we did
not have the information on body mass index and esti-
mated glomular filtration rate (eGFR) available for the
patients, which have been shown to affect NfL slightly.’
In addition, even though we excluded all patients with
diagnosed neurological disorders from the reference
group, some individuals might have subclinical neurologi-
cal diseases or abnormal CSF AD biomarker levels. Future
studies could further refine the data, for example,

1834 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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2 [oo] 100 measured: diagnoses:
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Below 5th percentile for Control
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What Is Neurofilament Light chain (NfL)?

NfL is an axonal protein, one of the four in
now measurable reliably in both CSF and bloodand are clinically applicable biomarkers for axonal damage.

Which disorders cause an increase in NiL levels?

NfL is present in blood and cerebrospinal fluid (GSF). The levels are increased in acute and chronic nerve damage, specifically of the axons. Due to developments called 'single molecule array'-technology NL levels are

Figure 1. Neurofilament Light chain data and online interface. Visual presentation of NfL values underlying the online interface

in (A-E) blood

(EDTAplasma/serum) and (F-J) cerebrospinal fluid are presented for the reference value controls and several disorders. (K) Screenshot of v2.5
interface Neurofilament Light chain. Interface accessible by copying this link in a web browser: https://mybiomarkers.shinyapps.io/Neurofilament.
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Table 2. Reference percentiles table Neurofilament Light chain in blood.

L. Vermunt et al.

5th percentile 10th percentile 25th percentile

50th percentile

75th percentile 90th percentile 95th percentile

Age (pg/mL) (pg/mL) (pg/mL) (median) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
20 2 3 3 4 5 6 9
25 3 3 4 5 6 7 9
30 3 3 4 5 6 8 10
35 3 3 4 5 7 9 11
40 3 4 4 6 8 10 12
45 3 4 5 6 9 11 13
50 4 4 5 7 9 11 14
55 4 5 6 8 10 14 16
60 5 6 8 10 12 16 19
65 6 7 9 11 15 19 23
70 7 9 10 14 17 22 27
75 9 10 12 16 20 26 32
80 10 12 14 19 24 31 37
85 12 15 17 22 28 36 44

Blood = EDTAplasma or serum.

excluding control individuals with abnormal CSF AD
biomarkers or prodromal disorders based on follow-up,
or taking into account mixed pathologies. Another limita-
tion is that the interface uses single-site measurements
only. However, inter-laboratory variation of serum NIfL is
<10% with the Simoa NF-light assay,”” therefore we con-
sider generalization of the NfL interface feasible. The
Simoa NF-light recently received breakthrough device
designation in MS from the FDA, which will further pro-
gress clinical use.”> A next step would be the inclusion of
data from other biomarkers. The developed approach can
be applied to any biomarker test where a single cut-off
does not suffice.

In conclusion, we provide reference values for blood
and CSF for NfL interpretation for controls and neuro-
logical disorders in a simple to use and interactive inter-
face.
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